dortmund MAX PLANCK INSTITUTE
Un|VerS|ty OF MOLECULAR PHYSIOLOGY

Investigation into the Specificities of

Deubiquitinases and Ubiquitin-like Proteases

A Thesis
Submitted to the Department of Chemistry and Chemical Biology
TU Dortmund University

In Partial Fulfilment of the Requirements
for the Academic Degree of
Doctor of Natural Sciences

(Dr. rer. nat.)

Zhou Zhao

Jiangsu, China

Dortmund
2024






The work presented in this thesis was executed from September 2019 to July 2024 under the
supervision of Dr. Malte Gersch at the Chemical Genomics Centre of the Max Planck Society
and the Department of Chemical Biology of the Max Planck Institute of Molecular Physiology
and at the Faculty of Chemistry and Chemical Biology of the TU Dortmund University.

The unique and persistent identifier for the author is ORCID: 0000-0001-9350-7238.

15t Referee: Dr. Malte Gersch

27 Referee: Prof. Dr. Dr. h.c. Herbert Waldmann






Declarations

This thesis has contributed to the following publications:

Zhou Zhao, Rachel O’Dea, Kim Wendrich, Nafizul Kazi, & Malte Gersch. Native Semisynthesis of Isopeptide-
linked Substrates for Specificity Analysis of Deubiquitinases and Ubl Proteases. Journal of the American Chem-
ical Society 2023, 145, 20801-20812

Rachel O’Dea, Nafizul Kazi, Alicia Hoffmann-Benito, Zhou Zhao, Sarah Recknagel, Kim Wendrich, Petra Jan-
ning & Malte Gersch. Molecular Basis for Ubiquitin/Fubi Cross-reactivity in USP16 and USP36. Nature Chemical
Biology 2023, 19, 1394-1405

Zhou Zhao, Vanessa Boll, Thomas Hermann, Kim Wendrich, Kay Hofmann & Malte Gersch. Polyubiquitin
Probes with Internal Alkyl Bromide Warheads for the Investigation of Ubiquitin Linkage Specificity. Manuscript

in preparation
Dr. Rachel O’Dea contributed to this thesis through preparation of FUBI-KG-TAMRA.
Kim Wendrich and Nafizul Kazi contributed to this thesis through purification of proteins.

Dr. Sonja Sievers and Dr. Philipp Lampe contributed to thesis by performing high-throughput

screening.

Gian Marvin Kipka helped the language editing in the section of Kurzzusammenfassung which

was originally translated by DeepL Translate.






Table of Contents

Table 0f CONEENLS ..........cocooiiiiiiiii ettt I
ABSTRACT ...ttt ettt sttt sttt s ne e ne 111
KURZZUSAMMENFASSUNG........coctitiiiiiiteeet ettt ettt v
1. INTRODUCGTION. ..ottt ettt ettt ae e ne e 1
1.1 The Ubiquitin SYSTEIM ..........cccvviiiiiiiiiiiiiiecieeecee e esree e etre e sre e ere e srreeessraesseneeennes 1
1.2 The Structural Features of Ubiquitin.................c.ccccooviiiiiiiiiiiiiieeecee e 2
1.3 Ubiquitin-like MOIfIers .............ccooviiiiiiiieciieee et 4
LT ISGIS Lottt ettt ettt sae st sae e 4
132 SUMO ..ttt s st 5
L33 FUBL...oo ettt ettt st sttt 7
1.3.4 Other MOdifiers..............c..ocoiiiiiiiiiii e 8

1.4 Conjugation of Ubiquitin and Ubiquitin-like Modifiers..................cccccccvveverirnennennnn. 8
1.4.1 E1 Activating Enzymes and E2 Conjugating Enzymes.................c..cccevvvveennn.. 9
Tid2 E3 LEZASES ....c.eveiiiiieeiieeiie ettt ettt et e sttt e s te e s sbaessbteesssaesnssaesnsneesnseeennns 11

1.5 Deconjugation of Ubiquitin and Ubiquitin-like Modifiers ..................c..ccoccnnnniin. 12
1.6 DeubiqUuitinases............c.coocuiiiiiiiiiiiieiie e see ettt et e et e e s e e e ser e e e taeesraeesnseeens 13
1.7 Ubiquitin-like Proteases...............c.ccocvviviiiniiiiiie ettt sree e e svae s ens 16
1.7.1 DEeSUMOYIASES.......ccueeieiiieiiieeiieeriee et e ettt esbee ettt e s teessbeessteesssaessseesnsseessseesnnns 17
1.7.2 DENEDDYIASES ......ccccuiiiiiiiiiiieieeiee ettt ettt e sttt esate e et estee e e 17
1.7.3 DEISGYIASES......oonevieeiiieeiie ettt ettt e et te e e bee s bt e e s sbeesssseesnsneesnsaeennns 18

1.8 Tools for Deubiquitinases and Ubiquitin-like Proteases ....................ccocccoviiinnin. 19
1.8.1 Activity-based Probes..............cccooiiiiiiiiiiii e 19
1.8.2 Fluorescence Intensity and Polarization Assays..............cccccooeiiiniinniiienneenne, 22

1.9 Di-Ubiquitin Activity-based Probes: Design and Applications................................ 23
1.9.1 Previous Development of DiUb Probes...............cccooiiiiiiiiiiiiiiieeeieeee 24
1.9.2 Challenges in DiUb Probes ..............coooiiiiiiiiiiiii e 25
LoT0 AIIIS ..ottt ettt sttt e e bt st a e 27

« MODIFIER SPECTFICITY ....oootiiiiiiiiieeee ettt sttt 29
2.1 Access to the Fluorescence Intensity Substrates...................ccoooiiiiiniiinniininnnn, 29
2.2 Examining the Specificity of DeSUMOylase USPLI ............cccciiiiiiniiniiiiiieeen, 33
2.3 Structural Overview of USPL1 in Complex with SUMO2/3...........ccccooviiiiniinnnnen. 34
2.4 Mechanism of SUMQ2/3 Specificity in USPLI ..., 37
2.5 Examining UCHL3 and USP18....... ..ottt 41
2.6 Discovery of Triple Cross-reactivities in USP16 and USP36 ...............c.ccccooceenen. 43



2.7 High-throughput Screening Campaign for USPL1....................cociiiiiiiiini 47

PR J] 11110 11T o) USRI 50
3. LINKAGE SPECIFICITY ...ttt ettt ettt sttt ee e eaeens 53
3.1 Design of DiUb Probes with Internal Alkyl Bromide Warheads........................... 54
3.2 Retrosynthetic Analysis of Newly Designed DiUb Probes..............c.ccccvvevivrennennn. 55
3.3 Chemical Synthesis of the Warheads for Assembling DiUb-Br Probes.................. 56
3.4 Preparation of DiUb-2Br and DiUb-3Br Probes............c.c.cccevviiiniiriniieeiceeiee, 58
3.5 Validation of the Reactivity of DiUb-2Br and DiUb-3Br Probes............................. 64
3.6 Scouting for Linkage-specific DUBs with DiUb Probes ..............ccccceevvvivnirennennne. 66
3.7 Capturing SnVTD with DiUD-3BI ...........ccccoiviiiiiiiiiee e 70
3.8 Structural Basis for the Lys6 Specificity of SNVTD.............ccccoovviviiiiniinniieeeieene, 72
3.9 Revisiting VITD DUBs and Exploring E2s..............ccccccooviiiiniiiiniiiee e 84
310 BeYONd DUBS ........oooiiiiiiiiiie ettt ettt s e e s bee st e e st e e esnbaesnsneesnsaeennns 87
R B ) 111101121 ) APPSR 89
4. DISCUSSION & OUTLOOK .......cccoooiiiiiiiiiieeeeeeese ettt 91
4.1 Modifier Specificity from a Biochemical Perspective................cc..ccoconiinnnnn 91
4.2 Further Exploration of Other Modifiers?..................ccoociiiiiiiiiiiiiini e, 93
4.3 Unmet Needs for Studying Linkage Specificity...............cccocvvviiiiiininiinniiiiieee, 95
5. MATERIALS & METHODS........ccoiiiiiiiiiteeeeeeese ettt 97
5.1 Chemistry: General Methods............c...ccocoeiiiiiiiiiiiiiiiicec e 97
5.2 Chemical Synthesis of Fluorophores .............c..cocoiiiiiiiiiniiccecec 97
5.3 Chemical Synthesis of the Warhead for DiUb-2Br ...............cocooiiiiiiniiniiis 106
5.4 Chemical Synthesis of the Warhead for DiUb-3Br ...............ccocciiiiiiiiiiis 108
5.6 Cloning, Protein Expression and Purification.......................ccoooiiiiiini. 111
5.7 Preparation and Purification of Substrates.....................ccooooiiiiiiniiiiiiis 115
5.8 Preparation and Purification of Probes ................c.occooiiiiiiiiiee, 118
5.9 Crystallographiy ...........coooiiiiiiii ettt ettt et 119
5.10 Biochemical and Biophysical ASSQYS ...........cccoiiiiiiiiiiiiiinieeeeee e 122
6. APPENDIX ...ttt ettt ettt b et sa et st et sbe e 125
T.REFERENCGES . ......ccoiii ettt 131
ACKNOWLEDGEMENT .......oooiiiiiiiiesteteste ettt sttt 141

II



ABSTRACT

Ubiquitin as a macromolecule-based modification has been validated as the regulator of protein
stability. Ubiquitin signals can be significantly diversified by forming polymerized chains as
well as conjugating with some structurally similar modifiers (Ubiquitin-like proteins, Ubls).
Therefore, cellular events can be modulated in a more complicated way through these modifi-
cations, which are reversible by specialized proteases called deubiquitinases (DUBs) and Ubig-
uitin-like proteases (ULPs). Some of these enzymes show specificity toward different modifi-
ers, while some prefer to cleave linkage-specific polyubiquitin chains. To study the modifier

specificity and linkage specificity, high quality chemical biology tools are the cornerstones.

Isopeptide-linked fluorescence polarization substrates are powerful tools for analyzing modi-
fier specificity of DUBs/ULPs quantitatively. Since Ub/Ubl-based substrates can be sensitive
to harsh reaction and purification conditions, a native semisynthetic method was developed
based on recombinantly expressed proteins which were further functionalized with fluoro-
phores and purified in aqueous buffer to ensure the homogeneity of substrates. Six substrates
were prepared to assemble an assay panel for characterizing several DUBs/ULPs. USP16 and

USP36 were unprecedently identified as the first proteases with triple modifier specificity.

Studies on linkage specificity were enabled by the development of novel diUb probes with
internal warheads, which are based on alkyl bromide. Alkyl-bromide-based probes were suc-
cessfully used for studying SnVTD, which is a Lys6-specific DUB. The complex structure was
solved to reveal a unique recognition and activation mechanism. The probes were also applied

for capturing two linkage-specific E3s.

Collectively, a high-quality fluorescence polarization assay platform was established and used
for exploring modifier specificity of DUBs/ULPs. Novel diUb probes were developed to cap-
ture DUBs with linkage specificity. These tools will facilitate the understanding of DUBs/ULPs.
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KURZZUSAMMENFASSUNG

Ubiquitin als eine auf Makromolekiilen basierende Modifikation wurde als Regulator der Pro-
teinstabilitdt validiert. Ubiquitin-Signale konnen durch die Bildung polymerisierter Ketten und
die Konjugation mit einigen strukturell ahnlichen Modifikationen (Ubiquitin-dhnliche Proteine,
Ubls) erheblich diversifiziert werden. Daher konnen zelluldre Ereignisse durch diese Modifika-
tionen, die durch spezialisierte Proteasen namens Deubiquitinasen (DUBs) und Ubiquitin-
dhnliche Proteasen (ULPs) reversibel sind, auf kompliziertere Weise moduliert werden. Einige
dieser Enzyme weisen eine Spezifitit fiir verschiedene Modifikationen auf, wéhrend andere es
vorziehen, bindungsspezifische Polyubiquitinketten zu spalten. Um die Spezifitit der Modi-
fikationen und die Bindungsspezifitit zu untersuchen, sind hochwertige chemisch-biologische

Werkzeuge die Eckpfeiler.

Isopeptid-verkniipfte Fluoreszenzpolarisationssubstrate sind leistungsstarke Werkzeuge zur
quantitativen Analyse der Modifikationsspezifitit von DUBs/ULPs. Da Ub/Ubl-basierte Sub-
strate empfindlich auf harsche Reaktions- und Reinigungsbedingungen reagieren konnen,
wurde eine native halbsynthetische Methode entwickelt, die auf rekombinant exprimierten Pro-
teinen basiert, die zusétzlich mit Fluorophoren funktionalisiert und in wassrigem Puffer gerei-
nigt wurden, um die Homogenitédt der Substrate sicherzustellen. Es wurden sechs Substrate
hergestellt, um ein Assay-Panel zur Charakterisierung verschiedener DUBs/ULPs zusammen-
zustellen. USP16 und USP36 wurden als die ersten Proteasen mit dreifacher Modifika-

tionsspezifitét identifiziert.

Studien zur Bindungsspezifitit wurden durch die Entwicklung neuartiger diUb-Sonden mit in-
ternen reaktiven Gruppen auf Alkylbromidbasis ermdglicht. Auf Alkylbromid basierende
Sonden wurden erfolgreich zur Untersuchung von SnVTD, einer Lys6-spezifischen DUB,
eingesetzt. Die Struktur des Komplexes wurde gelost, um einen einzigartigen Erkennungs- und
Aktivierungsmechanismus aufzudecken. Die Sonden wurden auch fiir die Erfassung von zwei

bindungsspezifischen E3s verwendet.

Insgesamt wurde eine hochwertige Fluoreszenzpolarisations-Assay-Plattform eingerichtet und
zur Erforschung der Modifikationsspezifitit von DUBs/ULPs eingesetzt. Es wurden neuartige
diUb-Sonden entwickelt, um DUBs mit Bindungsspezifitit zu erfassen. Diese Instrumente

werden das Verstiandnis von DUBs/ULPs erleichtern.
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1. INTRODUCTION

1.1 The Ubiquitin System

Post-translational modifications are covalent attachment of moieties which are not only small
functional groups but also macromolecules to the side chains of amino acids leading to the
expanded chemical and structural diversity of proteins to precisely regulate relevant cellular
events!!l. Among these modifications, ubiquitination is the most dominant regulatory factor of
protein degradation and actively involved in almost all aspects of cellular processes through

precise regulation in the ubiquitin system!?/,

Ubiquitin, a small protein consisting of 76 amino acids, was initially discovered and purified
as a polypeptide in bovine immunocytes in 197581, Given that it is expressed ubiquitously in
living cells, the polypeptide was named ubiquitous immunopoietic polypeptide (UBIP). A few
years later, a heat-stable polypeptide was discovered to be a degradation signal in an adenosine
triphosphate (ATP)-dependent manner. Therefore, this polypeptide was named ATP-depend-
ent proteolysis factor 1 (APF-1)* 3], Further biochemical characterization proved that UBIP
and APF-1 are the same protein, namely ubiquitin®. Human ubiquitin is a highly conserved
protein encoded by two polyubiquitin genes (UBB and UBC) and two fused genes (UBAS52 and

RPS274) which contain a single copy of ubiquitin in fusion with ribosomal proteins.

The ubiquitin system plays a decisive role in selective protein degradation. In this system, pro-
teins which are targeted for degradation are labeled by ubiquitin covalently through a sophisti-
cated enzymatic cascade. Briefly, the C-terminal glycine of ubiquitin is activated by the ubig-
uitin activating enzyme, E1, in an ATP-dependent way to form an active thioester intermediate
followed by the transfer to the active cysteine residue of a ubiquitin conjugating enzyme E2.
Subsequently, a ubiquitin ligase E3 is involved in the covalent attachment of ubiquitin. Once
the first ubiquitin is placed on the protein, polyubiquitin chain can be formed and elongated
leading to the degradation signals. The ubiquitinated protein is recognized by the proteasome
for degradation while the ubiquitin chain is trimmed off before entering into the proteasome
for recycling!”). There are only two El activating enzymes and several E2s in the enzymatic
cascade while E3s which are consisted of around 600 members control the final step of modi-
fication'®). The ubiquitination is highly dynamic since it can be reversibly removed from the
target protein by a group of dedicated proteases called deubiquitinases (DUBs). In the human

genome, around 100 different DUBs have been reported with versatile functions!®.. Collectively,



the E1-E2-E3 cascade, proteasome and DUBs assemble an integrated system to modulate ubiq-

uitination.

1.2 The Structural Features of Ubiquitin

Ubiquitin as a highly stable protein adopts a -grasp fold consisting of three and a half a-helices
and a compact  sheet containing five strands and starting from its initial methionine residue
(Fig 1.1.A)!"%. The rest of the ubiquitin structure includes a short helix and seven disordered
reverse turns. In contrary to its highly compressed body, ubiquitin has a flexible C-terminal
tail, of which the last glycine residue was employed for conjugation to numerous substrates.
Classic ubiquitin modification is enabled by an isopeptide bond between the Gly76 of ubiquitin
and the lysine side chains on the protein of interest (Fig 1.1.B). Since lysine residues are usually
abundant in protein, substrate protein can be modified with multi-monoubiquitin and the ubiq-
uitin itself can also be further modified with other moieties, such as acetylation and phosphor-

ylation(!! 121,

Ubiquitin has in total eight free amine functional groups from the first N-terminal methionine
and the side chain of seven lysine residues (Fig 1.1.A). The eight free amines are the chemical
basis for the elongation of ubiquitin chains distributed in the different subclasses. Notably,
three of the lysine residues (Lys27, Lys29 and Lys33) are anchored in the a-helix while the N-
terminal methionine and two lysine residues (Lys6 and Lys11) are buried in the two anti-par-
allel B strands. The other two lysine residues (Lys48 and Lys63) are located in disordered loop
regions with more flexibility. During the ubiquitin chain elongation, eight possible homotypic
polyubiquitin chains could be synthesized (Fig 1.1.C). The ubiquitin linkages have been exten-
sively studied. As the most abundant linkage Lys48-linked polyubiquitin is a typical signal for
proteasome degradation!', Other linkages are involved in many non-degradative functions,
such as protein-protein interaction, DNA repair, and protein localization!'*. Beyond homotypic
linkages, heterotypic chains can be formed as well to increase the complexity of polyubiquitin
chain architecture and thereby expand the diversity of ubiquitin signals (Fig 1.1.D). Therefore,
decoding the architecture of ubiquitin polymers is the key step for elaborating the functions of
different ubiquitin codes. Advances in proteomics using quantitative mass spectrometry have
significantly facilitated the understanding of branched ubiquitin chains in different context!'>:
161 With the Ub-clipping method, 10-20% of ubiquitin was found to be in branched form and

the connection between ubiquitin modifications and mitophagy was deeply studied!'”!.



Ubiquitin signals rely on not only the polymerization and linkage topology, but also the intrin-
sic features of ubiquitin surface which are crucial for recognition and interaction. Over the past
few decades, extensive efforts in structural biology have successfully advanced the interpreta-
tion of key motifs on the ubiquitin surface (Fig 1.1.E). Three hydrophobic patches dominated
by residues Phe4, 1le36, and Ile44 respectively have been identified to mediate numerous in-
teractions between ubiquitin and ubiquitin-binding domains in other proteinst! '8 1% 201 For
instance, mutations in the Ile44 patch are required to protect the trans-activators from destabi-
lization of proteasomal ATPases in yeast?!. Given that hydrophobic patches are unique in the
solvated state, they can provide considerably significant contribution to the specific recognition

and interaction.

Another feature of ubiquitin surface is the TEK-box which is composed of five hydrophilic
residues (Thr12, Thr14, Glu34, Lys6, and Lys11) sitting at the intersection of the hydrophobic
patches. TEK-box has been proven to be necessary for Lys11-linked ubiquitin chain formation
which is important for regulating cell cycle precisely!??!. Following study also confirmed the

TEK-box is required for Lys1 1-linked polyubiquitin formation by Ube2S%3].

terminal
76

K27 K29 K33 K48 Ke3 D branched mixed

mono

~ O CDO

Fig 1.1. Structural overview of ubiquitin. A. Cartoon illustration of ubiquitin, of which residues for conjugation
are highlighted as sticks (PDB ID: 1UBQ). C-terminal tail was annotated. B. Substrate is modified with ubiquitin
at one or several sites and ubiquitin can also be further coupled to other modifications. C. Homotypic ubiquitin
chains include eight different linkages which are highlighted in different colors. D. Heterotypic chains of ubiqui-
tin. E. Patches and TEK-box of ubiquitin showed in surface.

substrate {_ )

The key-residue-oriented recognition motifs are the structural basis for the specific interaction.
A deeper understanding of these motifs would be beneficial for further exploration of biologi-

cal events driven by the interaction with ubiquitin.



1.3 Ubiquitin-like Modifiers

A

Ubiquitin
NEDD8
FAT10 (CTD)
1SG15 (CTD)
FUBI

UFM1

URM1
SUMO1
SUMOS
SUMO2
SUMO3
SUMO4

LC3 (+ family)
ATG12

FuBl
Fig 1.2. Clustering of ubiquitin-like modifiers and representative structures. A. Phylogenetic tree of Ub/Ubls. B.
Structure of ubiquitin (PDB ID: 1UBQ). C. Structure of full-length ISG15 and its N-terminal is colored in grey
(PDB ID: 6JH1). D. Structure of NEDDS (PDB ID: INDD). E. Structure of SUMO1 (PDB ID: 2UYZ). F. Struc-
ture of SUMO2 (PDB ID: 1WM3). G. Structure of FUBI (PDB ID: 2L7R).

Following the discovery of ubiquitin, a number of small proteins related to ubiquitin called
Ubiquitin-like proteins (Ubls) whose mature forms employ as well a C-terminal glycine for
conjugation have been discovered (Fig 1.2.A)!*¥. In similarity to the ubiquitin structure, Ubls
generally adopt the B-grasp scaffold. Instead of the direct degradative signals, Ubls possess a
wide range of functions in critically regulating enzyme activity, protein localization and inter-
action, immune response, and cell cycle!?). The modifications of Ubls are usually realized by
a E1-E2-E3 cascade where different enzymes are involved in a corresponding procedure to
form an isopeptide bond typically with lysine residues of substrate protein!?® 271, Some excep-
tions have also been reported that small molecules, such as lipids serve as substrates of Ubl
modifications to regulate autophagy!®®?°1. The diversity of Ubls leading to various downstream
signaling pathway is associated with physiological and pathological phenomenon. Comprehen-
sive analysis of the modifications of Ubls will provide a deeper understanding of the biological

functions of modifications and their impact in human diseases.

1.3.1 ISG15

Interferon-stimulated gene 15 (ISG15) is the first ubiquitin-like modifier that was discovered

in the interferon-treated tumor cells but the functions was unknown at that timeB%. Its mRNA
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was isolated from interferon-f-treated cells where ISG15 was highly expressed but it was not
detectable in untreated cells®!). Due to its cross-reaction with two ubiquitin antibodies, the
structural homology to ubiquitin was observed?l. Given that its mature form is around 15 kDa,
this modifier was named as ISG15 though the premature ISG15 is a 17 kDa protein. ISG15
contains a tandem of two ubiquitin-like domains which are connected by a short and disordered
linker and show different roles in protein modifications (Fig 1.2.B&C). It has been proven that
the N-terminal domain is dispensable for ISG15 conjugation but it may get involved in the

ligation step through interacting with E3 ligases in the context of viral infection'*].

Since ISG15 is one of the most abundant proteins upon stimulation by interferon and infections,
it has been deemed to play a central role in the immune response. Over the past decades, nu-
merous efforts have been put into understanding the role of ISG15 in regulating the host re-
sponse to viral infection. Mature ISG15 has a protease-activated C-terminal LRLRGG motif to
form a modification resembling ubiquitination referred to as [ISGylation. ISGylation is not a
direct signal for protein degradation, but evidence showed that elevated ISGylation level inter-
feres with ubiquitination to negatively regulate protein degradation!**!. Besides ISGylation, in-
creasing evidence showed that intracellular ISG15 prevents auto-inflammation!*), Further ef-
forts are highly needed to understand the role of ISG15 in viral infection and autoimmunity as

well as the protein machineries for conjugating and processing 1ISG1536],

1.3.2 SUMO

The SUMO (Small Ubiquitin-like MOdifier) family is composed of five members (SUMOI1-
5)7). Sequence alignment analysis showed that all the mature forms of SUMO family members
have a ubiquitin-like scaffold (Fig 1.2.D&E) and a typical C-terminal diGly residues which are
consistent with ubiquitin C-terminus (Fig 1.3). However, the C-terminal tails of SUMOs con-
tain four residues completely different from the LRLR motifs in ubiquitin and ISG15. Although
all members of SUMO share high sequence similarity, they still execute various functions in
cells.

SUMO1 was initially found as a modification of mammalian Ran GTPase-activating protein
RanGAPI to regulate its interaction with RanBP2 to form a stable nuclear complex[*®: 3% 491,
SUMO1 modifications regulate a wide variety of protein localization!*!!. Polo-like kinase 1
(PLK1), a key regulator in mitosis, was identified to be a substrate of SUMO1. Once modified

by SUMOI1 on the residue Lys492, PLK1 was transported into nucleus with increased protein



stability*?!. Although SUMOI1 does not function as ubiquitin to determine the protein degra-
dation directly, modifications by SUMO1 compete with ubiquitin to block the degradation sig-
nal on cyclin-dependent kinase 6 (CDK6) in glioblastomal*’]. The stabilized CDK6 thereby

contributes to cancer progression.

SUMO2 and SUMO3 were identified and cloned as close family members of SUMO144, Their
sequences share higher similarity in comparison to SUMOI1. The sequence similarity affects
their functions. For example, SUMO2 and SUMO3 regulate the production of interferon in a
negative manner, while SUMOI1 has no such kind of function!*’). The discrepancy between the
mature forms of SUMO2 and SUMO3 only occurs in the N-termini (Fig 1.3) which determine
that they share the same functions in many cellular processes. SUMO2 has been reported as
the most abundant SUMO isoform and is only located in the nucleus while SUMO3 is widely

1[46

spread throughout the whole cell*®l. The high expression level of SUMO2 protein is critical

for normal embryo development[*”!,

SUMO4 has a sequence similarity of 86% to SUMO2 and is only detected in the kidney*®!.
SUMO4 is able to modify IxBa to suppress the transcriptional activity of NF-xB. Mutation in
SUMO4 (M55V) leads to enhanced NF-«B transcriptional activity and results in the activation
of downstream genes which may be connected to the pathogenesis of type 1 diabetes*’]. A
wide range of substrates were identified through a proteomic analysis which paved the road for

further SUMO4-orientied research®"],
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Fig 1.3. Sequence alignment of SUMOs. TT, a and B denote turn, a-helix and B-strand respectively.

SUMOS is the least studied SUMO isoform which was the most recently identified isoform
with strict tissue specificity in testes and peripheral blood leukocytes!®!). More exploration is

needed to understand its functions different from other isoforms.

It is obvious that the functions of five SUMO paralogues which have been uncovered in human

cells are merely a tip of the iceberg. Given that SUMO modifications regulate nuclear transport,



gene expression, DNA damage response and cell cycle, extensive investigation into SUMO

signaling will open new avenues for target discovery and drug development.

1.3.3 NEDDS

NEDDS (Neural precursor cell expressed developmentally down-regulated protein 8) displays
approximately 60% sequence identity and 80% similarity with ubiquitin and thereby exists as
the closest relative of ubiquitin among the Ubl family (Fig 1.2.A)?. Mature NEDDS has also
76 amino acids, of which the C-terminal diGly is used for covalent attachment which is referred
to as NEDDylation (Fig 1.2F). NEDDS has a broad spectrum of substrates, among which cul-
lins are the most studied and best-characterized!**). Cullin family includes seven members that
each in cooperation with a RING (Really Interesting New Gene) protein to form a core module
of cullin-RING ubiquitin ligases (CRLs)**. The CRL activity can be regulated by several
mechanisms, including NEDDylation. Structural studies showed that NEDDylation leads to
striking conformational changes to enhance the CRL ubiquitination activity!>>>% 571, Therefore,

NEDDylation control protein degradation indirectly.

Recent reports have concluded that NEDDS8 has additional functions besides regulation of E3
ligases, such as transcriptional regulation®!. In addition, an inhibitor that targets NEDDS ac-

tivation is being evaluated in clinical trials®?).

1.3.3 FUBI

Ribosomal protein FUBI-eS30/FAU is the precursor of FUBI, a ubiquitin-like protein that
shares 36% identity with ubiquitin(®® "), Since FUBI bears a typical C-terminal diGly motif
and ubiquitin-like core (Fig 1.2.G), it was speculated to function as a post-translational modi-
fication. Several substrates linked to immune response and apoptosis have been identified, in-
cluding T cell antigen receptor-al®?l, Bcl-G%*], endophilin 1114, and cytosolic 10-formyltetra-

hydrofolate dehydrogenasel®*.

Despite of the known roles, FUBI is still a poorly studied modifier in many other aspects.
Recently, a set of tools based-on recombinant FUBI protein enabled discovery of FUBI prote-
ases through proteomics and quantitative biochemical assays'°®. However, how FUBI is at-

tached to its substrates is still unknown.



1.3.4 Other modifiers

Apart from the aforementioned Ubls, more than 10 other ubiquitin-like modifiers have been
discovered and studied. Representative roles of some Ubls have been revealed: FAT10 (F-
adjacent transcript 10) is a regulator of immune responses!®”); the ATG family takes control of
autophagy!®®l; Ubiquitin-fold modifier 1 (UFM1) is the modifier to modulate ER-phagy!®’!;

Ubiquitin-related modifier 1 (URM1) acts as a carrier protein to transfer sulfurl’® 7!,

Over the past decades, technological advances in structural biology, proteomics and molecular
biology have increased the knowledge of the ubiquitin and Ubl system. Decoding the architec-
ture and functions of ubiquitin and Ubls with proteomics and tailored chemical biology tools
will accelerate the further understanding of their roles in physiological and pathological pro-

cesses!’?l,

1.4 Conjugation of Ubiquitin and Ubiquitin-like Modifiers

The initiation of ubiquitin conjugation requires the activation of the terminal carboxylic acids
of glycine residue, in which E1 activating enzyme together with ATP and magnesium cations
transform ubiquitin into the active intermediate Ub~AMP (tilde (~) denotes covalent bond)
with liberation of a pyrophosphate molecule (Fig 1.4.A). The adenylated ubiquitin is subse-
quently captured by the catalytic cysteine on the E1 to form a covalent complex Ub~AMP~E1
as a tetrahedral intermediate which is further transferred the catalytic cysteine of the E2 enzyme
as a relatively stable E2~Ub thioester!”*). With the assistance of E3 ligases in a noncovalent
manner or by forming an E3~Ub thioester, ubiquitin is conjugated to the target!’*. Multiple
cycles can be repeated to polymerize the ubiquitin chain. In most cases, Ubl conjugations are
also realized through the same E1-E2-E3 cascade with the involvement of different dedicated

enzymes.

Although the E2~Ub complex is usually attacked by a lysine residue to form the conjugation
through an isopeptide bond, increasing evidence has shown that other residues with nucleo-
philic substitution capabilities, such as threonine and serine, can also conjugate with ubiquitin
through an ester bond. In addition, substrate scope has been expanded following the discovery

75,76, 771 The discovery of non-protein ubiqui-

of ubiquitinated lipids and lipopolysaccharide!
tinated species has been actively executed which will deepen the insight into the substrate di-

versity.



1.4.1 E1 Activating Enzymes and E2 Conjugating Enzymes

In human genomes, eight E1 enzymes have been found to initiate Ub/Ubl conjugation!’®,

UBAI was the first identified E1 to activate ubiquitin and has been deemed as the sole E1 for
ubiquitin activation for a long while. By using a homology motif search tool, UBA6 was char-
acterized as a ubiquitin E1 which shares about 40% identity with UBA 17!, Bioinformatics
analysis and protein engineering study revealed that UBA1 and UBAG6 are orthogonal Els to
be involved in modifications of distinctive substrates®®). Advances in the structural biology
have expanded the understanding of the cascade. With the development of specialized chemical
biology tools, the snapshot of the adenylation and following attack by E1 enzyme was visual-
ized in crystal structures!’> 8!:32] In the E1 activation step, Ub~AMP~EI intermediate exists
as a high-energy state which can be mimicked by a vinyl sulfonamide moiety to give the suicide
probe Ub~AVSN (Fig 1.4.B). The Michael acceptor captured the catalytic cysteine of El to
form a stable complex Ub~AVSN~E1. The crystal structure of Ub~AVSN in complex with
yeast Ubal revealed the structural basis of the execution of E1 activation (Fig 1.4.C). So far,
more than 24 E2 enzymes have been discovered, among which USE1 is the dedicated E2 for
UBAG633 341 (Fig 1.4.D).

Besides ubiquitin conjugation, UBA6 in pair with USEl has been reported to activate
FAT1084, SUMO modifications are initiated by the heterodimeric complex of SUMO-activat-
ing enzymes 1 and 2 (SAE1::SAE2, double colon (::) denotes non-covalent interaction). The
snapshot of SUMO activation was captured using a SUMO~AVSN probe 81821 After activa-
tion, SUMO protein is transferred to E2 UBC9 to form UBC9~SUMO which can be hosted by
dedicated E3s for conjugation. Thereby, isopeptide-linked RanGAP1~SUMO reconstituted by

UBC9 has been a standard model substrate for biochemical research!®!.

Similarly, NEDDS activation also relies on a specialized heterodimeric complex formed by
NAE1 (NEDD8-activating enzyme 1) and UBA3 (Fig 1.4.D). Two known E2s for NEDDS are
UBE2F and UBE2M which are specifically recognized by different NEDDS8 E3 ligases to con-
trol the substrate specificity!®® 87 NEDDylation has a pivotal role in regulating enzymatic ac-

tivity of E3 ligases, among which cullins are the most predominant clients of NEDDS8[>> 881,

Although the mature form of ISG15 has the same C-terminal residues as ubiquitin, the E1
enzyme UBA7 for ISG15 does not activate ubiquitin®®!. The downstream following UBA7
activation is controlled by E2 enzyme UBCHS8 whose expression level is also controlled by

interferont®%,
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Fig 1.4. Conjugation of Ub/Ubl modifications. A. Overview of Ub conjugation. B. Structure of ubiquitin (PDB
ID: 1UBQ). C. Structure of yeast Ubal in covalent complex with Ub~AVSN (PDB ID: 6083). D. Representative
enzymes involved in Ub/Ubl conjugation, “~” denotes covalent complex, “::” denotes non-covalent interaction.
This figure was adapted from references [26&78].

Apart from the aforementioned Ub/Ubl conjugation, URM1 and UFM1 have been reported to
be activated by dedicated E1 enzymes UBA4 and UBAS respectively. However, URM1 mod-
ifies substrates through a peroxidatic cysteine instead of the canonical E2/E3-dependent path-
way!®!). The conjugation process of UFM1 requires E2 enzyme UFC1 and E3 complex of UFL1

and UFBP10% %3],

Unfortunately, the enzymes involved in FUBI conjugation have not been clarified yet. Further
efforts are highly needed to fully characterize the FUBI modification since it is engaged in

immune system[%®),
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1.4.2 E3 Ligases

E3 ligases are the key regulators for the specificity of protein ubiquitination. Human genome-
wide annotation revealed that more than 600 putative E3s and substrate-recognition subunits
of E3 complexes'®!. All E3 enzymes contain a domain for hosting Ub~E2 and are historically
classified based on the structural characteristics and ubiquitin transfer mechanism into two
classes: the RING (really interesting new gene) and the HECT (homologous to the E6AP car-
boxyl terminus) E3s?). With the investigation into the catalytic mechanisms of more E3s, a
type of E3s acting like RING/HECT hybrids was discovered®® °7!. This type of E3s has two
RING domains (RING1 and RING2) which are separated by an in-between-RING domain
(IBR) and thereby were named as RING-between-RING (RBR). Recently, the neuro-associ-
ated E3 ligase MYCBP2 has been depicted with a surprising ubiquitin esterification activity!®],
It has two essential catalytic cysteines to relay ubiquitin and thereby was named as RING-Cys-

relay (RCR) E3 ligase.

The RING family members as the most abundant E3s feature a RING or U-box catalytic do-
main®?!. The RING domains contain a cysteine-rich motif to coordinate zinc ions to maintain
the overall structures while U-box shares the similar structure without zinc coordination. RING
E3s act as a scaffold protein to induce proximity of ubiquitin-charged E2 and substrate fol-
lowed by a direct ubiquitin transfer®”). RING E3 ligases are able to act in monomeric, homodi-
meric or heterodimeric manner. Some RING E3 contain multiple subunits which increase the

diversity of E3 complexes.

In contrast to the one-step ubiquitination stimulated by RING E3s, HECT and RBR utilize an
active cysteine to relay ubiquitin from E2 to substrate in two steps. HECT family is consisted
of 28 members, of which the N-lobe is responsible for binding E2 and the C-lobe which con-
tains an active cysteine for catalysis!®. RBR family which have 14 members shares the features
of RING and HECT E3s. The RINGI is the domain for recruiting ubiquitin-charged E2. The
RING?2 mediates the ubiquitination in a HECT-like mechanism®). Notably, some E3s catalyze
linkage-specific ubiquitin chains. For example, UBE3C is a HECT E3 ligase which constructs
Lys29 and Lys48-linked polyubiquitin!!?® 1! Apart from some mammalian E3s with linkage
specificity, some bacterial E3s have also been reported to polymerize ubiquitin chains with
defined linkage, such as NleL (non-Lee-encoded effector ligase) with the ability of assembling
Lys6 and Lys48-linked ubiquitin chains!!®?, The discovery and identification of specificity of

E3s enable tool development for biochemical and mechanistic studies.
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1.5 Deconjugation of Ubiquitin and Ubiquitin-like Modifiers

Ub/Ubl modifications are covalent attachments to substrates controlling plentiful cellular
events. Reverse reactions are stringently required to maintain the proper modifications spatially
and temporally. DUBs and evolutionarily related enzyme classes called ubiquitin-like prote-
ases (ULPs) are the executors to protect protein homeostasis and prevent promiscuous and
redundant Ub/Ubl modifications which could lead to a wide range of adverse effects and dis-

easest 3,

DUBs and ULPs catalyze the maturation of Ub/Ubl precursors as well as cleave Ub/Ubl from
substrates. DUBs and ULPs are usually assigned into two classes based on their catalytic mech-
anism. The majority of the DUBs/ULPs are cysteine proteases, which resemble the well-stud-
ied papain protease and rely on the active nucleophilic cysteine in corporation with adjacent
histidine residue to hydrolyze the covalent bond between Ub/Ubl C-terminal glycine and their
substrates. The other class is metalloproteases which utilize a zinc cation in the catalytic site in
synergy with neighboring residues to active the water molecule to attack the covalent bond!'¥,
These enzymes are categorized into different families based on their primary sequences and
features of their catalytic domains but the categories do not correlate with the specificity toward
Ub/Ubls. Cross-reactivities in DUBs/ULPs have been observed frequently which contribute to

the multiplexed functions of DUBs/ULPs in different cellular processes!'®!

. How many
DUBs/ULPs have cross-reactivities, how those DUBs/ULPs achieve the cross-reactivities and
how these enzymes behave in cellular settings are still poorly understood and remain system-

atic investigation.

Ubiquitin modifications often exist in the polymerized forms which can be composed of eight
possible linkages. Most DUBs cleave ubiquitin chains indiscriminately while some DUBs
show dedicated preference toward one or a small subset of linkages!!% 1% Dissecting the
mechanism of DUB linkage specificity would provide insights into linkage related biology and
diseases. Despite of the accumulating structural information over the past years, in silico pre-
diction of linkage and modifier specificity of DUBs/ULPs is still challenging since their spec-
ificities are not only determined by the C-terminal residues but also some other interaction sites,
such as hydrophobic patches. Recent advances in development of biochemical assays, such as
mass spectrometry-based DUB profiling using polyubiquitin with different linkages, and ac-
tivity-based probes have enabled extensive characterization and study of specificity and re-

vealed the structural basis of specificity!1?7- 108 1091,
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1.6 Deubiquitinases

The human deubiquitinating enzyme family has around 100 members which are divided into
seven subfamilies: USP (ubiquitin-specific proteases), UCH (ubiquitin carboxy-terminal hy-
drolases), MJD (Machado-Josephin domain-containing proteases), OTU (ovarian tumor prote-
ases), MINDY (motif-interacting with ubiquitin-containing novel DUB family), ZUFSP (zinc
finger with UFM1-specific peptidase domain protein) and JAMM (JAB1, MPN, MOV34 fam-
ily) (Fig 1.5.A).

A Human Non-human
Deubiquitinases Deubiquitinases
USP family (>50) MJD family (5) ZUFSP family (1) JAMM family (12) VTD family
mostly linkage unspecific cleave ester-linked Ub only 1 member zinc metalloprotease widely distributed in
eukaryotes and some bacteria
CYLD: K63- & M1- substrate unclear K63 specific some K63 specific
polyUb-specific some are highly specific for
often function in complex K6, 48 or K63 chains
USP30: K6-polyUb-
selective = » SnVTD: K6 specific,
OTU family (17) UCH family (4) no reaction on Ub-PA or Ub-AMC
USP16 & 36: Ub and Fubi-
dual specific four subclasses crossover loop MINDY family (5)
: linkage-specific UCHL3: Ub and NEDD8 e
USP18: delSG15ylase XG9O Spoct Aallspesiic some K48 specific ]  cysteine protease
USPLA: deSUMOylase asscessory domains e :
multiple ubiqutin-binding domains I:, metalloprotease
B usp
]
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Fig 1.5. Overview of the classifications of human deubiquitinases. A. Families of human and non-human deubig-
uitinases depicted with features. Cysteine proteases are highlighted in grey and metalloproteases in salmon. B.
Phylogenetic trees of human deubiquitinases based on their full-length sequences.

Recent bioinformatic exploration and biochemical validation have led to the discovery of a
new class of DUBs as distant homologs of herpesviral large tegument proteins (VTD) in non-
human species!!!% !l Some of the VTDs display significant linkage preference. For example,
SnVTD from Simkania negevensis is Lys6-linkage specific but has no activity toward ubiqui-

tin-derived suicide substrate Ub-PA or fluorogenic substrate Ub-AMC!'!!l Although the
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classification is based on the protein sequence and conservation, DUBs within the same sub-
family might possess distinctive enzymatic behaviors due to the subcellular localization and

intrinsic specificity.

Among the subfamilies, USP is the largest group as represented by more than 50 validated or
putative DUBs (Fig 1.5.B). The second largest DUB class is OTU family which has 17 mem-
bers, of which linkage specificity attracts a lot of research interest!!'?. JAMM family has 12

(131 MINDY family contains 5 members,

members while some of them are predicted inactive
some of which show significant preference toward Lys48 linkage!''*, UCH and MJD have 4

members respectively while the newly uncovered ZUFSP forms a family on its ownl!!],
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Fig 1.6. Representative structures of DUBs in apo form or in complex with ubiquitin. A. Structure of USP7~Ub-
aldehyde (PDB ID: INBF). B. Crystal structure of apo CYLD (PDB ID: 2VHF). C. Crystal structure of
USP30~Ub-PA covalent complex (PDB ID: SOHK). D. Crystal structure of USP30 catalytically inactive mutant
in complex with Lys6-linked diUb (PDB ID: SOHP).

USP family members share the conserved architecture consisting of three domains, namely
fingers, palm, and thumb which were annotated from the crystal structure of USP7 in apo form
and in complex with ubiquitin, the first structure in USPs (Fig 1.6.A)!!!%]. Given that USP7 is
associated with the stability of the tumor suppressor p53, medicinal chemistry efforts have led
to a series of highly potent inhibitors!!'”). Although most USPs cleave ubiquitin chains unse-

lectively, a few outliers stand out with linkage specificity!'®l. CYLD specifically cleaves
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Lys63 and linear Metl polyubiquitin chains to antagonize cytokine-mediated signaling path-
way. Crystal structure and following biochemical study elucidated that the Lys63 specificity is
dominated by an extended loop which shields the catalytic cysteine (Fig 1.6.B). This extended
loop is remarkably distinctive from other previously reported USPs and confers the Lys63
specificity!!'®]. Another unique member is USP30 which has selectivity toward Lys6-linked
polyubiquitin and functions as a negative modulator of mitophagy. The crystal structures of
USP30 in complex respectively with mono-Ub and Lys6-diUb (Fig 1.6.C&D) revealed the

structural basis of USP30 in regulating mitochondrial ubiquitination!!!®- 1201,

Drug development targeting USPs has advanced into a new era due to increasing understanding
of their functions and druggability. Recently, two inhibitors targeting USP30 have entered into
clinical trials for treatment of acute kidney injury and Parkinson’s disease, respectively!!?!],
Genome-wide screening also identified USP1 as a promising target inducing synthetic lethal-
ityl'?2l, Several inhibitors are being assessed in clinical studies (NCT05240898,
NCT06065059).

Fig 1.7. Representative structures of UCHs. A. Structure of covalent complex of UCHL1~Ub (PDB ID: 3KWS5).
B. Structure of covalent complex of UCHL3~Ub (PDB ID: 1XD3). The crossover loops are both highlighted in
salmon color.

OTU DUBs are categorized in four subclasses: OTUDs, Otubains, OTULIN and A20-like
OTUs. Systematic diUb cleavage assay elaborated the linkage specificity of all OTU members
in four distinctive mechanisms!'?*), OTUD1 shows highly activity and specificity on Lys63-
linked chains. OTUBI and A20 cleave Lys48-linked chains preferentially. Cezanne and
Cezanne? are both dedicated to Lys11-linked ubiquitin chains. Interestingly, OTULIN prefers
to trim linear polyubiquitin chains and has been validated as a negative regulator of inflamma-
tion and autoimmunity!'?*. Based on the specificity, some OTUs have been successfully em-

ployed for qualitatively identifying substrate linkage types in the Ubi-CREST assay!'?*!. Other
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small modifications can also alter enzymatic acitivity. For instance, phosphorylation modifica-
tions act as a switch to enhance the deubiquitinating activity of OTUDS5!!2¢), Strikingly, the
Lys48-specific OTUD4 shifts its specificity to Lys63-linked chains upon phosphorylation by
casein kinase I1''?), These results displayed the diverse modulation and interplay between post-

translational modifications.

UCHSs, the first discovered deubiquitinases, have four group members: UCHL1, UCHL3,
UCHLS, and BAP1'"?8), Structural studies showed that UCHL1 and UCHL3 both have a flex-
ible crossover loop near the catalytic site acting as a substrate filter which prevents them from
cleaving large substrates (Fig 1.7.A&B). Extension of the loop enabled both of them to cleave
diUb substrates!!??). UCHLS5 is bound to proteasome to debranch ubiquitin chains on substrates
before degradation!'3%, UCHL3 and UCHLS5 have been reported to cross-react with NEDDS,
while UCHL1 binds but does not cleave NEDDS!!3!: 132],

1331 However,

MJD family members have shown selective threonine and serine esterase activity?
the substrate scope of MJDs is still not very clear. MINDY's were discovered and characterized
as Lys48-specific DUBs!!3* 1331 MINDY 1 and MINDY?2 have five ubiquitin-binding domains
(UBDs) to accommodate long ubiquitin chains whose length could affect the mode of cleav-

114

age!!'¥, Their cellular functions are still poorly studied and require further exploration.

The newly discovered ZUFSP is a Lys63-specific DUB whose specificity is realized through
multiple tandem UBDs!!3¢ 137 138 1391 Eynctionally, ZUFSP responses to DNA damage and
maintains genome stability. Surprisingly, ZUFSP was initially annotated as an inactive UFM1
protease due to it was predicted to lack a histidine to form catalytic triad. Combined bioinfor-
matic prediction and chemical biology tools led to the discovery and characterization of ZUFSP
which highlight the importance of developing high-quality tools for studying DUBs and dis-
covering unknown DUBs.

1.7 Ubiquitin-like Proteases

In analogy to DUBs, ULPs are the enzymes to activate the precursors of Ubls and cleave Ubls
from their substrates. Cleavage of Ubls is not always executed by specific ULPs but by some
DUBs due to their cross-reactivities. A better understanding of the cross-reactivities on the
biochemical level would facilitate the decoding of the understudied cellular functions of

DUBs/ULPs.
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1.7.1 DeSUMOylases

SUMOs are one of the most abundant modifications among the Ubls. The already known
SUMO proteases are from three distinctive families: sentrin-specific proteases (SENPs), de-
SUMOylating isopeptidases (DESI) and USPL1 (ubiquitin-specific peptidase-like protein 1)
(Fig 1.8.A). SENPs are consisted of six members: SENP1, SENP2, SENP3, SENP5, SEPNG,
and SENP7. Although SENPS8 was assigned into SENP family, it does not catalyze SUMO
deconjugation, but plays a significant role in removal of NEDDylation!!** 141l SENPs have
specific subcellular localization which determine each characteristic functions!'#?). Notably,
members within SENP family also show preference toward SUMO paralogues!!*’). DESI was
identified as the second class of deSUMOylases from a yeast two-hybrid screening!!'*4. Cleav-
age assays showed that DESIs cleave isopeptide-linked SUMOT1 but not precursor of SUMOI1.
DESI-1 was reported to trim polymerized SUMO2/3 as well!!*4]. Recently, a study investigated
the deubiquitinating activity of DESI-2 and discovered ribosomal protein S7 as its substrate!! 4],

However, more biochemical data are needed for further validation.

USPLI is included in the USP family but not equipped with any deubiquitinating activity. The
development of SUMO-based covalent probe enabled the identification and validation of

USPL1 as a SUMO protease. USPL1 shows preference toward SUMO2/3 over SUMO1146],

1.7.2 DeNEDDylases

NEDDylation as the key regulator of E3 ligase enzymatic activity requires tight control by
dedicated enzymes. UCHL3, but not UCHL1 was identified as a deNEDDylase from a yeast
two-hybrid system!!3?], Steady-state kinetic analysis revealed that UCHL3 has 1000-fold pref-
erence toward ubiquitin over NEDD8!"*!. However, pull-down assay showed that UCHL3 pos-
sesses similar affinity toward ubiquitin and NEDDS8!'3?!, These ambiguous data prevent further

exploration of its functions in cellular context.

Another member in UCH family UCHLS possesses capability of cleaving NEDDS8 sub-
stratel'3!). COPS5 (also referred to as CSNS5) from the JAMM family as a subunit of COP9
signalosome cleaves NEDDS from cullin E3 ligase to suppress its ubiquitinating activity!!47],
With the development of NEDDS vinyl sulfone which is also an activity-based probe, SENPS
was identified as a deNEDDylase!'*!!. Increasing evidence showed that OTUBI and OTUB2
both binds to NEDDS and interestingly OTUB1 cleaves NEDD8!* 1% However, their func-

tions related to NEDDylation remains unclear.
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Fig 1.8. Overview of Ubl proteases. A. Phylogenetic trees of deSUMOylases which are highlighted in colors
based on the subfamily classification. SENPS is shown in purple since it acts on NEDDS instead of SUMOs. B.
Crystal structure of USP18~ISG15 (PDB ID: SCHV). C. Crystal structure of USP36~Ub (PDB ID: 8BS9). D.
Crystal structure of USP36~FUBI (PDB ID: 8BS3).

1.7.3 DelSGylases

ISG15 is associated with the immune response and thereby can be recognized and cleaved by
proteases from viruses. The most outstanding example is the papain-like protease PLpro from
the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) which preferentially
cleaves ISG15 to regulate viral spread and attenuate innate immunity!!*% 15!, In human genome,
USP18 specifically deconjugates ISG15 but shows no any activity toward ubiquitin. The crys-
tal structures of mouse USP18 in apo form as well as in covalent complex with ISG15 revealed
the structural basis of its specificity toward ISG15 instead of ubiquitin (Fig 1.8.B). A hydro-
phobic interaction between USP18 and ISG15 contributes significantly to the structural basis
of specificity.

Activity-based probes have enabled discovery of USP2, USPS, USP13 and USP14 as ISG15-
reactive proteases!!>% 3] Isopeptide-bond-based substrates are needed to test these enzymes

and rule out the false-positive candidates which will be beneficial for cellular studies of
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delSGylases. Another Ubl that is actively involved in immune response is FAT10 whose con-
jugation machinery has been well-studied. However, the proteases responsible for deconjugat-

ing FAT10 are still unknown.

1.7.4 DeFUBIlylases

USP36 was recently identified as a deFUBIlylase for ribosomal subunit 40S maturation/®). To
search for proteases with FUBI specificity in genome-wide scale, activity-based covalent probe
was designed and prepared. Through pull-down and proteomics, USP16 and USP36 were
found to act on both ubiquitin and FUBI'®). Crystal structures of USP36 in complex with FUBI
and ubiquitin elaborated the substrate recognition mechanism and following mutagenesis as-
says explained the key residues involved in the cross-reactivities toward FUBI and ubiquitin
(Fig 1.8.C&D). Structural information resulted in reprogramming the closely related USP42
into a FUBI protease by simply introducing an Arg-Tyr motif on the a-helix which is highly
important in USP16 and USP36 for recognizing FUBI.

1.8 Tools for Deubiquitinases and Ubiquitin-like Proteases

Development of tools and assays in various formats over the past decades has tremendously
facilitated the identification, validation, and qualitative and quantitative study of DUBs and
ULPs!'3#, Most DUBs and ULPs are cysteine proteases which are amenable to be targeted by
activity-based probes (ABPs) to form covalent adducts!'*>). However, the readout of ABPs re-
acting with DUBs/ULPs is usually based on gel electrophoresis which is time-consuming and
unintuitively. To achieve kinetic and quantitative results, microplate-reader-based assays have
been developed where Ub/Ubls derivatives can be turned over by DUBs/ULPs to release sig-

[156] The com-

nals, such as fluorescence intensity, fluorescent polarization, and luminescence
bined uses of aforementioned tools provide a platform to discover new DUBs/ULPs and com-

prehensively understand the specificity of DUBs/ULPs.

1.8.1 Activity-based Probes

Ub/Ubl-based ABPs are normally consisted of three elements: (1) a reactive warhead which
can covalently react with catalytic cysteine through an addition or substitution reaction; (2) a

recognition element which is Ub/Ubl protein to be recognized and bound by DUBs/ULPs; (3)
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a reporting tag which is used for orthogonal detection or enrichment but dispensable for struc-
tural biology research. Biotin, fluorophores or peptide epitopes have been installed at N-termini
of Ub/Ubl to realize those purposes. Additionally, ubiquitination enzymes also sometimes em-
ploy catalytic cysteine to relay ubiquitin. ABPs thereby are suitable for broader applications in
identifying and characterizing unknown enzymes involved in Ub/Ubl modifications. Ubiquitin
ABPs can be classified into three groups based on the reaction types: direct addition, conjugate

addition and nucleophilic substitution.

Ubiquitin-aldehyde (Ubal) was the first reported ABP in the Ub/Ubl research field in the occa-
sion of investigating the catalytic mechanism of a DUB!!*"), During the hydrolysis, the DUB
was inactivated by borohydride which means the reaction intermediate was reduced. This dis-
covery led to the development of first-generation ubiquitin covalent probe Uball'>®, DUBs
form a tetrahedron intermediate with Ubal by direct addition (Fig 1.9.A). Therefore, it served
as a general DUB inhibitor for mechanistic studies!!>”). Although the Ubal was developed in
1986, the first application in structural biology was in 1999 to give the crystal structure of yeast
UCH, Yuhl in complex with Ubal'%’!. Following this successful application, the first complex
structure from USP family, USP7~Ubal was reported which laid the foundation for drug dis-
covery targeting USP7!'!®). Ubal has been one of the most frequently used probes to capture
DUBs and contributed to at least 12 complex structures!'®!. However, the reversibility of he-
mithioacetal intermediate resulted to high heterogeneity as evidenced by the apo form of USP7
existing together with two USP7~Ubal complexes in the same asymmetric unit which increase

1161 “Similarly, Ub-CN was also designed as a direct addition

the difficulty of crystallization!
probe to form reversible complex with DUBs but not used widely!'>*!. Propargylamine was
installed at C-termini of ubiquitin and SUMO to give the products which are referred to as
Ub/UbI-PA or Ub/Ubl-Prg. The alkyne handle of Ub/Ubl-PA was initially designed for click

chemistry to forge model substrates for mechanistic studies!!®> 193],

Strikingly, Ub-PA showed strong inhibitory activity against some DUBs. Subsequent studies
proved its capability of trapping DUBs by forming a vinyl thioether which is irreversible and
thereby suitable for structural biology studies!!®l. So far, PA-based strategies have been im-

plemented in other Ubls, including ISG15'%%), SUMOU%% 1671 "and FUBI¢],

The first series of ubiquitin probes with Michael acceptors (Ub-VS (vinylmethyl sulfone), Ub-
VSPh (vinylphenyl sulfone), Ub-VME (vinyl methylester), and Ub-VCN (vinylcyanide)) were
assembled for functional proteomics leading to discover a series of DUBs!'® (Fig 1.9.B). Ub-

OEtVS (vinylethoxy sulfone) was introduced shortly after as an alternative for comparison!!®,
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Among these probes, Ub-VS and variants for ISG15 and FUBI have been successfully used for
discovering and characterizing previously unknown proteases!®® 132, Ub-VME has been widely
used for crystallography, especially for UCHL1!7%, UCHL3!!"! and USP46!'7%), Recently, Ub-
Dha of which Gly76 of ubiquitin was replaced with a dehydroalanine (Dha) was developed as
a cascading ABP to capture a plethora of E1, E2, and E3 enzymes!'”*). The same warhead was

adapted to ISG15 for proteomic application!'>*!,
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Fig 1.9. Reported mono-Ub-based covalent probes. A. Probes with direct addition mechanism. B. Probes with
conjugate addition mechanism. C. Nucleophilic substitution-based covalent probes. D. Lactone-based ubiquitin
probe with potential ring opening mechanism upon reacting with DUBs.

The third type of Ub/Ubl ABPs is featured by their nucleophilic substitution warheads which
function as a leaving group upon attack by DUBs/ULPs (Fig 1.9.C). This type of ABPs has
shown broad applications in structural biology, especially in understanding the specificity of
viral DUBs toward Ub and ISG15!'7* 1731, Moreover, a lactone-bearing ubiquitin probe was

developed but barely applied!!¢],

Overall, various Ub/Ubl-based ABPs have been developed for DUBs with versatile functions.
Nevertheless, there are still some challenges to overcome. Since all the ABPs are protein-based,
cell permeability is a roadblock for cellular applications. Recently work showed that ABPs
modified with cell-penetrating peptides are able to cross the cell membrane for intracellular
profiling!!7¢l. A photo-caged ubiquitin probe was further developed to enable temporal profil-
ing of DUBs!'”"). Another challenge is to develop probes for zinc-dependent DUBs. Zinc-
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chelating moiety has been installed into ubiquitin for JAMM DUBs!!78l. Although these probes
have been successfully developed, more application scenarios should be tested to interrogate

the functions of DUBs.

1.8.2 Fluorescence Intensity and Polarization Assays

Ub/Ubl-based ABPs are versatile tools for the characterization of DUBs as well as ubiquitinat-
ing enzymes. However, the intrinsic features of ABPs, such as low throughput, limit their ap-
plications. Plate-based assays are amenable to miniaturization which is suitable for high
through-put screening. Derivatized from the cleavage sites in Ub/Ubls, a variety of substrates
have been designed, among which fluorescence intensity and polarization assays are the most
frequently used because the assays are easily set up and suitable for high-throughput screening
(Fig 1.10.A). The fluorogenic substrates for DUBs/ULPs whose C-termini are modified
through an aryl amide bond with a fluorophore have been widely employed for drug screen-
ing!!7%- 1891 The fluorophore is quenched but can be released upon activation of DUBs/ULPs to
transmit signals. Ub/Ubl-RhoG is a typical fluorogenic substrate which contains a Rhodamine
110-glycine (RhoG). Previous efforts have led to multiple methods to prepare these sub-
strates!!%% 181 1821 (Fig 1.10.B). However, these methods utilized harsh conditions in either re-
action or purification steps which could result in misfolding. Moreover, the acryl amide bond
is significantly different from the natural isopeptide which might lead to misinterpretation of

catalytic specificity of DUBs/ULPs.

Fluorescence polarization substrates (Ub/Ubl-KG-TAMRA) have natural isopeptide bonds to
connect fluorophore TAMRA through the amine on the lysine side chain with Ub/Ubl (Fig
1.10.C). This assembly reveals the authentic linkage between Ub/Ubls and their substrates.
Thereby fluorescence polarization substrates are considered as suitable DUBs/ULPs substrates

for quantitative analysis of specificity as well as inhibitor evaluation!!83],

However, the preparation of fluorescence polarization substrates requires native chemical liga-
tion using a d-mercaptolysine-containing peptide which requires nearly ten-step synthesis, free-
radical-based desulfurization, purification by high-performance liquid chromatography (HPLC)
and subsequent lyophilization. The resulting powder needs refolding in aqueous buffer which
can lead to heterogeneity especially in the case of Ubls!!®%l. Previous studies showed that fluo-
rescence polarization substrates cleaved by DUBs/ULPs cannot reach full conversion to the

level of free KG-TAMRA which limits their broader applications!'** 1*3]. Qverall, a mild, facile
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and transferable method for preparing Ub/Ubl fluorescence polarization substrates is in high
demand for this field not only for delineating the specificity of DUBs/ULPs but also for future
drug discovery.
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Fig 1.10. Overview of fluorescence-based Ub/Ubl substrates. A. The structures of native isopeptide bond, Ub/Ubl-
RhoG, and Ub/Ubl-KG-TAMRA. B. Previous efforts to generate the fluorescence intensity assay platform. C.
Previous work that describes the preparation of Ub/Ubl-KG-TAMTA. VA-044 is a desulfurization reagent.

1.9 Di-Ubiquitin Activity-based Probes: Design and Applications

The complexity of the ubiquitin modifications determines that DUBs must possess multiple
layers of specificity from substrate specificity to ubiquitin chain linkage specificity. Linkage
specificity of DUBs is usually characterized by polyubiquitin cleavage assay which is resolved
on gel electrophoresis. To understand how the linkage specificity is achieved, di-ubiquitin
(diUb) ABPs equipped with an internal covalent warhead are powerful tools because they react
with the catalytic cysteine and interact with both distal (S1) and proximal (S1°) sites which

would provide answers to the specificity. Moreover, some HECT and RBR E3 ligases show
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extraordinary preference toward forging specific linkage type which might be revealed by the
diUb ABPs.['%: 1861 DiUb ABPs would provide a platform for dissecting the mechanism of
linkage specificity of E3s since they might be capable of stabilizing the DUBs or E3 ligases
which would be beneficial for the structural determination. Additionally, potential applications

in proteomics might lead to discovery of new enzymes in the ubiquitin system.
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Fig 1.11. DiUb-based covalent probes with internal warheads for trapping DUBs. A. Representative structures of
reported diUb covalent probes with Michael acceptors. B. The covalent structure of HECT E3 UBRS5 with Lys48-
linked diUb. C. Crystal structure of Cezanne~Lys11-linked diUb. D. Structure of OTULIN~Met1-linked diUb.

1.9.1 Previous Development of DiUb Probes

Mono-Ub-based ABPs enable the visualization of how DUBs bind and cleave ubiquitin, but
cannot reveal how the proximal ubiquitin interacts with DUBs to achieve linkage specificity.
To obtain the complex structure of DUBs and related linkage-specific diUb, the catalytic cys-
teine was usually mutated to alanine for crystallization. However, sample homogeneity might
be an issue due to excessive addition of diUb chains!!®’- ¥ Therefore, developing diUb ABPs
with internal covalent warheads to capture DUBs would enable structural biology studies to

analyze the interaction between DUBs and distal and proximal ubiquitin molecules.

Early efforts in trapping DUBs employed a Michael acceptor at the end of ubiquitin coupled
with some peptides surrounding the specific lysine!'**. However, this strategy cannot fully
represent the diUb molecule since the proximal ubiquitin might form interaction with DUBs in

different areal'®”!. Expanded from the mono-Ub ABPs with conjugation addition warheads, the
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proximal ubiquitin was connected through various chemistry to form diUb ABPs with defined
linkages (Fig 1.11.A). Some of the probes have been successfully employed for structural de-
termination of Lys48-specific HECT E3 UBRS5!®Y (Fig 1.11.B), Cezanne in complex with
Lys11-linked diUb!"*! (Fig 1.11.C), and covalent complex of OTULIN with the Met1-linked
linear diUb-Dha probe!'*?! (Fig 1.11.D).

1.9.2 Challenges in DiUb Probes

Although only three complex structures empowered by the diUb ABPs have been reported so
far, the snapshots of proximal ubiquitin binding to the enzymes have already provided deeper
insight into the mechanism of specificity. Unfortunately, all the methods to prepare diUb ABPs
cannot avoid either harsh reaction conditions or HPLC purification which leads to misfolding.
Additional atoms in the warheads might hinder proper recognition by DUBs. All the aforemen-
tioned factors restrain the accessibility and applicability of the diUb probes.

Preparation of the diUb probe for capturing UBRS firstly requires synthesis of acetal-protected
warhead (Fig 1.12.A). Following the installation of caged warhead, trifluoroacetic acid (TFA)
was mixed into the reaction to remove the protecting group and release the covalent warhead.
The resulting intermediate was harshly treated with cold ether to form precipitate for purifica-

193

tion!!3), The sophisticated synthesis and purification workflow restricted the broad application

especially for structural biology studies which usually require a large quantity of probes.

For the purpose of proteomics studies, click chemistry was utilized to generate a series of diUb
ABPs 'Y (Fig 1.12.B). The C-terminus of proximal ubiquitin was functionalized by intein
chemistry with a covalent warhead as well as an alkyne handle for the purpose of click reaction.
The distal ubiquitin was incorporated by genetical expansion with an azidonorleucine. Alt-
hough this method was straightforward in preparing the complex, the length of the linker be-
tween proximal and distal ubiquitin molecules is significantly longer than the natural isopeptide
bond which might affect the recognition of some DUBs that have very sensitive binding mech-

anisms toward polyubiquitin chains.

To keep the length of the linker in consistency with the natural isopeptide bond, some other
warhead design and synthetic methods were explored. Given that ubiquitin has no any cysteine
residues, incorporation of cysteine into specific position followed by radical thiol elimination
was a successful strategy to generate Dha-based diUb ABPs!'*! (Fig 1.12.C). A linear diUb

probe bearing a Dha warhead at the N-terminus of distal ubiquitin was also prepared using the
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same strategy. In addition, the total synthesis of ubiquitin fragments requires intense synthetic

efforts which might not be easily transferable between laboratories.
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Similarly, thiol elimination method was utilized for the preparation of another Michael accep-
tor-based diUb ABP which was successfully implemented for solving the crystal structure of
Cezanne in covalent complex with the Lys1 1-linked diUb probe!'®!! (Fig 1.12.D). Incorporation
of Dha into the first residue of proximal ubiquitin disabled the reactivity toward Met1-specific
OTULIN due to the wrong positioning (Fig 1.12.C). However, another design that introduced
Dha warhead into the Gly76 position of distal ubiquitin resulted in the structure determination
of OTULIN in covalent complex with the linear diUb probe though the resolution was worse
than the previously reported complex of catalytically inactive OTULIN with native linear

diub!%! (Fig 1.12.E).

It is obvious that difficulties in syntheses result in limited access to the diUb covalent probes.
To complement previously reported probes, novel tools with differential covalent modification
mechanism which can be prepared in a facile manner and in a large quantity could offer an
alternative to study the linkage specificity of DUBs. Beyond the applications in investigating
DUBSs, new tool would offer additional options for studying those E3s which have a catalytic

cysteine.

1.10 Aims

Extensive studies in the specificity mechanism have triggered the conceptualization of multiple

105] These layers are the

layers of specificity that DUBs possess to modulate the ubiquitin code!
molecular basis of regulating Ub/Ubl-related cellular events in multiple dimensions. Innovative
chemical biology tools are the key to dissect the mechanism underlying the DUB specificities
in many aspects. However, one of the biggest challenges in preparing Ub/Ubl-based tools is
the refolding step which dominates the quality of the tools because harsh reaction conditions,
HPLC purification in organic solvent and following lyophilization are able to completely de-
stroy the correct conformations!'®”!. Although refolding from DMSO stock into buffer might
help ubiquitin-based substrates refold to a certain degree, some Ubls are still difficult to obtain
due to the refolding procedure. To aid preparing tools for quantitative studies on DUBs, it is
worthwhile to explore mild reaction conditions and gentle purification protocols by fast protein
liquid chromatography (FPLC) in aqueous buffer at mild pH to avoiding the lyophilization step.
Hence, the aims of the thesis are to investigate two major layers of DUB specificities, namely
(I) modifier specificity and (II) linkage specificity enabled by the innovation of chemical biol-

ogy tools which are prepared in native states.
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To achieve the aim I, a bespoke protocol for native semisynthesis of isopeptide-containing
Ub/Ubl-KG-TAMRA is to be implemented for quantitative analysis of several DUBs/ULPs
toward Ub/Ubls in fluorescence polarization assays. The deSUMOylase USPL1 will be exten-
sively investigated with the aid of structural biology to elaborate how this USP evolutionarily
achieves preference toward SUMO2/3 modifications instead of ubiquitin or other SUMOs. On
the basis of the assays, a trial high-throughput screening campaign based on the fluorescence
intensity assay will be launched to discover novel tool compounds targeting USPL1. To un-
leash the power of the fluorescence polarization assay platform, a variety of DUBs and ULPs
will be examined to discover unknown cross-reactivities towards Ub/Ubls in a quantitative

manncr.

To achieve the second goal, novel diUb-based probes with internal covalent warheads will be
designed and prepared in native states. The probes will be tested in different settings, including
the gel-based binding assay and X-ray crystallography. Linkage-specific DUB SnVTD from
bacteria will be selected as a case study to visualize how its binding sites are occupied by both
proximal and distal ubiquitin molecules simultaneously. Beyond the applications in DUBs,

HECT-type E3 ligases will be explored with the covalent diUb probes.

Collectively, this work has the potential to establish an assay platform of which substrates are
linked with fluorophores via a natural isopeptide linkage for quantitative analysis of modifier
specificity of different DUBs/ULPs. This effort to establish the assay platform would pave a
new way for elucidating the functions of DUBs/ULPs and provide new insights into future
mechanistic research. In addition to the modifier specificity, the design and development of
novel diUb probes would offer a new set of tools to study the linkage specificity of DUBs as
well as E3 ligases. These tools would provide new options to understand these two major layers

of specificity of DUBs/ULPs.
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2. MODIFIER SPECIFICITY

Dissecting the specificity of DUBs/ULPs toward Ub/Ubl modifiers on the biochemical level
would provide the foundation for functional analysis of DUBs/ULPs in cells. To quantitatively
investigate the catalytic specificity of DUBs/ULPs, a continuous readout of cleavage is pref-
fered which not only provides high-throughput capabilities but also requires less protein con-
sumption. To monitor the cleavage kinetics, a series of fluorescence intensity and polarization
substrates have been introduced but most of them are prepared in harsh conditions which results
in misleading data interpretation. Mild reaction and tailored purification tactics are the solu-
tions to overcome the difficulties in preparation of high-quality assay substrates as well as pro-

vide convenient access to a good quantity.

2.1 Access to the Fluorescence Intensity Substrates

Early effort to obtain fluorescence intensity used trypsin, which is a protease that can cleave
protein after arginine residues, to activate ubiquitin followed by the attack by the terminal

1981 Intein-based chemistry was utilized to op-

amine of diGly-AMC (aminomethylcoumarin)!
timize the production of the substrates!!*!). AMC-based substrates enabled the qualitative val-
idation of USPL1 specificity. However, there is a critical drawback of Ub/Ubl-AMC, especially
when they are used for screening and evaluating inhibitors. AMC has a short excitation wave-
length and low quantum yield. The intrinsic defects limit the optimization of assays!!3!l. There-
fore, a better fluorophore Rhodamine 110 quenched by glycine residues was installed at the C-
terminus of ubiquitin and purified by HPLC!"!], Another work reported a method where all the
free amines are protected by tert-butyloxycarbonyl (Boc) group in DMSO, functionalized and
purified by HPLC. These methods require a refolding step which reduce the quality of sub-

strates. To retain the native state, FPLC purification is an option!!*’],

Intein-fused Ub/SUMO proteins were expressed in bacteria, followed by the on-bead cleavage
by the thiol in sodium 2-mercaptoethane sulfonate (MesNa), to obtain active but stable inter-
mediate Ub/SUMO-MesNa (Fig 2.1.A). To convert the thioesters to product, NHS was added
to the reaction together bis-glycyl-Rhodamine 110 (see MATERIALS & METHODS for syn-
thesis) to attack the thioesters. Following straightforward purification by cation exchange chro-
matography, these reagents were prepared in pure form (Fig 2.1.B). USPL1 catalytic domain
was purified (Fig 2.1.C) and tested in the cleavage assay using Ub/SUMO-RhoG substrates
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(Fig 2.1.D). Quantitative analysis showed that USPL1 cleaves SUMO2 preferentially with a 4-
fold higher catalytic efficiency than SUMO1, but no action on ubiquitin substrate which is in
line with previous result (Fig 2.1. E&F)!46],
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synthesis of Ub/SUMO-RhoG. 2G-Rho: bis-glycyl-Rhodamine 110, NHS: N-hydroxylsuccinimide. B. Decon-
voluted mass spectra of Ub/SUMO-MesNa and Ub/SUMO-RhoG. C. Overview of USPL1 protein architecture.
The catalytic USP domain and the nuclear localization sequence (NLS) are shown as boxes, and residues of the
catalytic triad as stars. D. Representative fluorescence over time trace ((USPL1] = 0.4 nM, [Ub/Ubl-RhoG] = 50
nM). E. Linear regression of initial velocity of USPL1 on the substrates over the enzyme concentration. F. Cat-
alytic efficiencies of USPL1 determined for indicated substrates as mean + standard error.

The well-folded substrates prepared in large quantity enabled quantitative comparison but the
interpretated data cannot reveal the authentic specificity due to the artificial linkage between
Ub/SUMO and fluorophore which is different from the natural isopeptide linkage!>*’l. There-
fore, fluorescence polarization substrates whose fluorophores are linked via an isopeptide bond
are suitable for examining the specificity of USPL112%, Previous work utilizing solid phase
peptide synthesis (SPPS) to forge the isopeptide bonds was performed and purified in organic
solvents!!®*, Instead of using SPPS, native semisynthesis starting from recombinant protein
offers mild reaction condition. It has been reported that generation of acyl azides from ubiquitin
hydrazides with nitrous acid followed by subsequent conversion into amides to afford ubiqui-
tin-based tools (Fig 2.2.A)?°!:202] Instead of using trypsin to activate ubiquitin, the stable thi-
oester (Ub-MesNa) was quickly transformed to the hydrazide form which was highly concen-
trated (Fig 2.2.B). To functionalize the C-terminal glycine, Ub-hydrazide was kept at -10°C

followed by the treatment of sodium nitrite and citric acid for a few minutes to give the active
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ubiquitin acyl azide. KG-TAMRA was then immediately added into the mixture and incubated
at 37°C for several minutes to substitute the azide moiety to forge a new isopeptide bond (Fig
2.2.A). Previous work to incorporate the KG-TAMRA required a thiol on the lysine side chain
as an auxiliary group to facilitate the thioesterification which is the prerequisite of the for-
mation of isopeptide bonds. However, the unnatural thiol-modified lysine required intense syn-
thetic efforts. Free KG-TAMRA synthesized in solid phase method as well as an optimized
method in solution were developed (synthetic procedures in MATERIALS & METHODS). In
addition, the reaction and purification should be shielded from light to avoid any potential

bleaching of the fluorophore.

Similarly, the reaction was performed on SUMOI, but side reaction occurred on the cysteine
which was nitrosylated. However, this modification can be reversed by simply adding reducing
agent tris(2-carboxyethyl)phosphine (TCEP). In general, this functionalization protocol ena-
bled desired product in 20-40% yield, with various potential side products including dimers,
hydrolyzed Ub/SUMO, as well as lactams. Because the installation of TAMRA which is tau-
tomerized dependent on pH value affects charge states, purification of Ub/SUMO-KG-
TAMRA was challenging and thereby tailored purification procedures were scouted and opti-
mized (Fig 2.2.C). Ub-KG-TAMRA was purified by two-round cation exchange chromatog-
raphy at pH 6 and 4.5 respectively. SUMO1-KG-TAMRA was firstly purified by size-exclu-
sion chromatography to remove free KG-TAMRA and then refined by high-resolution anion
exchange chromatography. SUMO2-based reagent was also purified in two steps. All the rea-
gents were purified in pure form and validated by gel analysis and intact protein mass spec-

trometry (Fig 2.2.D&E).

To further validate if the functionalized proteins are still naturally folded, circular dichroism
(CD) spectroscopy was employed to assess the quality since the CD property is the golden
standard for the determination of protein secondary structures. Ub/SUMO2-KG-TAMRA both
possess similar CD properties compared to their parental forms (Fig 2.2.F). The CD data
thereby confirmed the natural confirmation of Ub/SUMO2-KG-TAMRA. Since deSUMOylase
USPLI1 is not active on ubiquitin substrates, quality check for Ub-KG-TAMRA was realized
by deubiquitylating enzyme USP2. The fluorescence polarization assay and data analysis con-
firm the high quality of Ub-KG-TAMRA because the substrate was fully cleaved and reached
the level of free KG-TAMRA (Fig 2.2.G). Since the assay was performed using a broad range
of USP2 concentration, quantification of its catalytic efficiency on Ub-KG-TAMRA was pos-
sible (Fig 2.2.H).
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Fig 2.2. Preparation, characterization and quality assurance of fluorescence polarization substrates Ub-, SUMOI1 -,
and SUMO2-KG-TAMRA. A. Workflow for synthesis of Ub/Ubl-KG-TAMRA. Ub/SUMO-MesNa thioesters
were generated by the aforementioned intein chemistry. Active intermediates that cannot be purified is shown in
brackets. B. Deconvoluted mass spectra of stable intermediates generated in A. All the Ub and SUMOs are
wildtype. C. Chromatograms of two-step purification workflow for Ub/SUMO-KG-TAMRA by FPLC. B% indi-
cates the percentage of elution buffer from inlet B on FPLC. All the chromatography columns are commercially
available and used according to the instruction. D. Purity check by gel-based analysis of indicated substrates; fI,
fluorescence; cbb, Coomassie brilliant blue-stained. E. Deconvoluted mass spectra of purified Ub/SUMO-KG-
TAMRA. F. Circular dichroism spectra of Ub/SUMO2-KG-TAMRA and their parental proteins. G. Quality check
of Ub-KG-TAMRA by DUB USP2 in the fluorescence polarization assay. H. Catalytic efficiency derived from

the slope of kqs/[USP2] plot is shown as insert.
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2.2 Examining the Specificity of DeSUMOylase USPL1

The native semisynthesis protocol provides useful tools with high quality as evident from the
CD spectra data for quantitative analysis and comparison of the substrate preference of USPL1

as well as SENP1 and yeast deSUMOylase ULP1 which both served as positive controls.

USPL1 cleaved SUMO?2 quickly but showed significantly less activity against SUMO1 and no
any activity against ubiquitin-based substrate (Fig 2.3.A). SENP1 showed quite similar activity
against SUMO1 and SUMO?2 substrates and of course inactive on Ub-KG-TAMRA (Fig 2.3.B).
Surprisingly, ULP1 showed totally different behaviors on the two SUMO-based reagents as
ULP1 cleaved SUMO1 significantly faster than SUMO?2 (Fig 2.3.C). Measurements at broader
concentration ranges enabled the proper calculation of observed rate constants as well as the

derived catalytic efficiencies of the three enzymes (Fig 2.3.D-F & Appendix Fig 1).

Since enzymes in the cells normally operate with limited concentration of substrates, catalytic
efficiency can be used as a viable parameter for comparing how efficiently enzymes process
their substrates. It is striking that USPL1 cleaved SUMO2-KG-TAMRA with an around 25-
fold higher catalytic efficiency than SUMOI1-KG-TAMRA which is far beyond the ratio
(around 4-fold difference) reported in the fluorescence intensity assays (Fig 2.1.F). It is obvious
that the specificity of USPL1 toward SUMO2/3 over SUMO1 was significantly underestimated
based on the fluorescence intensity assays because of the artificial linkage in the substrates.
These data firmly demonstrated the advantages of utilizing isopeptide-linked substrates for
profiling the modifier specificity of DUBs and ULPs. As expected, SENP1 did not discriminate
SUMOI1 and SUMO?2 significantly (Fig 2.3.E). Contrarily, ULP1 exhibited extreme preference
toward SUMOI1 over SUMO2 because SUMO1 shares higher similarity with yeast SUMO
protein (Fig 2.3.F).

To make full use of the obtained fluorescence polarization substrates, catalytically inactive
enzymes USPL1 and USP21 were purified and tested. USPL1 and USP21 both showed pref-
erences toward SUMO2 and ubiquitin respectively (Fig 2.3.G). Catalytic mutant might have
higher binding affinity for ubiquitin than wildtype?®* and thereby this assay can be used to
estimate the binding affinity of DUBs and ubiquitin. Overall, the utilization of Ub/SUMO-KG-
TAMRA reagents validated the quality which is from the mild reaction and purification meth-
ods. They can be used not only for distinguishing the modifier specificity, but also as fluores-

cent tracers to measure the binding affinity.
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Fig 2.3. Assessment of the specificity toward SUMO paralogues. A-C. Human USPL1, human SENP1, yeast
ULP1 were tested in fluorescence-polarization-based cleavage assays. Averages of technical triplicates are shown,
which are representative of three independent experiments. D-F. Plots of observed rate constants over enzyme
concentrations determined from assays shown in A-C and Appendix Fig 1. Catalytic efficiencies derived from the
slopes of kobs/[enzyme] plots (left) are shown as bar graphs as the mean =+ standard error (right). G. Binding assay

of inactive USPL1 and USP21 based on fluorescence polarization assays. The dissociation constant values were
shown.

2.3 Structural Overview of USPL1 in Complex with SUMO2/3

The natural isopeptide-linked substrates exhibited superior applications so that provided quan-
titative insights into the specificity of USPL1 toward SUMO2/3 as well as an estimation of
binding affinity of USPL1 with SUMO2. However, the reason leading to the uniqueness of
USPL1 in USP family as well as the mechanism of modifier specificity remained unclear be-
cause the missing of structural information. Another unique member in the USP family, USP18
was captured and stabilized by its substrate ISG15-based covalent probe and then crystallized.
According to the strategy of studying USP18 as well as the previous design of SUMO-based

probes!2%4 2051 it would be informative to determine the complex structure of USPL1 with
SUMO2/3.
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Fig 2.4. Structural determination of USPL1 in complex with substrates. A. Generation of substrate-trapped USPL1
complexes. The unstructured N-terminal sequence of SUMO is indicated by a dashed line. B. Characterization of
SUMO thioesters and probes. C. USPL1 catalytic domain reacts with indicated probes. D. USPL1, SENP1 and
USP2 reacted with SUMO2/3-PA or Ub-PA probes. E-F. Thermal shift assay of USPL1 and probes. G. Cartoon
representation of USPL1~AN-SUMO2/3-PA. H. Cartoon representation of USPL1~SUMO3-2Br. 1. Sequence
conservation was mapped as a colored surface. J. Superposition of the independent geometries of USPL1~SUMO
complexes with alignment on the USP domain. Regions of SUMO that interact with USPL1 and whose relative
positioning toward USPL1 is consistent across crystal forms are highlighted in bold.

Since SUMO2 and SUMO3 share identical folds and differ only in the unstructured N-termini,
a full-length SUMO3-2Br probe equipped with a 2-bromoethyl warhead and a truncated AN-
SUMO2/3-PA probe armed with a propargylamine warhead were semisynthetically prepared
using intein chemistry (Fig 2.4.A). To solve the phase problem in crystallography, selenome-
thionine-incorporated SUMO3 probe was obtained as well. All the thioesters and final products
were validated by intact protein mass spectrometry (Fig 2.4.B). Unsurprisingly, both tactics
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were successful as evident from a shift on gel due to the formation of covalent complexes (Fig
2.4.C). Intriguingly, AN-SUMO2/3-PA can only react with deSUMOylase instead of USP2
which implied its broader applications beyond structural biology as it is milder than the recently
reported Dha-based probe (Fig 2.4.D)?%). Both probes showed strong stabilization effect on
USPL1 with almost 15°C increment on the melting temperature which was a positive indication

for crystallization (Fig 2.4. E&F).

After several rounds of optimization, crystal structures of USPL1 in covalent complex with
AN-SUMO?2/3-PA to 2.4 A resolution, as well as of USPL1 in covalent complex with SUMO3-
2Br to 2.17 A resolution in different crystal forms were solved by single-wavelength anoma-
lous dispersion measurements with the assistance of a selenomethionine-containing SUMO3-
2Br probe (Fig 2.4.G&H and Appendix Table 1). The structure of USPL1~SUMO3-2Br has
two almost identical copies in the asymmetric unit while the other structure contains only one
copy (Fig 2.4.J & Fig 2.5.A). Both structures displayed the typical USP-fold with well-defined
electron density of all regions and thereby allow unambiguous analysis and interpretation of
the geometric arrangement (Fig 2.5.B-E). In the catalytic center, all the three residues of cata-
lytic triad (Cys263, His456, and Asp472) were explicitly observed with defined electron den-
sity (Fig 2.5.F). Mutagenesis studies based on SUMO2-RhoG cleavage assay as well as gel-
based assay confirmed that mutations of these residues are able to abolish the SUMO?2 cleavage
(Fig 2.5.G&H). However, mutants H456A and D472A still showed very weak binding to
SUMO?3-2Br probe because the high reactivity of the nucleophilic-substitution-based mecha-
nism (Fig 2.5.H).

USPL1 was phylogenetically assigned into the USP family since it owns a typical USP-fold
structure. The conservation analysis based on the sequences of 183 orthologs which were an-
notated in the Ensembl database highlighted that the highly conserved regions appear not only
in the surrounding residues of catalytic center, but also in the fingers domain (Fig 2.4.1) which
might provide the decisive factor for the specific recognition of SUMO2/3 by USPLI even
though it has a USP scaffold. Structural superposition of the three copies from the two struc-
tures revealed consistent positioning of SUMO in these highly conserved areas including the
SUMO C-terminus, the hydrophobic Pro66 loop, and the Gly27 loop interacting with the
USPLI1 fingers domain (Fig 2.4.J). They are two major interacting sites between USPL1 and
SUMO2/3 besides the interaction formed by SUMO2/3 tail. How USPL1 interacts with the
Gly27 loop using its finger domain which is highly conserved across 183 species, and with the

Pro66 loop might contribute to the uniqueness of USPL1 in the USP family.

36



A F

USPL1~SUMO3-2Br (copy 1) USPL1~SUMO3-2Br (copy 2)

- ~t
sumos Y »ng
’ {1

p 2
S
\His456 Aspd72

SUMO2-RhoG
fluorescence intensityassay
2000

u)

S 1500 USPL1
wt
C236A

— H456A

— D4T2A

fluorescence (a.
5
S
3

o
=1
=3

0
0 1000 2000 3000 4000
time (s)

H
wt  C236A H4S6A D472A
kDa — + — + — + — + SUMO3-2Br
49
- USPL1~probe
38—
28— - - * |uspL1
:Z: SUMO3-2Br

cbb.

Fig 2.5. Crystal structures of USPL1 in covalent complexes with SUMO2/3. A. Cartoon representation of both
copies in the asymmetric units of the USPL1~SUMO3-2Br structure. Zinc atoms are shown as grey spheres. B.
Electron density map of the asymmetric unit of the USPL1~SUMO3-2Br structure shown as the weighted 2|Fol-
[Fc| density contoured at 6 = 1.0. C. Cross-section through the density shown in B, centered on the SUMO C-
terminal residues. D. Electron density map of the asymmetric unit of the USPL1~AN-SUMO2/3-PA structure. E.
Cross-section through the density shown in D, centered on the SUMO C-terminal residues. F. Close-up view of
the active site, showing alignment of the three residues of the catalytic triad. Hydrogen bonds are indicated with
dashed lines, and atomic distances are measured. G. SUMO2-RhoG cleavage assay with wild-type USPL1 or
indicated mutants of the catalytic triad. An average of three technical replicates is shown ([USPL1] = 0.25 nM,
[SUMO2-RhoG] = 50 nM). H. Coomassie-stained SDS-PAGE gel of indicated USPL1 proteins, pre-incubated
with SUMO3-2Br probe where shown.

2.4 Mechanism of SUMO2/3 Specificity in USPL1

To investigate the specificity mechanism of USPL1 based on the structural information, key
residues can be mutated to confirm the importance using SUMO2-RhoG or gel-based cleavage
assays. Sequence alignment of ubiquitin, NEDDS, ISG15 and SUMOs in combination with
structural information rationalized the design of mutations (Fig 2.6.A&B). In general, key res-
idues involved in USPL1 recognition of SUMO2/3 were mutated into the equivalent residues
in SUMOI or ubiquitin. The SUMO2 mutants were purified and assembled as isopeptide-
linked conjugates with the model protein RanGAP1 using enzymatic method!'*®!. The Ran-

GAP1~SUMO2 cleavage assay was optimized and visualized on gel (Fig 2.6.C). The wildtype
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and mutants were tested at two time points (10 min for partial cleavage and 30 min for almost
complete turnover). It is obvious that residues Pro66 and Asp71 both play significant roles in
distinguishing SUMO2/3 and ubiquitin as the P66Q and D71R mutants were cleaved by USPL1
with a much lower velocity. However, mutations P66R and D71H that transform SUMO2 more
SUMO1-like did not show negative effects on USPL1 cleavage as they were cleaved to the
extent as the wildtype substrate (Fig 2.6.D).
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Fig 2.6. Investigation into the key residues of SUMO2/3 for USPL1 recognition. A. Sequence alignment of the
human Ub/Ubl. SUMO2 and SUMO3 differ in the disordered N-terminal region; folded parts are identical yet
differ by one in amino acid numbering. Residue numbering is based on the SUMO2 sequence throughout this
work. B. Key residues of SUMO2/3 at the interface with USPL1 were selected for mutations into the correspond-
ing amino acids in Ub or SUMO1. RanGAP1~SUMO?2 was assembled with mutations on SUMO?2 and visualized
on gel. C. Coomassie-stained SDS-PAGE gel of the isopeptide-linked RanGAP1~SUMO?2 cleavage assay with
USPLI1 for indicated time points for assay optimization. D. RanGAP1~SUMO?2 cleavage assay with USPLI. E.
RanGAP1~SUMO?2 cleavage assay with SENP1. F. Structure of the USPLI~AN-SUMO2/3-PA. Key residues
interacting with USPL1 are highlighted in sticks G. Structure of the SENP1~SUMO?2 covalent complex (PDB
ID: 21YD). Key residues interacting with USPL1 are highlighted in sticks.

Interestingly, R61L and R611 mutants were cleaved as efficiently as the wildtype. Ile44 patch
is a typical hydrophobic region in ubiquitin for recognition, but equivalent Arg61 in SUMO2
is not the determinant for specific recognition by USPLI. Strikingly, when the G27S mutant,
which was supposed to mimic SUMO1, was incubated with USPL1, the substrate acquired
resistance to USPLI1. This firmly demonstrated that Gly27 loop in the SUMO2/3 is the
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determinant part for the specificity of USPL1 and thus explained the catalytic efficiency of
USPL1 on SUMO?2 is 25-fold higher than SUMOI. In contrast to USPL1, SENPI cleaved all
the RanGAP1~SUMO?2 substrates efficiently even at very low enzyme concentration (Fig
2.6.E). In-depth analysis and comparison of the structures of USPL1~AN-SUMO2/3-PA and
SENP1~SUMO?2 (Fig 2.6.F&G) revealed that the USP-fold of USPL1 possesses multiple in-
teracting regions. SENP1 binds only to the SUMO2 C-terminus which is sufficient to cleave
the isopeptide bonds indiscriminately and these data were in line with the SUMO1/2-KG-
TAMRA cleavage assays (Fig 2.3.E).
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Fig 2.7. Intrinsic features of SUMO2/3 specificity of USPL1. A. Close-up view on three areas mediating
SUMO2/3 recognition by USPL1, numbered according to small inserts, of the USPL1~SUMO3-2Br structure.
Residues (sticks) and water molecules (red spheres) involved in the interaction between USPL1 and SUMO3 are
highlighted. Hydrogen bonds are shown as dashed lines. Zinc atoms were shown in grey sphere. B. Protein se-
quence alignment of USPL1 with other representative human USPs. Key residues from areas important for SUMO
interaction are highlighted in boxes. C. Coomassie-stained gel of proSUMO3 incubated with wild-type USPL1 or
indicated mutants. D. SUMO2-RhoG cleavage assay using wild-type USPL1 or indicated mutants with different
concentrations (N=3). E. Catalytic efficiencies calculated from D are shown as mean =+ standard error.

Through introducing key mutations into SUMO?2, the reason that USPL1 prefers SUMO?2 in-
stead of SUMO1 or ubiquitin has been clarified. However, the intrinsic features that determine
the USPL1 specificity evolutionarily different from other USP members remained unclear.
Closely examining the interface in the USPL1~SUMO3-2Br structure disclosed that some key
interactions in three major contacting surface (Fig 2.7.A). In the contact with finger domain,
multiple water molecules mediated several hydrogen bonds between the Gly27 (Gly26 in
SUMO?3) loop. In the palm domain, two salt bridges were formed which contributed strongly

39



to the binding affinity. Interestingly, a hydrophobic residue Phe335 formed hydrophobic inter-
action with Pro65 (Pro66 in SUMO?2) which resembled a sandwich-like interaction together
with the salt bridges. Moreover, several residues of USPL1 coordinated the backbone of C-
terminus to enhance the binding during cleavage. Sequence alignment of USPL1 and other
representative USPs uncovered several distinctive residues in USPL1 which were highlighted
in boxes (Fig 2.7.B). For example, Arg324 which formed salt bridge with Asp70 of SUMO3 is
not highly conserved while the residues correlated to Phe335 in other USPs are mostly hydro-
philic. Systematic comparison of the alignment rationalized a series of mutants on USPL1
which were firstly tested by a proSUMO3 cleavage assay (Fig 2.7.C). It is obvious that all
mutants were not able to cleave proSUMO3. In the following SUMO2-RhoG cleavage assay,
E331R and F335R almost completely abolished the enzymatic activities (Fig 2.7.D&E). The
introduction of hydrophilic residue into position 331 disrupted the hydrophobic interaction
with Pro65 which is also a key residue to distinguish SUMO2/3 and ubiquitin. E331R might
interfere with the SUMO C-terminus due to the altered charge to abolish the activity.

Collectively, the specific recognition of SUMO2/3 by USPL1 was visualized through two high-
resolution crystal structure of USPL1 in covalent complex with SUMO2/3 probes. Mutations
that transformed SUMO?2 into multiple Ub/SUMO1-like modifiers which were further incor-
porated to the isopeptide-linked conjugates. The time-dependent cleavage assays provided an
intuitive comparison of the contribution of each residue to the USPL1 specificity. Gly27 loop
as the anchor point for hosting SUMO2/3 and distinguishing SUMO1 was proved by the intro-
duction of serine residue which interrupted the interaction of Gly27 loop with USPL1 finger
domain which was analyzed as a conserved area (Fig 2.4.1). Mutation of Pro66 into a glutamine
which exists in ubiquitin led to the significant resistance to USPL1 cleavage. Reciprocally,
Pro66 interacts with Phe335 in USPLI through a hydrophobic interaction. The mutation of
Phe335 into a positively charged arginine residue almost completely attenuated the SUMO
cleavaging activity. These data showed that Phe335 is a residue which is not only important
for differentiating SUMO2/3 and ubiquitin evolutionarily (Fig 2.7.B) but also the fundamental

for maintaining its catalytic activity.

Successful applications of the native semisynthesis and bespoke purification workflow resulted
in three fluorescence polarization substrates for characterizing understudied USPL1 in a quan-
titative manner. In combination with structural biology approaches, the underlying specificity

mechanism of USPL1 was elaborated.

40



2.5 Examining UCHL3 and USP18

Native semisynthesis and subsequent customized purification workflow led to the development
of three fluorescence polarization substrates for quantitatively characterizing the catalytic spec-
ificity of deSUMOylase USPL1. To further expand the substrate panel for broadly studying
other DUBs and ULPs, NEDDS thioester and hydrazide were prepared using the aforemen-
tioned protocol and characterized by mass spectrometry (Fig 2.8.A). Since the C-terminal do-
main (CTD) of ISG15 is sufficient for recognition?**, ISG15(CTD) intermediates carrying a
cysteine to serine mutation which was intended for simplicity were obtained and characterized

(Fig 2.8.A).
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Fig 2.8. Preparation and characterization of NEDDS§- and ISG15(CTD)-KG-TAMRA. A. Characterization of
NEDDS and ISG15(CTD) thioesters and hydrazides by intact mass spectrometry. B. Two-step purification work-
flow for NEDD8- and ISG15(CTD)-KG-TAMRA. C. Gel-analysis of NEDDS§- and ISG15(CTD)-KG-TAMRA.
D. Deconvoluted mass spectra of NEDDS- and ISG15(CTD)-KG-TAMRA.
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The reaction mixture of NEDDS8 was initially filtered and then subjected to a size-exclusion
chromatography for an isocratic elution at pH 5.0 to separate protein from the excessive KG-
TAMRA molecule (Fig 2.8.B). At the same pH, a cation exchange chromatography was applied
to finely purify NEDD8-KG-TAMRA with a gradient elution. The reaction mixture of
ISG15(CTD) was also filtered to remove any insoluble components and purified firstly by size-
exclusion chromatography at pH 7.0. According to previous experience, the protein-containing
mixture was finely purified on both anion and cation exchange column at various pH but the
ISG(CTD)-KG-TAMRA cannot be obtained in pure form. Given that installation of TAMRA
might increase the hydrophobicity of the whole molecule, a high-resolution hydrophobic inter-
action column (Capto Phenyl ImpRes) was tested in a gradient elution. Owing to the difference
of hydrophobicity, pure ISG15(CTD)-KG-TAMRA was separated from other impurities (Fig
2.8.B). In-gel analysis (Fig 2.8.C) and intact protein mass spectrometry (Fig 2.8.D) both proved
the purities of obtained NEDDS and ISG15 reagents.
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Fig 2.9. Application of NEDDS- and ISG15(CTD)-KG-TAMRA. A. Fluorescence polarization assay of USPL1
sing NEDD8-KG-TAMRA. B. Fluorescence polarization assay of USPL1 using ISG15(CTD)-KG-TAMRA. C.
Fluorescence polarization assay of UCHL3 using Ub- and NEDD8-KG-TAMRA. D. Plots of observed rate con-
stants over UCHL3 concentration to calculate the catalytic efficiencies which are shown as bar graphs. E. Fluo-
rescence polarization assay of human USP18 using Ub- and ISG15(CTD)-KG-TAMRA. F. Plots of observed rate
constants over USP18 concentration to calculate the catalytic efficiencies which are shown as bar graphs.

The NEDDS8 and ISG15 fluorescence polarization substrates were respectively tested by
USPL1 which was used as a negative control. As expected, USPL1 did not show any cleavage
on NEDDS and ISG15 at any concentration (Fig 2.9.A&B). NEDDS-KG-TAMRA was then
used for revisiting the catalytic preference of UCHL3 because it was previously reported as a

deNEDDylase with around 1000-fold lower activity compared to its deubiquitinating activity
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in the fluorescence intensity assay!'#!!. Strikingly, UCHL3 only showed approximate 3-fold
difference in the isopeptide-bond-based assay (Fig 2.9.C&D). This highlighted the superiority
of using isopeptide-containing substrates for characterizing the modifier specificity since the
obtained data is in consistent with the pull-down assay!'*?. Mouse USP18 has been tested in
the fluorescence polarization assay but human USP18 has not been investigated?**. Human
USP18 showed extremely good preference toward ISG15 (Fig 2.9.E). Further analysis of its
catalytic efficiencies provided the preference of human USP18 quantitatively for the first time

(Fig 2.9.F).

With the aid of fluorescence polarization substrates, modifier specificity of UCHL3 was re-
vised which emphasized the previously underestimated NEDDS cleavage function of UCHL3.
ISG15-based substrate enabled the quantification of the deISGylase activity of human USP18.
Since human USP18 exhibited limited ISG15 processing activity, its function as a scaffold
protein in cellular environment should be further investigated with the input from the in vitro

biochemical datal?’”],

2.6 Discovery of Triple Cross-reactivities in USP16 and USP36

Successful applications of the aforementioned five fluorescence polarization have provided
broader understanding of the modifier specificity of several DUBs and ULPs. To further extend
the available isopeptide-based toolbox for investigating the modifier specificity and discover-
ing unprecedently known cross-reactivities in DUBs/ULPs, FUBI was selected as a case study
since its proteases had been reported recently but their isopeptidase activities had not been

quantified®s],

Mature FUBI protein has a cysteine residue in its position 57. To avoid the potential nitrosyl-
ation of Cys57 for easier reaction control, this residue was mutated to an alanine residue. FUBI
thioester and hydrazide were sequentially prepared using the standard intein chemistry and then
aminolysis with excessive hydrazine, and finally characterized by intact protein mass spec-
trometry (Fig 2.10.A). FUBI hydrazide was concentrated and functionalized by KG-TAMRA
by the activation of nitrous acid on ice. The filtered reaction mixture was crudely purified on a
size-exclusion chromatography. The pooled protein-containing fractions were purified by a
high-resolution anion exchange column (Fig 2.10.B). The purified FUBI-KG-TAMRA was
analyzed on gel (Fig 2.10.C) and characterized by intact protein mass spectrometry to confirm

its purity (Fig 2.10.D).
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Fig 2.10. Preparation of FUBI-KG-TAMRA and its application for screening cross-reactivities of DUBs/ULPs.
A. Intact mass spectra of FUBI thioester and hydrazide. B. The purification workflow tailored for FUBI-KG-
TAMRA in two steps by Dr. Rachel O’Dea. C. Gel analysis of the purified FUBI-KG-TAMRA. D. Deconvo-
luted mass spectrum of purified FUBI-KG-TAMRA. E. Fluorescence polarization assays for USP2. F. Fluores-
cence polarization assays for USP7. G. Fluorescence polarization assays for USP16. H. Fluorescence polariza-

tion assays for USP36.

Following the purification of FUBI-KG-TAMRA, a panel of fluorescence polarization sub-

strates was thereby assembled. SUMO1-KG-TAMRA was excluded for easily handing the as-

say and high similarity to SUMO?2 reagent. This panel was firstly examined by USP2 at single

concentration (Fig 2.10.E). USP2 showed extraordinary specificity toward ubiquitin instead of

ISG15 which clarified the misleading results generated from hyperreactive probes
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Full-length USP7 was also selected as a case study and showed strong catalytic effect on ubiq-
uitin (Fig 2.10.F). Interestingly, USP7 slightly cleaved SUMO2-KG-TAMRA which implied
its potential role in regulating SUMO modifications. However, this required further exploration
to provide solid evidence since the single-concentration assay cannot give a quantification of

the catalytic activities.

The substrate panel was then employed to examine the cross-reactivities of USP16 and USP36
which are both reported to be capable of cleaving ubiquitin and FUBI. In the fluorescence
polarization assay, USP16 and USP36 both cleaved ubiquitin and FUBI efficiently (Fig
2.10.G&H). Surprisingly, they can also efficiently cleave ISG15 which is evolutionarily close
to FUBI because of the hydrophobic proline residues. The single-concentration assay led to the
discovery of the first tri-specific isopeptidases targeting ubiquitin, ISG15, and FUBI. To per-
form quantitative comparison of the modifier specificity of USP16, the fluorescence polariza-
tion assays were carried out with a broad range of enzyme concentration (Fig 2.11.A). FUBI-
KG-TAMRA was fully cleaved to reach the same level of free KG-TAMRA which confirmed
its quality. Plots of the observed rate constants over enzyme concentration resulted in the quan-
tification of catalytic efficiencies toward the tested substrates (Fig 2.11.B). Similarly, USP36
was step-wise diluted and evaluated in the fluorescence polarization assay (Fig 2.11.C). Quan-
tification of catalytic efficiencies of USP36 revealed different preference toward ISG15 and
FUBI in comparison to USP16 (Fig 2.11.D). USP16 preferred to cleave ISG15 over FUBI
while USP36 displayed similar deubiquitinating activity and moderate activity on FUBI, but

very weak activity on ISG15 substrate.
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Fig 2.11. Quantitative analysis of the triple specificity of USP16 and USP36 toward ubiquitin, FUBI and ISG15.
A. Fluorescence polarization assay of USP16 using Ub-, FUBI-, and ISG15(CTD)-KG-TAMRA. B. Quantifica-
tion of the catalytic efficiencies of USP16 toward ubiquitin, FUBI, and ISG15. The catalytic efficiencies are shown
as bar graphs. C. Fluorescence polarization assay of USP36 using Ub-, FUBI-, and ISG15(CTD)-KG-TAMRA.
D. Quantification of the catalytic efficiencies of USP36 toward ubiquitin, FUBI, and ISG15. The catalytic effi-
ciencies are shown as bar graphs.
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Although USP16 and USP36 both possess tri-specific activities toward ubiquitin, FUBI and
ISG15, the preference profile of USP16 and USP36 differ significantly which might contribute
to a variety of cellular events since they are localized in different cellular compartment. The
biochemical data unraveled their preference quantitatively which shed light on their multiple
functions of processing modifiers and provided the hints for mechanistic studies of their cellu-
lar functions in the future. To elaborate explicitly their functions of processing FUBI, a two-
tier model was proposed to explain how USP16 and USP36 coordinate the FUBI cleavage!®®!.
However, how they behave as ISG15 proteases remain unclear?®], Since the deISGylase ac-
tivities were discovered by biochemical assays, cellular data are needed to interrogate how

USP16 and USP36 implement their tri-specific functions.

In summary, the native semisynthesis and customized purification methods enabled by FPLC
maintained the natural conformation of Ub/Ubls after the functionalization of their C-termini
with an isopeptide-linked fluorophore. The fully folded fluorescence polarization substrates
established an assay platform for characterizing, revising and quantifying the cross-reactivities
of DUBs/ULPs. The substrates can also be adapted to a binding assay instead of the format of
cleavage-based kinetic assay if the catalytically inactive enzymes were incubated which pro-

vided the binding affinity.

The preparation of different substrates was carefully explored and eventually resulted in the
assembly of a panel of substrates for studying cross-reactivities of DUBs/ULPs (Fig 2.12). The
substrate panel quantified the catalytic specificity of USPL1 whose mechanism was uncovered
by following structural studies and biochemical validation. The preference of UCHL3 toward
ubiquitin and NEDD8 was revised to provide the biochemical evidence for future mechanistic
studies. The specificity toward ISG15 of human USP18 was confirmed quantitatively for the
first time. The panel was a powerful platform leading to the unprecedented discovery of the
first tri-specific DUBs/ULPs USP16 and USP36.

Human
enzyme:

CSN5 Usp2 USP14, USP16 UFSP1 SENPs
SENP8 UCHL3 USP7 USP5,USP21 USP36 USP18 UFSP2 USPL1

VNN

Q NEDD8 Ub FuBI ISG15 UFM1 SUMO

Fig 2.12. Cross-reactivities of human DUBs and ULPs. Modifier preference is indicated with arrows. Tri-specific
isopeptidases USP16 and USP36 are highlighted in bold. Enzymes studied in this work with a panel of substrates
include USP2, USP7, USP16, and USP36. UCHL3, USP18, SENPI1, USP21, and USPL1 were studied using
subsets of substrates.
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2.7 High-throughput Screening Campaign for USPL1

Research on DUBs and ULPs over the past years has been advanced significantly but the lack
of specific inhibitors of high-quality hinders the interrogation of the functions of these enzymes.
Since most of DUBs and ULPs are cysteine-centric isopeptidases, many promiscuous com-
pounds were discovered due to their high reactivities toward the catalytic cysteine residue.
Moreover, the poor assay quality led to identify invalid compounds. A notorious example is
the compound LDN-57444 which was discovered as a UCHL1 specific inhibitor in a Ub-AMC
assay?%”). After it has been widely used for nearly two decades, a study shown that LDN-57444
cannot engage its target in cells and showed no activities against UCHL1 in various assays'*'"),
Moreover, in comparison to the coumarin-based substrate, Rhodamine possesses superior op-

tical advantages to reduce the interference from the assayed compounds and thereby Ub/Ubl-

RhoG is more suitable for setting up the high-throughput screen.

USPLI as a unique member in the USP family requires specific tool compounds to distinguish
its catalysis-related functions from scaffold-based functions for mechanistic studies!?'!l. Since
a large quantity of SUMO2-RhoG was prepared in native conditions, a high-throughput screen-

ing campaign can be launched efficiently.
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Fig 2.13. Assay development for high-throughput screening campaign to discover novel inhibitors targeting
USPL1. A. Enzymatic characterization of USPL1 using SUMO2-RhoG as the substrate. The initial velocities at
different substrate concentrations were plotted over the substrate concentrations, the USPL1 concentration was at
183 pM. The derived parameters were shown as inserts. B. Titration of a broad concentration range of USPL1
with a fixed concentration of SUMO2-RhoG at 250 nM. USPL1 was tested at 0 h as well as kept on ice for 18 h.
Data were shown as mean + standard error. C. The stability of USPL1 was compared at 62.5 pM from B. The
slopes from linear regression were shown. D. DMSO tolerance of USPL1 was tested at various concentration.
High-throughput screening campaign was executed by Dr. Sonja Sievers and Dr. Philipp Lampe.
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In order to establish the fluorescence-intensity-based assay for discovering USPL1 inhibitors,
the characterization of USPL1 is an essential step. Titration of SUMO2-RhoG was performed
with a fixed concentration of USPL1 at 183 pM to give the Michaelis-Menten parameters of
USPL1 (Fig 2.13.A). Given that substrate concentration will have different effects on discovery
of inhibitors with different mechanisms, substrate concentration was set to 250 nM, which is
equivalent approximately to half value of Michaelis-Menten constant (Fig 2.13.B). A wide
range of USPL1 concentration were tested to optimize the assay. Furthermore, the stability of
USPL1 was tested as well upon storage on ice for 18 hours. When USPL1 was used below 62.5
pM, the assay readout showed good linearity (Fig 2.13.B). The enzymatic activities of USPLI
can be retained even after 18 hours which was endorsed by the consistent results from the linear
regression of the hydrolysis of SUMO2-RhoG by USPL1(62.5 pM) (Fig 2.13.C). Therefore,
the enzyme which has good robustness can be stored on ice for overnight in case the high-
throughput screening was interrupted. Since the compounds were stored using DMSO as sol-
vent, up to 1% DMSO concentration was evaluated in the SUMO2-RhoG cleavage assay (Fig
2.13.D). USPL1 showed good tolerance of DMSO which indicated the assay was successfully
established.

The high-throughput screening was performed by the team at the Compound Management and
Screening Center (COMAS) of the Max Planck Institute of Molecular Physiology. Hit com-
pounds that showed more than 50% inhibitory activities and were not active in the counter
screen were tested in multiple concentrations to give the ICso values. Two hit compounds (CO-
MAS ID: 183051 and 130646) were identified for further evaluation (Fig 2.14.A). These two
compounds share the same core consisting of an N-benzoyl pyrazole scaffold which might be
attacked by the USPL1 catalytic cysteine. To test if these two compounds are covalent inhibi-
tors, USPL1 was pre-incubated with these compounds for three different time points respec-
tively. The ICso values were shifted in proportion to the pre-incubation time (Fig 2.14.B). Com-
pound 183051 showed stronger inhibition against USPL1 which might be due to the additional
methyl group. The time-dependent inhibition of USPL1 implied that compound 183051 might
covalently bind to USPL1 through an addition-elimination mechanism. The catalytic cysteine
of USPLI firstly attacked the carbonyl of compound 183051 to form a hemithioacetal interme-
diate which was further eliminated to give the covalent complex (Fig 2.14.C). To validate this
hypothesis, intact protein mass spectra were recorded for indicated incubation time. Protein
mass spectrometry data revealed that USPL1 forms a covalent thioester complex with the com-

pound 183051 in a time-dependent manner (Fig 2.14.D). After incubation for 2 hours, USPL1
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was completely labelled by the covalent inhibitor. Although the experimental data showed that
compound 183051 inhibited USPL1 covalently, the structural information of how it binds to
USPL1 is still missing. To test if the covalent complex can be set up for crystallization, thermal
shift assay using different reducing agents was performed. Interestingly, the covalent inhibitor

did not stabilize USPL1 (Fig 2.14.E). The mechanism should be studied more carefully.
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Fig 2.14. Preliminary evaluation of two hits targeting USPL1 discovered from the high-throughput screening. A.
Chemical structures of the hit compounds 183051 and 130646. B. Inhibitory activities of hit compounds against
USPL1 with indicated pre-incubation time using SUMO2-RhoG cleavage assay. C. The proposed mechanism of
USPL1 inhibition by covalent modification. The calculated molecular weight of apo USPL1 as well as covalent
adduct was shown. D. Time-dependent covalent modification of USPL1 by compound 183051 measured by intact
protein mass spectrometry. E. Thermal shift assay results of compound 183051 in the same assay buffer with the
exception of reducing agents (1 mM of each). The assay was performed in triplicate and the results were shown
as mean + standard error.

Previously, a series of N-benzoyl pyrazole derivatives were reported to inhibit neutrophil elas-
tasel?!2), Structure-activity relationship analysis revealed that N-benzoyl pyrazole derivatives

can achieve relatively strong inhibition at nanomolar level against neutrophil elastase. Notably,
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neutrophil elastase is a serine protease which attacks the carbonyl group with the same mech-
anism that USPL1 does to form a covalent complex. Apart from neutrophil elastase, fatty acid
amide hydrolase (FAAH) which is also a serine enzyme hydrolyzes the endocannabinoid anan-
damide and related amidated signaling lipids. Many carbamate-based inhibitors were reported

to react with FAAH through an addition-elimination process to achieve covalent inhibition!?!3],

Since there are many other cysteine or serine proteases in cellular environment, it is foreseeable
that these compounds might have more off-target effects. The inhibitory activities rely on the
reactivities of the carbonyl group instead of being recognized by USPL1 and subsequently
forming covalent complex. The chemical space of hit compounds is considerably limited for
further modifications. Therefore, additional structural optimization of the hit compounds was

not considered.

2.8 Summary

In order to characterize the catalytic specificity of the deSUMOylase USPL1, fluorescence-
intensity-based assays were firstly employed for quantitative comparison of modifier specific-
ity. Ub, SUMO1, and SUMO2-RhoG substrates were semisynthesized by intein chemistry with
minimal DMSO for dissolving the fluorophore. Ion exchange chromatography was applied to
purify these three substrates. In the fluorescence intensity assay, USPL1 showed around 4-fold
preference toward SUMO2 over SUMOI and did not cleave Ub-RhoG at all. Given that the
substrates with artificial linkages cannot represent the natural isopeptide bonds, a native sem-
isynthetic method was designed to incorporate the fluorophore into the C-termini of ubiquitin,
SUMO1 and SUMO2. The reaction was performed under mild condition in just a few minutes
which maintain the native conformation as the parental modifiers. After customized two-step
purification, the modifier specificity of USPL1 was examined in the fluorescence polarization
assays. Quantification of the cleavage data showed that USPL1 has much more significant
preference toward SUMO?2 than previously anticipated. To explicitly dissect the mechanism of
specificity of USPL1, two SUMO2/3-based suicide inhibitors were prepared to capture USPL1
covalently. The crystal structures of USPL1 in complex with SUMO2/3 revealed how they
interact with each other. Bioinformatic-guided mutagenesis studies on both sides revealed that
USPL1 utilizes its finger domain to host the Gly27 loop of SUMO2 which is unique compared
with ubiquitin and SUMO1. This unique binding mode also provided structural basis for de-
signing specific USPL1 inhibitors by targeting its finger subdomain. Another mutation at Pro66
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to make SUMO2/3 more ubiquitin-like highlighted the importance of the hydrophobic interac-
tion of SUMP2/3 with USPLI1. Since a large quantity of SUMO2-RhoG was prepared, a high-
throughput screening was performed at COMAS which led to discovery of two hit compounds.

The mild reaction conditions and native purification for preparing fluorescence polarization
substrates were further explored to generate NEDDS and ISG15-based substrates. Full-length
ISG15 was truncated to a C-terminal domain for easier handling. After functionalization at the
C-termini of NEDDS8 and ISG15(CTD), the purification protocols were then optimized to ob-
tain pure NEDDS and ISG15(CTD)-KG-TAMRA (Fig 2.8.B). The installation of KG-TAMRA
molecule changed the isoelectric point values of Ub/Ubls. The most difficult case was
ISG15(CTD)-KG-TAMRA because it could not be purified by either anion or cation exchange
chromatography. However, the changes in hydrophobicity upon modification by KG-TAMRA
can be distinguished by hydrophobic interaction chromatography which was successfully ap-
plied to the purification of ISG15(CTD)-KG-TAMRA. In fact, hydrophobic interaction chro-
matography was also suitable for purifying SUMO1-KG-TAMRA which was finely purified
by high-resolution anion exchange chromatography (data not shown). Further optimization of
the purification protocols might be unified by combining coarse purification of size-exclusion
chromatography to remove excessive KG-TAMRA molecules and fine purification enabled by

hydrophobic interaction chromatography.

The successful purification of NEDD8-KG-TAMRA led to the revision of the preference of
UCHL3 which was previously reported to be a dual ubiquitin and NEDDS proteases. Quanti-
tative data showed that its ubiquitin and NEDDS processing capabilities should be similar in-

stead of previously reported 1000-fold difference. Moreover, the catalytic efficiency of human

USP18 was reported due to the availability of pure ISG15(CTD)-KG-TAMRA.

To apply the semisynthetic method more broadly, FUBI was selected as an example because
two FUBI proteases USP16 and USP36 were characterized recently. The functionalization and
purification of FUBI-KG-TAMRA were straightforward using standard methods. USP2, USP7,
USP16, and USP36 were tested at single concentration by a panel of fluorescence polarization
substrates consisting of ubiquitin, SUMO2, ISG15(CTD), NEDDS, and FUBI. As positive con-
trol enzymes, USP2 and USP7 both cleaved Ub-KG-TAMRA completely to the level that free
KG-TAMRA reached. Unprecedently, USP16 and USP36 were both observed to cleave ubiqg-
uitin, ISG15, and FUBI. Concentration-dependent assay further confirmed their triple cross-
reactivities. The substrate panel can be used to discover and validate more enzymes with cross-

reactivities. The native preparation methods might be adapted to other Ubls to expand the panel.
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In summary, the development of native semisynthesis of natural isopeptide-linked fluorescence
polarization substrates enabled the characterization and discovery of the modifier specificity
of DUBs/ULPs. The deeper understanding of the cross-reactivities on the biochemical level
will provide more information for cellular investigation into the functions of DUBs/ULPs. A
larger scale of preparation of these Ub/Ubl-KG-TAMRA substrates will accelerate the drug
development targeting DUBs/ULPs.
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3. LINKAGE SPECIFICITY

Polyubiquitin chains assembled with eight linkages are the root of sophisticated cellular sig-
naling pathways. Besides the linear polyubiquitin forged by ordinary peptide bonds, the ma-
jority of polyubiquitin chains are based on isopeptide bonds formed by the amine moiety on
the side chains of seven lysine residues and the carboxylic acid functional group of C-terminal
glycine. Because each linkage type has specific functions in regulating corresponding cellular
events, the modification of specific ubiquitin linkage requires precise control to maintain the
homeostasis in cellular environment which is enabled by some DUBs in possession of dedi-

cated linkage specificity!®! (Fig 3.1.A).

Biochemical characterization of linkage specificity of DUBs usually relies on a panel of
polyubiquitin substrates with eight different linkages which are prepared either by enzymatic
assembly or chemical synthesis. This gel-based assay format can inform the linkage specificity
but not explain the underlying mechanism. In order to fully elaborate the linkage specificity of
cysteine-based DUBS, visualization of the binding interface that proximal and distal sites oc-
cupied by ubiquitin molecules using structural biology is a key solution. A tactic that introduc-
ing mutation at the catalytic cysteine into alanine has been successfully implemented for sev-
eral DUBs, such as CYLD in complex with Lys63-linked diUb!?'¥, human and zebrafish
USP30 with Lys6-linked diUb!!2% 1871 MINDY-1 or MINDY-2 in complex with Lys48-linked
diUb!'!%, and LotA from Legionella pneumophila with Lys6-linked diUb?!]. This tactic lead-
ing to formation of non-covalent complex which might be sensitive to some crystallization
conditions. To capture DUBs covalently, diUb-based covalent probes with various warheads
were developed. By using a totally chemical synthesized diUb probe which has a conjugate
addition warhead in the linker, the crystal structure of Lys11-specific DUB Cezanne in covalent
with its substrate was solved!'*!l. With the invaluable structural information, the mechanism of
the linkage specificity could be revealed and the proteases could be used as research tools for

other applications.

The chemical synthesis of diUb probes might not be easily transferred between different labor-
atories and thereby constrain broader application in studying other linkage-specific DUBs.
Therefore, a streamlined semisynthetic method based on recombinant ubiquitin should be de-
signed for generating a large quantity of probes. Previous success in using mono-ubiquitin-
based covalent probe to capture DUBs could be the foundations for the design of novel di-

ubiquitin-based probes.
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3.1 Design of DiUb Probes with Internal Alkyl Bromide Warheads

Previously reported diUb-based covalent probes all employed the warheads with addition-
based mechanism to occupy the proximal and distal ubiquitin binding sites and capture DUBs.
Alkyl-halide-based mono-ubiquitin covalent probes have been widely used for proteomic stud-
ies as well as structural characterization of DUBs which were captured by a nucleophilic sub-

stitution reaction to form an irreversible thioether bond.

Ub-2Br has a bromide leaving group which is connected by two carbon atoms at the C-terminus
of ubiquitin (Fig 3.1.B). Ub-2Br has been successfully used for structural determination of
USP46 and OTUB2!2!%:217], To design an alkyl-bromide-based diUb covalent probe, the carbon
atom accommodating the bromide atom could be the potential exit vector to chain extension to
form an isopeptide-like linker by additional five carbon atoms (Fig 3.1.C). Given that a cysteine
mutation could be introduced into the proximal ubiquitin for forging the isopeptide-like linker,

a sulfur atom was placed in the “lysine” side chain (Fig 3.1.D).
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Fig 3.1. Design principle of covalent diUb probes with warheads utilizing nucleophilic substitution mechanism to
capture DUBs. A. Schematic illustration of native isopeptide bond between two ubiquitin molecules and how
DUB cleaves the bond. B. Ub-2Br probe covalently reacts with a DUB through a nucleophilic substitution. C.
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probe in which the linker has a sulfur atom. E. Ub-3Br probe covalently reacts with a DUB through a nucleophilic
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of a diUb-3Br probe in which the linker has a sulfur atom.
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Similarly, Ub-3Br which has one more carbon atom and was successfully applied for solving
several crystal structures of viral DUBs also has the same mechanism to trap DUBs (Fig 3.1.E).
Therefore, diUb-3Br probes could be designed in analogy to diUb-2Br probes (Fig 3.1.F&Q).
Since bromide warhead might be sensitive to harsh reaction conditions, orthogonal synthetic
routes compatible with warheads are required to ensure the integrity and quality of the final

products.

3.2 Retrosynthetic Analysis of Newly Designed DiUb Probes

Although four diUb probes with bromide-based warheads have been designed, the probes
whose linkers consisting of merely carbon atoms might require synthesis performed in organic
solvents which might damage the quality of final products. Therefore, the probes (Fig 3.1.C&F)

were not chosen for further development. Instead, the other two probes were developed.
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Fig 3.2. Retrosynthetic analysis of diUb-Br probes. A. Retrosynthetic routes for assembling diUb-2Br probe using
either nucleophilic substitution (route 1) or thiol-ene chemistry (route 2). B. Retrosynthetic routes for assembling
diUb-3Br probe using either nucleophilic substitution (route 3) or thiol-ene reaction (route 4). Required small
molecules are shown on right.

Since ubiquitin has no any cysteine residues, a cysteine residue can be introduced into the
specific lysine position (Ub%*) for conjugation. The thiol moiety of the Ub¥*C is able to react
with either nucleophilic substitution or thiol-ene addition. For nucleophilic substitution, the
distal ubiquitin has to be functionalized with a long chain with a terminal bromide (Fig 3.2.A).

However, the nucleophilic substitution usually requires alkaline condition which will lead to
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side reaction since there are two bromide atoms in the linker (route 1). To overcome this draw-
back, thiol-ene reaction under UV light could be employed for ligation with its orthogonality!?!®]
(route 2). The reaction is performed in acidic condition and thereby bromide atom will not
affect the ligation between cysteine and alkene. Retrosynthetic analysis was applied to design
diUb-3Br probe as well (Fig 3.2.B). Last but not least, syntheses of two small molecules are
essential for generating the diUb-2Br and diUb-3Br probes.

3.3 Chemical Synthesis of the Warheads for Assembling DiUb-Br Probes

Since the two warheads differ in the length of carbon atoms, the synthetic routes require cus-
tomized design. Due to the amine and bromide might react intermolecularly, the small mole-

cules should exist as salt forms to enable stability for longer shelf lives.

To synthesize the warhead for generating diUb-2Br, a commercially available Boc-protected
glycine-based Weinreb amide was attacked by allylmagnesium bromide in a dry ice-acetone
bath to extend the chain with a terminal alkene to obtain compound 1 with a moderate yield
(Scheme 3.1). Compound 1 was then treated with sodium borohydride in ethanol solution to
reduce the ketone to a hydroxyl group. It is speculated that some of the products might be lost
during concentration on the rotary evaporator because they are volatile. Therefore, a bulb-to-
bulb distillation might be used to improve the yield of these two steps. Followed by an Appel
reaction, the hydroxyl group was replaced by a bromine atom. After purification by silica gel
chromatography, compound 3 was deprotected to obtain the final compound 4 in a HCI salt

with a quantitative yield.
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Scheme 3.1. Synthesis of warhead for generating diUb-2Br. Reaction conditions and yield are shown. AllylIMgBr:
allylmagnesium bromide, NaBH4: sodium borohydride, CBr4: carbon tetrabromide, PPhs, triphenyl phosphine.
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Scheme 3.2. Synthesis of warhead for generating diUb-3Br. Reaction conditions and yields are shown around the
arrows. Boc,O: di-tert-butyl decarbonate, LIHMDS: lithium bis(trimethylsilyl)amide, LiBHj: lithium borohydride,
TFA: trifluoracetic acid.

The effort to obtain the small molecule for generating diUb-3Br started from commercially
available ethyl 3-aminopropanoate hydrochloride. The amine functional group was firstly
masked with a Boc protecting group to give compound 5. In a dry ice-acetone bath, compound
5 was deprotonated by the non-nucleophilic base lithium bis(trimethylsilyl)amide (LiHMDS),
allyl bromide was then added into the mixture to afford the intermediate compound 6. The ester
moiety of compound 6 was reduced to an alcohol group by lithium borohydride in THF solution
under the protection of argon to give compound 7. Followed by an Appel reaction, bromine
was introduced to the hydroxyl position to give compound 8. After deprotection by trifluoroa-
cetic acid (TFA), final compound 9 was obtained in a salt form. Since both of the final products
exist as salt forms, they will thereby not react with themselves. Due to the formation of the salt,
the final products can be easily dissolved in aqueous buffer without the assistance of any other
organic solvents which is good to the following reaction on ubiquitin. To achieve better phys-
ical properties for easier handling, lyophilization was applied to both final products. Finally,
all the intermediates and final products obtained in the aforementioned synthetic routes were
fully characterized with NMR spectroscopy and high-resolution mass spectrometry. The final

products were stored under the protection in an inert atmosphere.

In general, the two synthetic routes were performed successfully to obtain a large quantity of
small molecules for the purpose of functionalization of distal ubiquitin as well as subsequent
photo-triggered thiol-ene ligation with proximal ubiquitin which bears a lysine-to-cysteine mu-
tation. The synthetic routes only contain four or five steps which do not require special equip-
ment. Notably, the synthetic routes both utilize commercially available and inexpensive start-

ing materials.
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3.4 Preparation of DiUb-2Br and DiUb-3Br Probes

Since the warhead-containing small molecules already mimic the length of the terminal glycine
residue as well as part of the lysine side chain, a truncated ubiquitin which lacks the C-terminal
glycine residue was cloned into pTXB1 vector. The expressed ubiquitin was in fusion at C-
terminal part with an intein domain and a chitin-binding domain (Fig 3.3.A). Based on the N-
to-S shift mechanism, excessive thiol molecule was added into the reaction to induce the thiol

cleavage to obtain intermediate Ub-MesNa which was used without purification.

Ub-MesNa as a relatively active thioester can undergo efficient aminolysis upon addition of
excessive amount of hydrazine which usually lifts the pH value up to around 9. The obtained
intermediate Ub-hydrazide (also referred to as Ub-NHNH2) was then concentrated to around 2
mM for further reaction or long-term storage at -80°C (Fig 3.3.B). To functionalize Ub-hydra-
zide, the same reaction which was applied to the semisynthesis of Ub/Ubl-KG-TAMRA was
employed on truncated ubiquitin again. Owing to the last residue in the truncated ubiquitin is
still a glycine which has no chiral center, there is no any concern about the epimerization of
the last residue. Ub-hydrazide was cooled in a sodium chloride-ice bath to minimize the occur-
rence of unwanted side reactions due to higher reaction temperature, such as Curtius rearrange-
ment. This reaction usually leads to the generation of isocyanate intermediate by releasing ni-
trogen gas. The isocyanate is considerably active and thereby might further react with a series
of nucleophilic moieties, such as hydroxyl groups from amino acids, water, and amine groups
from ubiquitin or small molecules to form unfavored carbamate, free amine or urea derivative

at the terminal glycine residue!?!”).
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Fig 3.3. Semisynthetic routes of newly designed diUb-2Br and diUb-3Br probes. A. Preparation of ubiquitin-
based intermediate using intein chemistry from recombinant ubiquitin. B. Semisynthetic routes for diUb-2Br and
diUb-3Br from intermediate Ub-hydrazide which was activated by nitrous acid functionalized by respective small
molecules. The obtained Ub-2Br-ene and Ub-3Br-ene were conjugated with UbX*C through a UV-initiated free
radical reaction using the free radical initiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP).
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Highly concentrated Ub-hydrazide was activated by mixing sodium nitrite, followed by the
addition of citric acid to decrease pH to around 3.0 and thereby resulted in the formation of
oxidative nitrous acid. Ub-hydrazide was oxidized into a highly reactive intermediate Ub-N3
of which purification is not necessary. A solution of small molecules in pH 8.0 buffer (1.5 M
HEPES to maintain the pH value) was immediately added into Ub-N3. The reaction was trans-
ferred directly to a water bath at 45°C for several minutes to generate Ub-2Br-ene or Ub-3Br-
ene which are both able to be purified by size-exclusion chromatography at pH around 5 which
is suitable for next step. Since the two small molecules are in salt forms, up to 40 equivalencies
can be used in the reaction to achieve good conversion but also save the small molecules from
be wasted. The purified Ub-2Br-ene or Ub-3Br-ene proteins were highly concentrated to
around 2 mM. Mass spectra were recorded to confirm the quality and purity of these two inter-
mediates. However, side products were observed in the functionalization reaction. The purifi-
cation was performed on a size-exclusion chromatography which is not able to separate desired
products from some other side products with similar hydrodynamic radius. In the purified Ub-
2Br-ene, a small portion of Ub-20H-ene in which hydroxyl replaced the bromide atom by
hydrolysis was observed (Fig 3.4.A). Additionally, free ubiquitin with a deletion of Gly76 mol-
ecules were also observed. There were also some non-covalent adducts potentially formed by
sodium ion or acetonitrile from the buffer or mobile phase. Similarly, the deconvoluted mass
spectrum of Ub-3Br-ene also showed a small amount of hydrolyzed Ub-30H-ene and free
ubiquitin but the undesired side products are obviously much lower than the Ub-2Br-ene sam-
ple which might be due to its primary carbon with higher stability (Fig 3.4.B). Given that next
step is merely dependent on the UV-triggered free radical reaction, the hydrolyzed side product
and free ubiquitin will not affect the thiol-ene addition, the protein samples were used without

fine purification.

In parallel, three different Ub mutants (K6C, K48C, and K63C) were purified and concentrated
to around 2 mM as well using acid precipitation and subsequent cation exchange chromatog-
raphy. The buffer was exchange to the same buffer for storing intermediates Ub-2Br-ene or
Ub-3Br-ene. All the Ub mutants were analyzed by intact protein mass spectrometry. The de-

convoluted mass data are consistent with the theoretical values (Fig 3.4.C&D&E).

The thiol-ene reaction was performed by mixing 50 uLL Ub-2Br-ene or Ub-3Br-ene, 50 uLL Ub
mutants, and 1 uL. LAP with final concentration around 0.5 mM which was dissolved in ad-
vance in the same buffer on ice. Although previous work indicated a specific model of UV

light for initiating the reaction?'®!, UV light (365 nm, 8 Watt) was sufficient for the reaction.
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Fig 3.4. Characterization of intermediate proteins for generating diUb-2Br and diUb-3Br probes. A. Deconvoluted
mass spectrum of intermediate Ub-2Br-ene. Close-up view is shown as well where desired product is shown
horizontally. Detailed analysis of side products is listed on right. B. Deconvoluted mass spectrum of intermediate
Ub-3Br-ene. Close-up view is shown in the middle. Detailed analysis of side products is listed on right. C. De-
convoluted mass spectrum of Ub K6C. D. Deconvoluted mass spectrum of Ub K48C. E. Deconvoluted mass
spectrum of Ub K63C. Calculated and observed mass data shown as inserts.

The reaction was set up in a considerably small volume to ensure sufficient penetration of UV
light to initiate the free radical reaction (see Appendix Fig 2). With the irradiation of UV light,
the reaction progress was monitored by intact protein mass spectrometry. Raw mass data were
deconvoluted for analysis in detail. Once the starting materials were consumed almost com-
pletely, the reaction in several tubes were pooled together. For easier operation, the reaction
mixture was subjected to a size-exclusion chromatography for isocratic elution. Alternatively,
cation exchange chromatography might be also employed for fine purification since the di-
ubiquitin shows different chromatographic behavior from mono-Ub, such as free ubiquitin and
starting materials. Given that the diUb-2Br and diUb-3Br covalent probes will be used in the
scenario of capturing DUBs irreversibly and the resulting complex will be further finely puri-
fied, trace impurities of mono ubiquitin impurities might not affect the qualitative applications.
Due to the existence of hydrolyzed impurities, namely Ub-20H-ene and Ub-30OH-ene, diUb-
20H and diUb-30H might be obtained after the thiol-ene ligation. Since hydroxyl group is

inert toward cysteine, there is no any concern if the final products contained such impurities.
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Fig 3.5. Overview of the mechanism of photo-initiated free radical reaction to generate probes and mechanism
leading to potential side products. A. Homolytic cleavage by UV light 365 nm to form free radicals. Both free
radicals can induce propagation of free radical formation on the side chain of cysteine residues. B. Proposed
mechanism to explain the side products observed in the diUb-2Br assembly reaction. C. Proposed mechanism
underlying the generation of side products during the preparation of diUb-3Br probe. Calculated mass data are
shown under the correct final products as well as potential side products.

Although these potential impurities would theoretically not have a negative effect on trapping
DUBSs covalently, it would be beneficial to know the underlying mechanism of how side prod-
ucts are formed to provide more information for accurate data interpretation. Moreover, a better
quality of these probes might broaden their applications, such as for proteomic studies to dis-

cover new linkage-specific DUBs or E3 ligases.
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To ignite the free radical reaction upon UV light exposure, lithium phenyl-2,4,6-trimethylben-
zoylphosphinate (LAP) was selected as the photoinitiator since it had been successfully intro-
duced into protein conjugation?'®l. LAP is a well-characterized and commercially available
photoinitiator which has been widely used in free radical polymerization of hydrogels and other

materials?2%].

In the reaction mixture, photoinitiator LAP was instigated by UV light to undergo homolytic
cleavage which led to the production of free radicals for reaction initiation (Fig 3.5.A). One
molecule of LAP disassociated into two free radical species which were both able to the react
with thiol functional group in the ubiquitin bearing a cysteine mutation to produce thiyl free
radicals. In the case of preparation of diUb-2Br, thiyl free radicals were coupled in succession
to the terminal alkene moiety in the Ub-2Br-ene (Fig 3.5.B). The first step led to the formation
of isopeptide-like bond with an unpaired free radical which was further coupled with cysteine
to obtain the desired product Ub-2Br-ene after the second step. However, the thiyl radicals
might continue to propagate which could result in the homolytic cleavage of carbon-bromine
bond to give a secondary free radical in the linker between proximal and distal ubiquitin mol-
ecules. This active secondary free radical would proceed to react with cysteine residues in the
ubiquitin. Eventually, a side product which lost a bromine atom was formed without capability
of trapping DUBs covalently. Since there was already some hydrolyzed side product Ub-20H-
ene in the starting material (Fig 3.4.A), diUb-20H can also be observed after the thiol-ene
addition. The side product diUb-20H theoretically should be inert because of the hydroxyl
group should not react with the catalytic cysteine of DUBs. Therefore, these probes can be

directly used without optimization of the purification protocols.

Three different isopeptide-like linkages, including Lys6, Lys48, and Lys63, were forged using
this thiol-ene reaction. After purification by a size-exclusion chromatography, all the diUb-2Br
probes were analyzed by intact protein mass spectrometry. In the K6C-linked diUb-2Br sample,
desired product diUb-2Br was observed (Fig 3.6.A). Hydrolyzed diUb-20H also existed in the
sample. For K48C-linked diUb-2Br, desired product was found but with some diUb-20H as
well as a debrominated side product (Fig 3.6.B). Similar results were observed as well in the
K63C-linked diUb-2Br sample but desired product was the dominant component (Fig 3.6.C).
The variations in the desired product diUb-2Br and undesired impurities from the different
samples might originate from the positions of cysteine residue in either disordered loop or rigid
secondary structures which could enhance the possibility of carbon-bromine bond cleavage in

a free radical manner (Fig 3.5.B&C).
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Fig 3.6. Deconvoluted intact protein mass spectra of diUb-2Br and diUb-3Br probes with Lys6, Lys48, and Lys63
linkages respectively. A. Deconvoluted mass spectrum of K6C diUb-2Br and close-up view (bottom). B. Decon-
voluted mass spectrum of K48C diUb-2Br and close-up view (bottom). C. Deconvoluted mass spectrum of K63C
diUb-2Br and close-up view (bottom). D. Deconvoluted mass spectrum of K6C diUb-3Br and close-up view
(bottom). E. Deconvoluted mass spectrum of K48C diUb-3Br and close-up view (bottom). F. Deconvoluted mass
spectrum of K63C diUb-3Br and close-up view (bottom). Detailed analysis of potential impurities is shown and
annotated under each figure.

The diUb-3Br probes were also analyzed by intact protein mass spectrometry. In the K6C-
linked diUb sample, expected product diUb-3Br was the most abundant component (Fig 3.6.D).
Small portions of impurities were observed and assigned as diUb-30H. Additionally, disulfide-
linked diUb which might be from incomplete reduction. In K48C-linked diUb sample, desired
diUb-3Br was the major component (Fig 3.6.E). Interestingly, K63C-linked diUb-3Br sample
contained more diUb-30H which might be due to the structural feature in this position. Since
primary free radicals are less stable than the secondary ones, debrominated species were sig-

nificantly less than in diUb-2Br probes (Fig 3.5.B&C).
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3.5 Validation of the Reactivity of DiUb-2Br and DiUb-3Br Probes

In order to minimize the complexity in the protein purification steps, size-exclusion chroma-
tography was favored and employed for easier purification in the two-step semisyntheses. All
the probes were kept in buffer with a pH value below 7 and stored for long term at -80°C to
reduce any potential hydrolysis of the nucleophilic-substitution-oriented warheads which
might be labile if stored in alkaline environment. Characterization of the obtained probes with
intact protein mass spectrometry assured the quality. Although some side products were ob-
served, they were fully assigned based on the mechanism of thiol-ene free radical reaction. The
undesired impurities are considered as neutral components which might slightly interfere the
binding by DUBs to decelerate the reaction but would not affect the formation of complex of

since those impurities are not armed with covalent warheads.

Previous development of covalent diUb probes with addition-based mechanisms displayed the
art and beauty of chemical synthesis of proteins. However, the preparation of desired products
requires cutting-edge peptide synthesizer and related instruments which may limit the broad
distribution of these probes. For example, the Dha-based probes were synthesized chemically
with a cysteine residue incorporated to replace the terminal glycine of the distal ubiquitin. The
elimination reaction was performed to remove the thiol group which led to the formation of the
Dha warhead!!*>]. Two types of linkage were forged, namely Lys48 and Lys63-linked probes.
Linkage-specific DUBs, such as CYLD and OTUB1 were tested since they possess Lys63 and
Lys48 chain specificity. They both reacted specifically toward corresponding Dha-based diUb
probes. Non-specific DUBs, such as USP2, reacted directly with both probes. OTULIN, a
Metl-specific DUB, showed considerably weak off-target effects after incubation with probes.
These data showed promising results of the application of Dha-based probes which are selec-

tive and mildly reactive.

Although several DUBs were tested with the Dha-based probes with isopeptide bonds, these
probes were not further employed for structural determination of DUBs. Ovaa and co-workers
reported a novel thiol handle which was not only used for native chemical ligation to forge
isopeptide-linke bonds, but also served as a masked group for late-stage functionalization in
the linker between proximal and distal ubiquitin molecules??!!. Followed by elimination of
thiol group, a Michael acceptor warhead was introduced. This method was applied to the all
seven linkages and the resulting probes were validated by the promiscuous DUB USP7 on a

gel-based assay.
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Owing to the development of these probes, the covalent complex structure of Cezanne and
222

Lys11 diUb was successfully solved?*?. Given that the synthesis is considerably difficult, this
type of probes was only applied to the study of Cezanne. Another Michael-acceptor-based diUb
probe was devised by the Zhuang group through a mild semisynthetic workflow!??*]. After
around a decade since its first disclosure, a Lys48-linked probe was successfully employed to
study a HECT E3 UBRS which prefers to forging Lys48-linked polyubiquitin chains!*?). Initial
test of these probes was performed on promiscuous USP2 and USP21 which both showed sig-
nificant molecular weight shift on the gel-based assay. UCHL1 was further tested but showed
only weak off-target effect on Lys48-based diUb probe. OTUBI reacted only with Lys48-based

probe as it is a Lys48-linkage specific DUB.
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Fig 3.7. Test reactions to validate the diUb-2Br and diUb-3Br probes with two promiscuous DUBs without linkage
specificity. A. USP2 was incubated with the panel of diUb-based covalent probes. Incubation time and tempera-
ture are listed below the figure. B. USP8 was tested with probes in the aforementioned condition. Proteins are
annotated on the right side. Mono-Ub-based covalent probe Ub-PA was used as a positive control to confirm the
deubiquitinating activities of USP2 and USPS8 enzymes. Ub-PA was highlighted with an asterisk.

In analogy to the previous development of diUb-based covalent probes, the newly designed
alkyl-bromide-based diUb probes were assembled as an assay panel. Promiscuous DUBs USP2
and USP8 catalytic domains were selected to validate the reactivities of diUb-2Br and diUb-
3Br probes. After incubation with excessive probes at 37°C for 1 hour, USP2 broadly reacted
with these probes with clear band shifts on the gel (Fig 3.7.A). Mono-Ub-based covalent probe
Ub-PA was incubated with USP2 as well to confirm the deubiquitinating activity. The
USP2~Ub complex showed less shift on the gel compared to the USP2~diUb species. It is
interesting that diUb-2Br and diUb-3Br behaved quite differently. In Lys6-linked probes,
diUb-3Br formed more covalent complex with USP2 while diUb-2Br showed less. This effect
might be due to the more impurities observed in diUb-2Br sample. In the case of USP8 (Fig
3.7.B), Lys48-linked diUb-2Br behaved better which implied that the selection of probes

should be customized to achieve an optimal readout of the gel-based assays.
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3.6 Scouting for Linkage-specific DUBs with DiUb Probes

Since the reactivity of alkyl-bromide-based diUb probes have been validated by two promis-
cuous DUBs USP2 and USPS, further exploration on understudied DUBs with intrinsic linkage
specificity should be performed. Although USP has the most abundant members in the DUB
family, most USPs do not possess linkage preference. One of the outliers in the USP family is
USP30 which prefers to cleave Lys6-linked polyubiquitin chains to a certain degree. However,
the complex of USP30 with the catalytically inactive mutation with Lys6-linked diUb substrate
was solved and in-depth studied!'?* 871, Therefore, USP30 was not chosen for further test with
alkyl-bromide-based diUb probes. Interestingly, a recent work with a focus on USP20 reported
that USP20 selectively cleaves Lys48 and Lys63 polyubiquitin chains?**l. However, the data
were contradictory to previous work that using matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) mass spectrometry-based deubiquitinating assay to characterize
a series of DUBs where USP20 showed no selectivity toward different eight linkages!!°”). In
the output of MALDI-TOF-based assays, most USPs were confirmed as non-selective DUBs
toward specific linkages while USP9Y might be an exception which requires additional bio-

chemical validation.

In search of linkage-specific DUBs, a ground-breaking work provided informative resources
on the OTU family through systematic biochemical validation!'?}!. Besides some OTUs with
linkage specificity which have been extensively studied, such as OTUDS and OTUB1, OTUD4
stands out as an attractive enzyme since phosphorylation at a specific site could switch its
specificity from Lys48 linkage to Lys63-linked chains!!?”l. OTUD4 purified from bacterial and
mammalian cells both confirmed the specificity reorientation upon phosphorylation. To ex-
press and purify OTUDA4, a plasmid construct based on pOPIN-B was prepared which encoding
OTUD#4 (residues 1-300). However, after several rounds of optimization, no intact OTUD4
(residues 1-300) could be successfully induced and purified from bacteria which was contra-
dictory to what previously reported!!?”). Therefore, the newly designed alkyl-bromide-based
probes were not tested on OTUDA4.

To include more types of DUBs with differential background and specificities, four enzymes
with three different linkage preferences (Lys6, Lys48, and Lys63) from human (ZUFSP), yeast
(Mug105) and bacteria (WcVTD and SnVTD) were selected and studied using gel-based as-
says. All these enzymes were kindly provided by the Kay Hofmann lab at the University of
Cologne.
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Fig 3.8. In search of potential DUBs with linkage specificity that can react with the alkyl-bromide-based covalent
diUb probes. Representative DUBs from human, yeast and bacterial were selected. A. Several truncated versions
of Lys63-linkage specific ZUFSP were tested with the Lys63-linked probes. A indicates deletion of specific re-
gions. B. Lys48-linkage specific Mug105 from fission yeast Schizosaccharomyces pombe was tested with Lys48-
linked diUb probes. C. Lys6-linkage specific VID DUBs WcVTD from Waddlia chondrophila and SnVTD from
Simkania negevensis were tested with Lys6-linked diUb probes. All the DUBs shown in this figure are kind gifts
from the Hofmann lab, University of Cologne.

ZUFSP is a Lys63-linkage specific DUB which was recently identified using various ap-
proaches, such as bioinformatic analysis and proteomic strategies. The covalent complex struc-
tures of ZUFSP with probe Ub-PA have been reported as welll'*”). However, how it achieves
Lys63 linkage specificity at the proximal ubiquitin binding site is still unclear. As ZUFSP itself
constitutes a completely new subfamily within DUBs in human genome, structural characteri-
zation of its cleavage preference would enable deeper understanding of its cellular functions.
Unfortunately, even after incubation at 37°C for three hours, none of the ZUFSP enzymes with
different length showed band shift on the gel (Fig 3.8.A). Given that diUb probes were used in
four equivalency, ZUFSP enzymes should be saturated with probes. Although this experiment
included some truncated versions of ZUFSP, such as Aa2/3 which was putative proximal ubiq-

uitin binding site, no reaction was observed.
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Since Mugl05 was discovered as a Lys48 specific DUB from fission yeast as the compact
homolog of ZUFSP, Lys48-linked diUb probes were incubated with Mug105 and the reactions
were resolved on gel. Similar to what had been observed in ZUFSP, Mug105 did not form any
covalent complex with alkyl-bromide-based diUb probes (Fig 3.8.B). This might be due to the
low activity of enzymes which cannot initiate effective attack against the warheads. Another
possible explanation is that bromine atom is too bulky for enzymes to accommodate due to the

narrow catalytic sites.

Given that linkage-specific enzymes from human and yeast did not show promising results, it
would be interesting to test some newly discovered and identified DUBs from bacterial!!'!l.
WcVTDI is a recent characterized DUB from Waddlia chondrophila''®!. Gel-based assay
showed that WcVTDI1 can react with Ub-PA and form covalent complex. WcVTDI1 was bio-
chemically profiled with a panel of eight diUb substrates in which it showed preference toward
Lys6-linked substrate. After incubated with diUb-based covalent probes, faint band of covalent
complexes can be observed which indicate that longer incubation time might be beneficial for
the complex formation (Fig 3.8.C). However, the trace complexes were not enough for purifi-
cation, subsequent characterization by mass spectrometry or biophysical methods and crystal-

lization studies.

Another DUB candidate for testing from bacteria is SnVTD which was bioinformatically dis-
covered and biochemically identified from Simkania negevensis, an intracellular Chlamydia-
like pathogen of the respiratory tract!!'!). SnVTD shares considerably similar biochemical pro-
file with WcVTD1 due to they are both specific to Lys6-linked polyubiquitin chains. Interest-
ingly, SnVTD cannot be captured by Ub-PA probe to form covalent complex which is different
from the behavior of WecVTD1. Therefore, structural characterization of SnVTD is hard due to

the apo form is usually much less stable than the substate-bound DUB.

Gratifyingly, SnVTD reacted efficiently with both diUb-2Br and diUb-3Br probes and form
intense band shifts on gel (Fig 3.8.C). The catalytic inactive SnVTD (C104A) cannot form any
complex with probes due to the loss of catalytic reactivity. Probes with same linkage but dif-
ferent length of warheads showed different reactivity in the case of USP2 and USPS8 (Fig
3.8.A&B) which cannot be predicted due to the intrinsic enzymatic activities or quality of
probes. In the case of SnVTD, diUb-3Br probe showed superior complex formation effect in
comparison with diUb-2Br according to the intensity of complexes (Fig 3.8.C). Since the reac-
tion condition was 37°C, it would be beneficial if lower temperature and shorter reaction course

could be tested to prevent complexes from potential damage, such as aggregation.
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Fig 3.9. Optimization of gel-based assay for SnVTD with covalent probes. A. Time-dependent assay for the reac-
tion between SnVTD with Lys6-linked diUb-3Br. B. Time-dependent assay for the reaction between SnVTD with
Lys6-linked diUb-2Br. C. Excessive diUb-3Br mixed with SnVTD to increase the conversion of SnVTD into
complex. The reactions were performed for 1 hour at room temperature. D. Excessive diUb-3Br incubated with
SnVTD for 3 hours at room temperature. Reaction conditions are shown below each gel.

To test the reaction time, 2.5-fold equivalent of diUb-3Br probe was firstly incubated with
SnVTD at 37°C for two hours (Fig 3.9.A). The probe reacted with SnVTD in a time-dependent
manner. Strikingly, incubation for longer period, such as four hours led to significantly more
complex product in comparison to 30 minutes. Time-dependent assay was performed as well
for diUb-2Br probe using the same reaction condition and stoichiometry (Fig 3.9.B). Although
diUb-2Br reacted with SnVTD in a time-dependent manner, the product formed by diUb-2Br
was significantly less than diUb-3Br probe.

To further optimize the reaction condition in milder temperature to minimize potential protein
misfolding and aggregation, various stoichiometry of diUb-3Br probe was mixed with 5 uM
SnVTD. Gel analysis showed that ten equivalent of diUb probe led to the most conversion of
SnVTD into covalent complex (Fig 3.9.C). To further boost the conversion, longer incubation
time was tested (Fig 3.9.D). Gel analysis of the reaction of diUb-3Br with SnVTD showed

increasing incubation time with higher stoichiometry could lead to almost complete conversion.
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In general, the reaction was optimized by varying several parameters, such as reaction temper-
ature, stoichiometry as well as incubation period. Gel-based readouts suggested that stoichi-
ometry plays the most important role in achieving ideal conversion of apo SnVTD into covalent
complex even the reaction was performed at room temperature (Fig 3.9.D). High stoichiometry
might not be feasible since excessive probes might bind to the DUB in a non-covalent manner
to interfere with the purification. Moreover, these probes contained a chiral center which ex-
plained that some probes could not form covalent complexes with SnVTD even after incuba-

tion for longer period.

3.7 Capturing SnVTD with DiUb-3Br

The effort for the scouting for DUBs with dedicated linkage specificity using newly designed
probes with novel alkyl bromide warheads led to the visualization of Lys6 linkage preference
of SnVTD in the gel-based assay format. These probes showed mild reactivity with SnVTD,
but they were inactive against ZUFSP and its yeast homolog Mug105. Since SnVTD was suc-
cessfully trapped with the diUb-2Br and diUb-3Br probes, structural understanding of its link-

age preference would be possible.

VTD-type DUBs as the most recently discovered DUB family from a bioinformatic screen are
broadly distributed in eukaryotic and bacterial organisms!''! (Fig 3.10.A). VTD DUBs are
classified into four subclasses according to their origins. Some of VTDs possess preference
toward linkage types, among which Lys6 specificity is a unique activity since DUBs encoded
in human genome do not have such dedicated linkage specificity. In eukaryotes, OTUD3 has
been validated with capability of cleaving Lys6 chain as well as Lys11 linkage!'?*). USP30 also
cleaves Lys6 chains more selectively than other chain types but not as specific as WecVTD and
SnVTD!!). Therefore, elaboration of their unique Lys6-linkage specificity might stimulate

further investigation into relevant infection biology.

Among bacterial DUBs, the bacterial effector LotA with two OTU domains from Legionella
pneumophila was characterized as an exclusively Lys6-specific DUBP?, Structural determi-
nation of LotA in apo form as well as catalytically inactive LotA in complex with Lys6-linked
diUb substrate revealed a substrate-assisted catalysis mechanism to cleave Lys6-linked
polyubiquitin chains specifically®!3). The characterization of LotA provided not only a com-
prehensive insight into its functions during pathogen infection, but also a highly specific tool

for biochemical research.
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Fig 3.10. Characterization of the covalent complex of SnVTD with diUb-3Br probe. A. Overview of DUB families
and the features of newly identified VTD DUBs. B. SnVTD was tested with the panel of alkyl-bromide-based
covalent diUb probes to examine its linkage specificity. Reaction details are showed under the gel. C. Deconvo-
luted mass spectrum of apo SnVTD. Theoretical and observed mass are shown. D. Deconvoluted mass spectrum
of purified SnVTD in covalent complex with Lys6-linked diUb-3Br. Raw m/z data are shown as inserts. E. Melting
curves of thermal shift assay for apo SnVTD and purified SnVTD in covalent complex with Lys6-linked diUb-
3Br. F. Melting temperature of apo SnVTD and purified SnVTD~diUb-3Br complex.

It is hypothesized that Lys6 linkage specificity of VTD DUBs might contribute to the defense
systems which still require more evidence!!'”). Since SnVTD showed decent reactivity toward
the alkyl-bromide-based probes, structural characterization of SnVTD in covalent complex
could provide new insights and understandings into the linkage-related cellular functions. Pre-
vious cleavage assay using a full panel of diUb substrates with eight linkages validated the
specificity!!'!]. It was not clear that how the alkyl-bromide-based probes behave after long-
term incubation with SnVTD. To test if SnVTD specifically reacts with Lys6-linked probes,
SnVTD was incubated individually with each probe at 37°C for two hours (Fig 3.10.B). Gel
analysis validated that SnVTD only reacted with Lys6-linked probes and also confirmed the

mild reactivities of alkyl-bromide-based probes.
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Subsequently, intact protein mass spectrometry was employed to record the mass of apo
SnVTD where the observed value was consistent with the theoretical one (Fig 3.10.C). The apo
SnVTD was incubated with excessive diUb-3Br probe to form covalent complex. After several
rounds of fine purification using gel filtration and ion exchange chromatography, the complex
of SnVTD with diUb-3Br was successfully purified. Intact protein mass spectrometry validated
the complex with correct mass as well as the purity (Fig 3.10.D). Both raw data and deconvo-
luted spectra confirmed the purity of the covalent complex which was a positive indicator for

crystallization because of the sample homogeneity.

Given that a stabilized complex can be more easily crystallized, thermal shift assay based on
the folding as indicated by the fluorescence intensity changes was employed to evaluate the
protein stabilization effect in comparison to apo SnVTD (Fig 3.10.E). Melting curve of
SnVTD~diUb-3Br showed significantly right-shifted effect as it was more stable than the apo
form. Quantitative analysis of the melting curves showed striking stabilization effect of diUb-
3Br binding to SnVTD (Fig 3.10.F). The melting temperature of the covalent complex showed
nearly thirty degrees increasement compared to the apo SnVTD which is beneficial for protein

crystallization.

3.8 Structural Basis for the Lys6 Specificity of SnVTD

In order to fully reveal the mechanism underlying the catalytic specificity of SnVTD toward
Lys6-linked polyubiquitin chains, purified covalent complex of SnVTD with diUb-3Br in large
quantity was subjected to sitting-drop crystallization in a 96-well format using twelve commer-
cially available screening kits. Theoretically, the complex of SnVTD with diUb-2Br resembles
the reaction intermediate during chain cleavage since diUb-3Br contains an extra carbon atom.
However, preparation of diUb-3Br is more convenient due to less hydrolysis of the covalent
warhead during the reaction. Moreover, aforementioned gel-based assay showed that diUb-3Br
reacts with SnVTD more efficiently than diUb-2Br. Therefore, diUb-3Br instead of diUb-2Br

was selected to generate the covalent complex.

The purification after the reaction was initially performed on size-exclusion chromatography.
Unfortunately, this procedure led to significant loss of sample. In addition, free SnVTD can
also bind to diUb impurities to form non-covalent complexes which cannot be separated from
the covalent complex. Fortunately, anion exchange chromatography was successfully used to

purify the covalent complex with a slowly increased elution gradient.
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Fig 3.11. High-resolution crystal structure of SnVTD in covalent complex with Lys6-linked diUb-3Br probe (PDB
ID: 8RL3). A. Overview of the complex structure. SnVTD is shown in light green, distal ubiquitin in wheat and
proximal ubiquitin in cyan. Some secondary structures of SnVTD are annotated according to the sequence. Inter-
acting sites between SnVTD and proximal ubiquitin are highlighted in orange boxes. B. 2mFo-dFc map of overall
complex structure. C. 2mFo-DFc map of the cross section of the complex. D. Electron density map of the catalytic
triad residues of SnVTD, the oxyanion hole residue and C-terminal residues of distal ubiquitin. All the electron
density maps are contoured at 1.0 6. E. Schematic illustration of fluorescence polarization assay. USP2 was used
as positive control. The final concentration of Ub-KG-TAMRA was 100 nM. F. Close-up view of interaction
between SnVTD and the TEK-box and 136 hydrophobic patch of proximal ubiquitin. Hydrogen bonds are shown
as yellow dashed lines. G. Close-up view of interaction around the n-m stacking formed by the Y92 residue in
SnVTD and F4 residue in the proximal ubiquitin.

The twelve screening plates provided multiple crystals from various buffer conditions which
have precipitants including PEG300, PEG400, PEG2000 and PEG Monomethyl Ether 550.
Notably, four conditions contain PEG400. Crystals from the buffer containing PEG Monome-
thyl Ether 550 were significantly larger than other crystals. However, all crystals found in the
initial screening were either sea urchin-like or thin plates intergrown with each other. Fine
screening was then set up based on the conditions giving crystals. Unfortunately, none of the
crystals from fine screening gave good diffraction results. Further analysis of the obtained da-

tasets informed crystal twinning results.
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Given that the resolution was low and the search model from the AlphaFold was not accurate
enough, further processing of the data would be very challenging. Therefore, the initial screen-
ing plates were manually examined again to check if there were new crystals which grew
slowly. After around seven weeks, some new crystals were found from the Morpheus screening
platel??), These crystals were collected for X-ray diffraction. Although the crystals were fished
directly from the initial screen without optimization, two of them diffracted well. A search
model from AlphaFold with manual chimerization based on the structure of previously reported
structure of herpesvirus-encoded cysteine protease M48 (PDB ID: 2J7Q) was prepared and
used for phasing!??”- 2281 The best diffracted crystal was solved and refined to achieve optimal

statistics (Appendix Table 2).

Finally, the crystal structure of SnVTD in covalent complex with diUb-3Br probe was deter-
mined at a resolution of 1.88 A (Fig 3.11.A). The secondary structural elements were analyzed
and annotated for clarity (Appendix Fig 3.A&B). The C-terminal part of SnVTD which con-
tains a transmembrane domain was not included due to the difficulty in expression. Residues
resolved in the crystal structure were highlighted in black (Appendix Fig 3.C). The structure
of SnVTD contains multiple o helices, among which a2 helix is the longest one consisting of
38 amino acids (residues 122-159) as the core backbone of the enzyme. SnVTD is significantly
different from the general features of USPs whose structures usually resemble a right hand.
Followed by a2 helix, a cluster of three short o helices form a cap-like structure. In the complex
structure, SnVTD was found to interact intensively with the proximal ubiquitin as highlighted
in the orange boxes (Fig 3.11.A). The bottom part of SnVTD consists a core structure formed
by four  sheet elements. Since the structure has high resolution, the electron density map of
the overall structure showed good coverage (Fig 3.11.B). Moreover, the electron density map
of the cross section also showed good quality which further confirmed the quality of the com-
plex structure (Fig 3.11.C). Close-up view of the catalytic center of SnVTD showed that the
catalytic residue Cys104 formed a covalent thioether bond with the probe by substituting the
bromide warhead (Fig 3.11.D). Adjacent residues which formed the catalytic site were high-
lighted. The side chain of GIn91 is shown which is involved in forming an oxyanion hole for
catalytic cleavage. According to the electron density map, all the catalytic residues as well as
the C-terminal tail in the distal ubiquitin were well defined. Notably, the probe should contain
a mixture of enantiomers due to the chiral center in the linkage. In the refinement process, the
S-enantiomer was fitted into the structure empirically and covalently linked with SnVTD and

two ubiquitin molecules based on the orientation and continuity of the density map.
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SnVTD was previously characterized as a DUB by cleaving isopeptide-linked diUb substrate
but not active against suicide probe Ub-PA and fluorogenic substrate Ub-AMC!!!!, Given that
neither Ub-PA or Ub-AMC is functionalized through a natural isopeptide bond, it is speculated
that bond type might contribute to the resistance of Ub-PA and Ub-AMC. To investigate if the
bond types of substrates could affect the activity of SnVTD, isopeptide-linked fluorescence
polarization substrate Ub-KG-TAMRA was employed. USP2 was selected as positive control
enzyme which cleaved Ub-KG-TAMRA completely and led to the full conversion to reach the
anisotropy level of free KG-TAMRA (Fig 3.11.E). Strikingly, SnVTD at either 10 or 5 uM
concentration could not cleave any Ub-KG-TAMRA substrate in 1 hour incubation. This assay
proved that bond types are not the dominant factor to affect the deubiquitinating activity of
SnVTD. Occupation of the distal ubiquitin binding site in SnVTD could not activate the
deubiquitinating activity. There should be a mechanism in the proximal ubiquitin binding site

in SnVTD to initiate the cleavage.

Analysis of the interaction of SnVTD with proximal ubiquitin has led to the discovery of two
major binding sites as shown in the orange boxes (Fig 3.11.A). The close-up view of the upper
orange box led to identification of an important hydrophobic binding site which is formed by
the well-known Ile36 hydrophobic patch with structurally bulky Trp180 in SnVTD (Fig 3.11.F).
In addition, three other hydrophobic residues in the proximal ubiquitin, Pro37, Leu71 and
Leu73 also contribute to form a large hydrophobic pocket in coordination with Ile36. Besides
the hydrophobic interaction for molecular recognition, adjacent residues Glul79 and Ser202
are actively involved in hydrogen bonding with the TEK-box of ubiquitin (Fig 3.11.F). Glu179
forms a hydrogen bond with the amine group on the side chain of Lys11 and Ser202 interacts
with the hydroxyl group of Thr9 which could boost the binding affinity. The GIn34 in the TEK-
box also contributes to the binding affinity through forming a hydrogen bond with Lys11 to
stabilized the long side chain of Lys11 to boost the hydrogen bond with Glu179.

In the lower orange box (Fig 3.11.A), the core interaction is a hydrophobic n-n stacking formed
by the Phe4 in ubiquitin and Tyr92 in SnVTD (Fig 3.11.G). To further enhance the - stacking,
the hydroxyl side chain of Thr66 in ubiquitin interacts with the phenolic hydroxyl through a
hydrogen bond. As a typical hydrophobic patch for interaction, Phe4 patch usually consists of
Thr14 residue. In the complex structure, Thr14 contributes to the interaction through a hydro-
gen bond with Glu98 in SnVTD. Additionally, Glu64 in ubiquitin which is also close to Tyr92
forms a hydrogen bond with Ser285. Ser65 in ubiquitin also interacts with Thr278 through a
hydrogen bond.
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Fluorescence polarization assays proved that bond type is not the reason for the resistance of
mono-Ub-based reagents toward SnVTD deubiquitinating activity. In-depth analysis of the
high-resolution crystal structure of SnVTD with Lys6-linked diUb suicide substrate revealed
several key interaction sites that might be responsible for the explanation why SnVTD cleaves
Lys6-linked chains specifically. Two major hydrophobic interaction sites could be the deter-
minant factors that induce SnVTD to bind to Lys6-linked polyubiquitin chains and execute
cleavage. The Ile36 and Phe4 patches, which are both well-characterized hydrophobic patches
in ubiquitin structure, play important roles in the molecular recognition of proximal ubiquitin
by SnVTD in the solvated state. The classic Ile36 patch is usually composed of three residues,
namely Ile36, Leu71 and Leu73 as the canonical cluster'??®. However, structural analysis of
SnVTD and proximal ubiquitin identified an additional hydrophobic residue Pro37 might be
also involved in the hydrophobic pocket to accommodate Trp180 in SnVTD. In some cases,
Leus8 also participates in the Ile36 patch to create an expanded hydrophobic pocket. For in-
stance, Leu8 acts as one of the recognition element for USP36 to interact with ubiquitin!®®,
However, this residue was not involved in the accommodation of SnVTD. This giant hydro-
phobic interaction is enhanced by adjacent hydrogen bonds contributed by the TEK-box con-
sisting of residues Lys6, Lys11, Thr12, Thr14 and Glu34. Since Lys6 was used for forging
isopeptide bond, it thereby could not contribute to the interaction. Nevertheless, Lys11, Thr14
and Glu34 formed multiple hydrogen bonds both intermolecularly and intramolecularly to en-
hance the interaction. Interestingly, Phe4 patch employed a mechanism different from the com-
pletely hydrophobic interaction orchestrated by four hydrophobic residues in the Ile36 patch.
Phe4 and Tyr92 interact with each other through a n-n stacking which is also strengthened by
a hydrogen bond. Apart from this hydrophobic stacking, the rest of interaction nearby existed
as hydrogen bonds. In the canonical Phe4 patch, GIn2 is an important component which how-

ever was not engaged in binding to SnVTD.

In general, the proximal ubiquitin utilized two classic hydrophobic patches as well as some
adjacent hydrogen bonds for enhancing the binding affinity to accommodate SnVTD specifi-
cally. Induced by the proximal ubiquitin in the specific orientation, SnVTD would be able to
precisely bind to Lys6-linked chains instead of other seven linkages and then implement its
enzymatic cleavage. This behavior for SnVTD to recognize Lys6-linked polyubiquitin explains
why SnVTD showed no any activity toward mono-Ub-based reagents. Small molecule modi-
fications at the C-terminal of ubiquitin could not either form hydrophobic interaction and n-n

stacking or induce conformation change to initiate cleavage.
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Fig 3.12. Mutagenesis studies to elaborate the Lys6 linkage specificity of SnVTD using time-dependent gel-based
cleavage assay with Lys6-linked diUb as the substrate. A. Mutations in the catalytic triad and oxyanion hole
residues. B. Mutations in the residues for binding to proximal ubiquitin. C. Close-up view of the interaction of
SnVTD and the C-terminal tail of distal ubiquitin. D. Close-up view of the hydrophobic interaction formed by
SnVTD and 136 patch in distal ubiquitin. E. Mutations in the residues which are responsible for the interaction of
136 patch and hydrogen bonding in distal ubiquitin. F. Structure of diUb isolated from SnVTD~diUb-3Br complex.
G. Crystal structure of native isopeptide-linked Lys6 diUb. H. Superposition of structures shown in F and G. Key
residues involved in hydrophobic interactions are shown in spheres and annotated.

Structural analysis of the catalytic sites as well as proximal ubiquitin binding site revealed some
key residues might be involved in determining the catalytic activity. Although VTD DUBs
from various origins showed different behavior and preference toward ubiquitin chains, se-
quence alignment of SnVTD with M48 and other previously characterized VTDs is consistent
with the structural analysis of the catalytic triad residues (Appendix Fig 4). Moreover, GIn91
is also highly conserved in the bioinformatic analysis which is speculated to act as an oxyanion

hole to facilitate the hydrolysis of ubiquitin chains.
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To test the hypothesis, plate-based readouts, such as Ub-RhoG and Ub-KG-TAMRA, are not
suitable because SnVTD does not cleave them and thereby will not give any signal for inter-
pretation. To overcome this drawback but also achieve continuous readout, fluorescence reso-
nance energy transfer (FRET) assay using Lys6-linked diUb substrate of which proximal and
distal ubiquitin molecules are labeled with a pair of FRET donor and acceptor fluorophores
respectively might offer another option for quantitative analysis!?*°. However, such FRET sub-
strates include two additional fluorophores which might be interfered with enzymatic cleavage

to hinder proper data interpretation.

The cleavage assay using natural Lys6-linked diUb as substrate was selected. Previous effort
has led to the assembly of Lys6-linked diUb protein by E3 ligase NleL!!??l. The gel-based assay
could be used for validating the key residues in Sn"VTD by introducing corresponding muta-
tions. Although the gel-based readout is not as continuous as the plate-based assays, it still
provides straightforward comparison of the effects on the cleavage activity between different

mutants.

According to the aforementioned structural analysis as well as sequence alignment of various
VTDs, all three putative catalytic triads as well as GIn91 were mutated to alanine. Lys6-linked
diUb substrate was mixed with wildtype and mutant SnVTDs individually at 37°C. The reac-
tions were then analyzed at three time points. Coomassie stains of the gel showed that wildtype
SnVTD cleaved diUb efficiently in a time-dependent manner while all the four mutants could
not cleave substrate any more since their catalytic sites were destroyed (Fig 3.12.A). The ex-

perimental data were consistent with the structural analysis and bioinformatic alignment.

After successful validation of the residues in the catalytic site, hydrophobic interaction between
Trp180 residue in SnVTD and I1e36 patch of the proximal ubiquitin was studied by replacing
tryptophan with serine which is not only significantly less bulky than tryptophan, but also con-
tains a hydrophilic hydroxyl to abolish the hydrophobic interaction. Apart from the hydropho-
bic Trp180 residue, Tyr92 which serves as a recognition element for specific binding to Lys6-
linked diUb through n-r stacking was substituted with a hydrophilic aspartate or milder serine
residue. In the same reaction condition for studying catalytic mutants, mutant SnVTDs bearing
Y92D, Y92S or W180S individually were incubated with diUb substrate. Strikingly, single
mutation on either position 92 or 180 can abolish the deubiquitinating activity of SnVTD which
validated the importance of these two hydrophobic residues for recognizing and cleaving Lys6-
linked polyubiquitin chains specifically in line with the aforementioned structural analysis (Fig

3.12.B). Although the roles of Lys6 linkage specificity of SnVTD in infection biology remain
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poorly understood, the key residues Tyr92 and Trp180 are the hotspots which might be specif-
ically targeted by potential small molecule inhibitors. These small molecule inhibitors would

act as versatile tools since genetic interruption might not be feasible in an infection model.

After structural and experimental validation of two key residues involved in molecular recog-
nition at the proximal ubiquitin binding site, the distal ubiquitin was analyzed as well to find
other key interactions which might promote the linkage preference of SnVTD. The distal ubig-
uitin interacts intensively with SnVTD through its long C-terminal tail which enters into the
catalytic center for cleavage upon recognition of the proximal ubiquitin by SnVTD (Fig 3.12.C).
Surrounding the C-terminal tail, two acidic residues in SnVTD are involved in strong interac-
tion with ubiquitin through hydrogen bonds. The carboxylic acid moiety on the Asp224 side
chain coordinates with two positively charged Arg42 and Arg72 residues through two hydro-
gen bonds (Fig 3.12.C). The other acidic residue Glu317 does not form hydrogen bond with
any moieties on side chain, but with the backbone amide moiety of Leu73 to enhance the bind-
ing affinity. Interestingly, Ser205 which is spatially close to the C-terminal glycine interacts
with the main chain of Thr9 in the proximal ubiquitin through a hydrogen bond (Fig 3.12.C).
This hydrogen bond reorients the hydroxyl group in Ser205 which might spare more space for

accommodating ubiquitin C-termini.

Besides hydrogen bonds at the interface of SnVTD and distal ubiquitin, the canonical patch
formed by Ile36, Leu71 and Leu73 residues in ubiquitin orchestrates a large hydrophobic
pocket which hosts the hydrophobic residue Pro196 in SnVTD (Fig 3.12.D). Another hydro-
phobic residue Leu200 which is adjacent to Pro196 is not involved in the hydrophobic interac-
tion because it is hindered by the hydrophilic side chain on GIn40 in the distal ubiquitin (Fig
3.12.D).

The hydrophobic interaction between SnVTD and distal ubiquitin is weaker than what has been
observed in the proximal ubiquitin binding site. In the distal ubiquitin binding site, only one
proline interacts with the Ile36 patch while in the proximal ubiquitin binding site, planar and
rigid tryptophan residue plays a key role in the hydrophobic interaction with the 1le36 patch.
Moreover, Tyr92 as another planar and rigid residue also makes contribution to the specific
recognition of Lys6-linked chains through a hydrophobic n-n stacking. Therefore, it is specu-
lated that the hydrophobic interactions in the proximal ubiquitin binding sites are responsible
for the specific recognition while hydrophobic interaction in the distal site affects the catalytic

cleavage.

79



On the basis of the structural analysis of the interface between SnVTD and the distal ubiquitin,
multiple mutations were introduced into SnVTD. Followed by the established Lys6-linked
diUb cleavage assay, deubiquitinating activities of these mutant SnVTD enzymes were inves-
tigated (Fig 3.12.E). Firstly, the hydrophobic interaction site was inspected. Pro196 in SnVTD
was substituted with a glutamic acid residue of which the hydrophilic carboxylic acid side chain
was proposed to disrupt the hydrophobic pocket. In comparison to wildtype, P196E mutant lost
its cleaving activity almost completely. A milder mutation was introduced at the same position,
namely P196S. Strikingly, this mutation did not lower the enzymatic activity significantly
which indicates that this mutation is tolerable for SnVTD. The same serine residue was intro-
duced to Leu200 which is slightly far away from the Ile36 patch. Interestingly, L200S mutant
cleaved diUb substrate efficiently which might be attributed to the new hydrogen bonding
formed between the newly introduced serine and GIn40 in the distal ubiquitin. This new hy-
drogen bond could boost the binding affinity and thereby maintain the cleaving activity. Two
acidic residues Asp224 and Glu317 were replaced with an alanine respectively. Consequently,
the deubiquitinating activity of D224 A mutant was completely abolished. while E317A mutant
was nearly inactive. Interestingly, SnVTD completely lost cleaving activity upon mutagenesis
occurred to Ser205 with a bulky tyrosine residue. There might be two major reason to explain
why SnVTD lost activity with the installation of S205Y mutation. Introduction of the tyrosine
residue could lead to the disassociation of the hydrogen bond between Ser205 and Thr9, though
tyrosine has a phenolic hydroxyl but the bulky phenyl ring might conflict with the Thr9 loop.
The second explanation is that bulky side chain could prevent the Lys6-linked isopeptide bond
from entering into the catalytic center. The proximity between isopeptide bond and catalytic
cysteine was hindered by the introduction of a bulky residue which led to the fact that SnVTD

would lose activity completely.

The interface between SnVTD and diUb was studied carefully with the combination of struc-
tural analysis and subsequent mutagenesis-based biochemical assays. Besides the close-up
view of how SnVTD interacts with Lys6-linked diUb with dedicated specificity, the overall
structural features of the conformation changes of diUb were also depicted (Fig 3.12.F). The
Ile36 patches in each ubiquitin were both highlighted in spheres which showed a stretched-off
conformation compared to Lys6-linked diUb which was crystallized alone!'*? (Fig 3.12.G).
Since SnVTD requires the proximal ubiquitin for activation to initiate the cleavage, proximal
ubiquitin molecules were fixed and these two structures were aligned based on the proximal

ubiquitin molecules (Fig 3.12.H). The superposition featured a substantial rotation of the distal
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ubiquitin upon binding to SnVTD. However, in the crystal structure of native Lys6-linked diUb,
Ile44 patch in the proximal ubiquitin and Ile36 patch in the distal ubiquitin interact with each
other through the exclusive hydrophobic interaction in the solvated state. On the basis of this
hydrophobic interaction, Lys6-linked diUb displayed a compact conformation in its crystal
structure (Fig 3.12.G).

In contradictory to the compact diUb, diUb from the complex structure with SnVTD showed
an open conformation with a stark structural shift. The hydrophobic I1e36 patch in the distal
ubiquitin was not used for interacting with the proximal ubiquitin, but for accommodating the
hydrophobic Pro196 in SnVTD. When the open conformation was achieved, the isopeptide
bond could be finally accessible by the catalytic center for further processing. Such huge con-
formational changes in the diUb chains have been previously observed in other DUBs, such
LotA and USP30!!* 2151 Crystal structure of LotA bound to Lys6-linked diUb showed that
Phe4 patch in the proximal ubiquitin was involved in a hydrophobic interaction but not through
a hydrophobic n-n stacking. Moreover, USP30 interacts with Phe4 patch through several hy-
drophobic residues, including a planar and rigid tryptophan, but does not form a n-w stacking.
The feature that Tyr92 in SnVTD forms n-n stacking interaction with Phe4 patch in ubiquitin
might be the fundamental reason to explain why SnVTD favors Lys6-Inked polyubiquitin
chains but shows no any activity toward Ub-PA, Ub-AMC and Ub-KG-TAMRA due to lack
of driven force by Phe4 patch. In comparison to LotA and USP30, SnVTD requires stringent
n-m stacking through a planar residue to ignite its chain-cleaving activity. Unlike the P196S
mutant which still retained the activity of SnVTD, milder mutation with a serine on Tyr92 has
a fatal effect on the activity of SnVTD. Overall, the two hydrophobic interaction sites at the
proximal ubiquitin binding interface constitute of dual criteria for substrate selection to assure

the specificity.

Bioinformatic analysis of VTD sequences from various species can offer accurate prediction
of residues assembling the catalytic center, but detailed information for explaining their enzy-
matic activation mechanism and substrate specificity is still not available from the primary
sequences. Structural determination of VTD DUBs in complex with their substrates, either
solely distal ubiquitin, or both distal and proximal ubiquitin molecules would provide pano-
ramic analysis of interaction for subsequent experimental validation. Although AlphaFold pro-
vided predicted models, the accuracy of models remains challenging for solving phasing in
structural determination of some VTDs. Therefore, initial efforts to solve the structures of

VTDs utilized selenomethionine incorporation!!!?,
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WeVTD~Ub DrT1-VTD2
PDB ID: 8ADB { 9 PDB ID: 8ADD

Fig 3.13. Structural alignment of SnVTD and previously reported WcVTD in covalent complex with Ub-PA and
DrT1-VTD2 in apo form. A. Structural overview of WeVTD~Ub (PDB ID: 8ADB), of which WcVTD is shown
in yellow. al helix is annotated. B. Superposition of SnVTD~diUb and WcVTD~Ub. C. Superposition of
SnVTD~diUb and WcVTD~UDb where ubiquitin molecules are omitted for clarity. Y92 in SnVTD and equivalent
Y301 in WcVTD are highlighted. D. Crystal structure of apo DrT1-VTD2 (PDB ID: 8ADD) which is shown in
grey. The catalytic cysteine C322 is shown as sticks. E. Structural alignment of SnVTD~diUb and DrT1-VTD2.
F. Superposition of SnVTD and DrT1-VTD2 without diUb.
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So far, only two VTDs have been structurally characterized, namely WcVTD (UniProt ID:
D6YWYS5) and DrT1-VTD2 (UniProt ID: AOASM9QCCY7) in apo form. WcVTD is specific to
Lys6 linkage but possesses slightly weak activity toward Lys1 1-linked chains!!". DrT1-VTD2
is a recently identified DUB found in Danio rerio. As a eukaryotic DUB, DrT1-VTD2 cleaves
polyubiquitin chains with preference toward Lys11, Ly48 and Lys63 linkages!''%),

The apo and ubiquitin-bound structures of WcVTD have been both solved which provided the
structural basis for understanding how it interacts with distal ubiquitin. Although the structure
of diUb-bound WcVTD is not available, structural comparison of apo and Ub-PA-bound
WcVTD could provide some hints. It was speculated that a1 helix in WecVTD might determine
the specificity since it shifts significantly upon binding of the distal ubiquitin (Fig 3.13.A).
Structural alignment of WcVTD and SnVTD revealed explicitly that the long a2 helix of
SnVTD coordinate a cluster of several helices while WcVTD lacks this feature (Fig 3.13.B).
Since the existence of the helices, distal ubiquitin in the SnVTD structure has a stark rotation
compared to the ubiquitin in WcVTD. Sequence alignment implied that Tyr92 in SnVTD is
highly conserved in several VIDs. Structural overlay of SnVTD and WcVTD revealed that
Tyr92-equivalent residue Tyr301 in WcVTD sits next to al helix. Tyr92 is in compact for-
mation due to the interaction with proximal ubiquitin while Tyr301 is in a flexible position and
points outward which might reorient to interact with Phe4 patch upon binding with Lys6
polyubiquitin chains (Fig 3.13.C). Moreover, sequence analysis also revealed a long insertion
which is only owned by SnVTD and contains the hydrophobic residue Trp180 for interacting
with the [1e36 patch. Due to the dual hydrophobic interactions in the proximal ubiquitin binding
site, the linkage specificity of SnVTD was ensured at the expense of losing activity toward
mono-Ub-based reagents. However, why WcVTD has the capability of reacting with Ub-PA
but no activity against Ub-AMC substrate remains unclear. Further efforts into solving the

structure of WeVTD in complex with diUb would provide convincing explanation.

The structure of DrT1-VTD2 was presented as apo form (Fig 3.13.D). DrT1-VTD2 does not
have a long backbone helix from the structural overlay with SnVTD (Fig 3.13.E). When the
diUb was omitted, SnVTD showed good alignment with DrT1-VTD2 besides the featured hel-
ical cluster in SnVTD (Fig 3.13.F). However, the residue equivalent to Tyr92 in DrT1-VTD2
is a serine which could not strongly interact with Phe4 and thereby lead to the loss of linkage
specificity. As the first structure of VITD DUB in complex with diUb substrate, SnVTD~diUb-
3Br enabled explicit analysis of the proximal and distal ubiquitin binding sites. SnVTD might
be a powerful tool for studying Lys6 linkage, such as in the Ubi-CREST assay.
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3.9 Revisiting VITD DUBs and Exploring E2s

The decent reactivity of alkyl-bromide-based probes has been successfully validated by
SnVTD biochemically and structurally with a moderate linkage specificity. To further explore
the applications of these newly designed probes, other members from VTD family could be
tested though early effort to covalently trap WcVTD with alkyl-bromide-based probes failed.
Given that structural variations in VTDs are highly unpredictable, gel-based assay readout
could give comprehensive results of how these enzymes are interrogated by the probes. More-
over, E2 conjugating enzymes also use their catalytic cysteines to transfer activated ubiquitin
from E1 activating enzymes to E3 ligases for modifying specific substrates. If these probes

were active toward E2 enzymes, there will be broader applications for deep understanding of

the process of ubiquitin transfer.
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Fig 3.14. Exploration of alkyl-bromide-based probes for other VID DUBs. A. Gel analysis of NfVTD, SiVTD
and SIVTD incubated with the panel of diUb probes with three different linkages. B. Gel analysis of WcVTD?2,
DrT1-VTD2 and DrT2-VTD incubated with diUb probes. VIDs in covalent complex with probes are annotated
on the right side. Reaction conditions are listed below the gels.
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The probe panel of diUb-2Br and diUb-3Br consisting of Lys6, Lys48 and Lys63 linkages was
prepared for the assay with six previously reported VTD DUBs!!'!%. All the VTDs are generous
gifts from the Hofmann lab in Cologne. Detailed protocols for protein expression and related

purification were reported previously!!!?l.

NfVTD (UniProt ID: AOA6ASBFEY) is a protozoan DUB from Naegleria fowleri, which is
also commonly known as brain-eating amoeba. Biochemical characterization showed that
NfVTD can cleave three types of ubiquitin chains, including Lys6, Lys11 and Lys48, of which
Lys6 is the most favored linkage. However, one hour incubation with probes did not show any
covalent adduct formation (Fig 3.14.A). Previous bioinformatic study corroborated that
NfVTD shares similarity with other two fungal VIDs, SiVTD (UniProt ID: G4TM62) from
Serendipita indica, and SIVTD from Serpula lacrymans (UniProt ID: FSPCLYS) since they are
all Lys6-oriented VTDs!'!%!. In comparison with NfVTD, both SiVTD and SIVTD show even
more specific preference toward Lys6-linked chains. Unfortunately, neither SiVTD or SIVTD
could be covalently trapped by Lys6-linked diUb probes (Fig 3.15.A). Notably, none of NfVTD,
SiVTD and SIVTD could react with Ub-PA which implied another activation mechanism in-
volved in this cluster of VTDs different from SnVTD. This observation implied the complexity

of catalytic mechanism of VTDs are not synchronized evolutionarily.

Another set of VTDs were also tested by the probes. WecVTD2 (UniProt ID: D6YRI4) was
discovered from Waddlia chondrophila which also encodes WcVTD. WcVTD2 is biochemi-
cally similar to WcVTD with activity toward Ub-PA probe. In contrast to the Lsy6 preference
of WeVTD, WcVTD2 preferentially cleaves Lys48-linked chains, with weak activity against
Lysl11 linkage!''%. Lys63-linked diUb probes did not form covalent adducts with WcVTD2
(Fig 3.14.B). DrT1-VTD2 (UniProt ID: AOASM9PPM?7) was discovered from zebrafish He-
litron DrT1 as the second VTD domain. DrT2-VTD (UniProt ID: AOASM9QCS81) was identi-
fied from zebrafish Helitron DrT2. As Helitron-encoded VTDs, DrT1-VTD2 and DrT2-VTD
not only reacted with Ub-PA and NEDDS§-PA, but also cleaved Ub-AMC and NEDDS-
AMC!!Y They do not have strong linkage specificity. Therefore, gel-based analysis revealed
that DrT1-VTD2 can react with some probes including Lys48 and Lys63 probes but not Lys6
probes which is consistent with reported diUb cleavage results. Interestingly, DrT2-VTD can
be trapped with all probes but formed small quantity of products (Fig 3.14.B). This exploration
expanded the application of alkyl-bromide-based probes for characterizing the specificity of
VTDs. It is foreseeable that this panel of probes could be expanded to cover all seven linkages

for characterizing newly discovered DUBs.
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Fig 3.15. Exploring new applications of alkyl-bromide-based diUb probes on other DUBs and E2 conjugating
enzymes. A. M48 DUB incubated with probes and analyzed on gel. Covalent adducts are annotated. B. BPLF1
was tested with probes. Coomassie stains visualized the results as annotated on the right side. C. E2 enzyme
UBE2R1 was assayed with probes. D. UBE2V1A and UBE2N complex was tested with the covalent probes and
the reactions were resolved on gel. Ub-PA as positive control is annotated with an asterisk.

Followed by the test on VIDs, DUBs from viruses were assayed with the panel of substrates
using the same reaction condition. M48 is from herpesvirus and adopts a papain-like fold. Only
Lys48-linked diUb-3Br showed weak activity with M48 (Fig 3.15.A). However, M48 can
cleave at least Lys48 and Lys63 linkages'®*®), BPLF1 from Epstein-Barr virus was incubated
with the diUb panel and analyzed (Fig 3.15.B). BPLF1 was prone to form covalent adducts
with Lys6 and Lys48-linked diUb-3Br probes. This phenomenon indicated that the length of
linker might change the behaviors of probes and thereby both diUb-2Br and diUb-3Br should

be tested to achieve optimal labelling results.

Given that E2 enzymes all have a catalytic cysteine for ubiquitin transfer, UBE2B1 was tested
but did not show any covalent complex (Fig 3.15.C). The heterodimer of UBE2V1A/UBE2N
was assayed as well. No adducts were observed after one hour incubation (Fig 3.15.D). The
mild reactivity of the bromide-based warhead was not suitable for covalently capturing E2

enzymes. Optimization of the warhead with a better leaving group might be an option.
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3.10 Beyond DUBs

The development of alkyl-bromide-based probes has led to the successful investigation into the
newly identified SnVTD, which belongs to the eighth class of DUBs. So far, genome mining
is still limited in several species. Deeper and more systematic genome mining might lead to
discovery of previously unknown VTDs, for example from plants. The SnVTD~diUb-3Br
structure together with WcVTD, WcVTD~Ub-PA and DrT1-VTD2 would act as potential
search models or provide new training datasets for AlphaFold to generate more highly accurate
models for solving structures of other VIDs. Apart from focusing on the investigation into
cysteine-based DUBs, diUb probes might be employed to study some HECT E3s which usually
have a catatlytic cysteine for transferring activated ubiquitin. Previous reported Michael-ac-

ceptor-based diUDb probe has been successfully applied to study HECT E3 UBRS which prefers

to construct Lys48-linked polyubiquitin chains!!*",
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Fig 3.16. Application of alkyl-bromide-based diUb probes for capturing HECT E3s which have a catalytic cyste-
ine. A. Schematic illustration of ubiquitination process orchestrated by HECT E3 ligases. B. Schematic illustration
of polymerization of ubiquitin chains by HECT E3. C. The intermediate state of ubiquitination by HECT E3 can
be captured by alkyl-bromide-based probes. The crosslinked product of HECT E3 and diUb-3Br is shown. D.
Gel-based analysis of bacterial E3 NleL incubated with various diUb probes as well as Ub-PA and visualized by
Coomassie stains. E. Reactions of UBE3C with probes were resolved on gel. The reaction conditions are shown.

87



With the aid of covalent diUb probe, UBRS5 was modified with Lys48-linked diUb. The com-
plex structure was then visualized by Cryo-EM. This application implied that alkyl-bromide-
based probes might also be capable of trapping HECT E3s. The overall mechanism of HECT
E3s is based on their catalytic cysteine which delivers the E2-charged ubiquitin by forming an
active thioester as the first step. In parallel, HECT E3s can host a substrate of which a lysine
residue can attack the thioester intermediate to forge an isopeptide bond (Fig 3.16.A). Besides
isopeptide bonds formed by lysine residues, the N-terminal methionine can be also modified
by activated ubiquitin. This process can be iteratively performed for several rounds to generate
polyubiquitin chains (Fig 3.16.B). In some E3s, specific linkages can be achieved to form ho-
mogeneous polyubiquitin chains. This mechanism requires more structural information for
clarification. Besides HECT E3s, another type of E3s, RBRs also have a catalytic cysteine
using a similar mechanism to modify specific substrates and then polymerize ubiquitin chains.
Recent work focusing on the RBR-type E3 RNF216 has revealed its Lys63 linkage specificity
by structural determination of RNF216 in non-covalent complex with its diUb substratel!86],
The obtained structure informed how RNF216 achieve linkage specificity and guided further

validation experiments.

According to the successful application of Michael-acceptor-based diUb probe in UBRS, it is
hypothesized that alkyl-bromide diUb probes could also be reactive toward the catalytic cyste-
ine of HECT E3 to form a thioether-based complex (Fig 3.16.C). For HECT E3s with specific
linkage preference, HECT E3s might form some specific interaction to host proximal and distal
ubiquitin molecules to achieve desired linkages. To validate the hypothesis of alkyl-bromide-
based diUb probes for capturing HECT E3s, two in-house available E3s NleL. and UBE3C

were submitted for the gel-based assay.

NleL is a bacterial E3 with capability of constructing Lys6 and Lys48 linkages!!??!. NleL was
treated with excessive probes individually at 37°C for an hour. Gel analysis showed that Lys6
and Lys48-linked diUb probes reacted with NleL efficiently with clear band shifts over
NleL~Ub-PA complex. Slight off-target effects were also observed in the lanes of Lys63 diUb
probes (Fig 3.16.D). The second E3 was UBE3C which is responsible for Lys29 and Lys48
chain types. Since this enzyme is poorly active and prone to aggregate, buffer supplemented
with glycerol was used for the reactions. These reactions were performed for longer period
because of the low enzymatic activity. Gel analysis explicitly proved the selectivity of Lys48-
based probes (Fig 3.16.E). Moreover, diUb probes with other linkages can also be made on
demand for tailored study of other HECT or RBR E3s of interest.
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3.11 Summary

Polyubiquitin linkage-related cellular events are tightly regulated by dedicated E3 ligases and
DUBs. Structural determination of complexes between DUBs and their ubiquitin substrate is a
straightforward approach to visualize how the linkage specificities are achieved and modulated.
Advances in X-ray crystallography and Cryo-EM provides complementary options for struc-
tural determination of DUBs in complex with substrates. However, successful structural deter-
mination often requires covalent probes to capture DUBs to form a highly stable complex
which is usually beneficial for capturing the snapshot of catalysis. To clearly elaborate the
catalytic mechanism of linkage preferences in many DUBs, diUb-based probes armed with an
internal warhead provided valuable tools for trapping DUBs. Moreover, these probes could be
use as well for trapping E3s which use a catalytic cysteine for ubiquitin transfer from E2 to

their specific substrates.

In this chapter, diUb-2Br and diUb-3Br probes were designed based on the inspirations from
earlier design of mono-Ub-based probes!!®®!. Through the integration of organic synthesis and
protein chemistry, a panel of alkyl-bromide-based probes was assembled. These probes shown
good performance toward promiscuous USP2 and USPS8. Clear band shifts can be observed in
almost every probe. On the hunt for linkage-specific DUBs with the probes, several DUBs with
different linkage preference and origins are selected. ZUFSP was one of the selected enzymes.
It did not form covalent adducts with Lys63-linked diUb probes. Previous diUb cleavage data
implied that diUb might be a good substrate for ZUFSP which could explain why no covalent
complex was observed. Hence, further efforts to forge a tri or tetra-Ub probe armed with a

covalent warhead might be a solution to trap ZUFSP covalently.

Gel-based assays informed the selection of SnVTD. To fully unleash the potential of these
probes, SnVTD, a Lys6-specific DUB from the newly identified VTD family, was captured to
form a covalent complex. After successfully determining a high-resolution crystal structure of
SnVTD~diUb-3Br, the interface between SnVTD and diUb was explicitly visualized. Through
a detailed analysis of the binding interface between SnVTD and diUb, several potentially im-
portant residues in SnVTD which might be involved in specific recognition was mutated. The
obtained mutants were tested by a gel-based Lys6-linked diUb cleavage assay. The assay re-
sults suggested that SnVTD uses unique dual hydrophobic “locks” for its activation and recog-
nition of Lys6-linked polyubiquitin chains. This intriguing mechanism also highlighted the im-

portance of the development of novel diUb probes with internal warheads.
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Beyond DUBs, these probes were employed to capture HECT E3s NleL and UBE3C in a link-
age-specific manner. Since RBR E3s also have a catalytic cysteine for transferring ubiquitin,
continued exploration on these E3s with alkyl-bromide-based probes would expand the under-
standing of their linkage specificity. For those E3s with high molecular weight, Cryo-EM

would be an option for structural analysis of their linkage specificity.

In summary, the ambition to understand linkage specificity in DUBs has led to the development
of a panel of diUb-based probes with internal alkyl-bromide-based warheads. Three linkages
were prepared using an expedited method based on the photoinitiated thiol-ene addition. Due
to the facile preparation workflow, variants with an epitope tag could be installed for pull-down
assays and proteomics studies Applications of these probes will facilitate the understanding of

linkage specificity of DUBs and E3 ligases.
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4. DISCUSSION & OUTLOOK

The discovery of ubiquitin paved a new avenue for investigating the fate of proteins in cells.
The complexity of the ubiquitin system has dramatically expanded with the increasing discov-
ery of other ubiquitin-like modifiers as well as eight different linkages in the polyubiquitin
chains. The modifications of Ub/Ubls are reversibly controlled by a large class of enzymes
DUBs and ULPs. Similarly, the regulation of specific linkage is controlled by some unique
DUBs to modulate related downstream effects which are often involved in physiology and
pathology. This thesis focused on the tool development for studying two layers of specificities
in DUBs/ULPs. The first layer of specificity was the modifier specificity in DUBs/ULPs, of
which various DUBs/ULPs were investigated with a panel of natively prepared substrates in a
quantitative manner. The second layer of specificity was the linkage specificity which was
studied with newly designed diUb probes with internal covalent warheads. The general goals
of this thesis are to investigate the modifier specificities of DUBs/ULPs quantitatively as well
understand the mechanism linkage specificity with novel diUb covalent probes for structural
determination. The integrated platform would facilitate drug development and provide struc-

tural insights into mechanistic studies of DUBs/ULPs.

4.1 Modifier Specificity from a Biochemical Perspective

Over the past four decades, studies focusing on DUBs/ULPs are heavily dependent on Ub/Ubl-
based substrates, especially fluorogenic substrates which are quenched and conjugated to
Ub/Ubls. Triggered by DUBs/ULPs, substrates were cleaved over time and the released fluor-
ophores can be excited by light and then emit fluorescence which can be detected and analyzed
quantitatively. The major drawback in this type of substrates is the linkage between C-termini
of Ub/Ubls and fluorophores, which is an artificial amide bond instead of a natural isopeptide
bond. The artificial amide bond can be forged by intein chemistry after optimization of the
reaction conditions. However, forging the isopeptide bond is considerably difficult and usually
requires an auxiliary thiol group on the side chain of lysine. After functionalization, the thiol
group has to be removed by harsh condition, such as radical desulfurization which could dam-
age the natural conformation of proteins, especially some Ubls. Chemical synthesis in organic
solvents enabled the preparation of Ub/Ubl-KG-TAMRA as fluorescence polarization sub-
strates with the benefit of isopeptide linkage but could also lead to heterogeneity.

91



To avoid chemical synthesis and subsequent preparative HPLC purification workflow, the C-
terminus of ubiquitin was functionalized by intein chemistry to form ubiquitin hydrazide as a
stable intermediate. In aqueous buffer, ubiquitin hydrazide was treated subsequently by sodium
nitrite and citric acid. The latter two formed nitrous acid which is able to oxidize the C-terminal
tail of ubiquitin hydrazide to unstable intermediate ubiquitin acyl azide. KG-TAMRA was then
added into the in sifu generated ubiquitin acyl azide to form an isopeptide bond. This protocol
was applied to other Ubls, including SUMO1, SUMO2, FUBI, ISG15(CTD) and NEDDS. For
each substrate, two-step purification methods were customized to give pure final products. It
is worth further exploring the purification to generalize the protocol. Coarse purification by
size-exclusion chromatography can be performed first to remove excessive small molecule,
especially free KG-TAMRA which is the major impurity during following ion exchange puri-
fication. Secondly, fine purification could be achieved by hydrophobic interaction chromatog-
raphy since the installation of KG-TAMRA significantly changed the hydrophobicity of the

entire molecule.

The fluorescence polarization substrates were used to characterize the substrate specificity of
USPL1, an atypical member in USP family. Quantitative analysis of USPL1 with fluorescence
polarization substrates revealed 25-fold selectivity of SUMO2 over SUMO1 while fluorogenic
substrates reported a selectivity ratio of 5 folds. To fully elaborate the mechanism of its modi-
fier specificity, two crystal structures of USPL1 in covalent complex with SUMO2/3 were
solved. Mutagenesis studies based on the structural analysis and bioinformatic mining could
provide convincing data for explaining the fundamental mechanism of modifier specificity in
USPL1. Notably, a similar work which reported a complex structure of USPL1 with SUMO2
was published earlier which was enabled by the release of AlphaFold!**!l. Further translation
of these biochemical data into cellular context would facilitate the understanding of the func-
tions of USPL1 toward SUMO2/3. For comparison, deSUMOlyases SENP1 and yeast ULP1
were also studied with the substrates quantitatively which both confirmed the homogeneity of

fluorescence polarization substrates.

After understanding the catalytic specificity of USPL1, an obsolete DUB UCHL3 was tested.
UCHLS3 was known for its dual specificity toward ubiquitin and NEDDS. By comparing the
data from fluorescence polarization assay and previously reported data based on Ub/NEDDS-
AMC fluorogenic substrates, a huge difference was observed. This comparison implied that
deNEDDylase activity of UCHL3 was underestimated. The dual roles of UCHL3 needs to be

clarified in cellular setting since NEDD8 regulates protein degradation indirectly.
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Human USP18 was investigated with Ub/ISG15(CTD)-KG-TAMRA substrates for the first
time. Interestingly, human USP18 showed lower enzymatic activity than mouse USP18 which
was investigated previously?*#l. This result implied the function of human USP18 might be
realized as a scaffold protein to coordinate protein-protein interactions!?*?!. Given that ISG15
is actively involved in immune response, cellular functions of USP18 as a deISGlyase or an

adaptor protein remain further elucidation.

Sequence alignment of Ub/Ubls revealed that ISG15 and FUBI are closely relevant (Fig 1.2.A).
Recent work using a FUBI-based covalent probe in combination with proteomics identified
two DUBs USP16 and USP36 with profound activity toward FUBI®®), With the aid of the panel
of fluorescence polarization substrates, USP16 and USP36 were validated as deISGylases
which means they are the first DUBs with triple specificities. This expanded the complexity of
their enzymatic functions in cellular environment. How they cleave different substrates upon
different stimulation needs to be deeply investigated. Notably, USP16 was also recently dis-
covered as a delSGylase through proteomics!?®®!. USP5 was also reported as a delSGylase.
However, the profile of modifier specificity of USP5 remains unclear which could be further

tested with the panel of fluorescence polarization substrates.

The method for preparing fluorescence polarization substrates natively provided homogenous
assays to distinguish the modifier specificities of DUBs and ULPs. As isopeptide-bond-based
reagents, they are structurally close to the natural substrates. Several DUBs/ULPs were selected
for quantitative studies. Given that DUBs/ULPs have more than 100 members, there is still a
lot of space for exploration using isopeptide-bond-linked substrates. Moreover, the substrates
can be prepared in a larger quantity for high-throughput screening campaign to discover novel

modulators targeting DUBs/ULPs.

4.2 Further Exploration of Other Modifiers?

This work presented only six Ub/Ubl functionalized with KG-TAMRA fluorophore at their C-
termini. There are still more than 10 Ubls for exploration using Ubl hydrazide as starting ma-
terials for C-terminal functionalization. Installation of a covalent warhead at C-termini of Ubls
would enable discovery of corresponding proteases by proteomics. Since some Ubls are very
fragile and sensitive to oxidation, C-terminal functionalization is a challenging task. The classic
intein-based functionalization usually takes several hours to days which could cause heavy

oxidation and subsequent aggregation of Ubls!®®,
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Fig 4.1. Proposed route for functionalization of FAT10. A. Sequence alignment of mature ISG15 and FAT10.
Secondary structure of FAT10 is annotated according to a structure of FAT10 (PDB ID: 7PYV). B. Proposed
synthetic route for preparing covalent probe FAT10-PA which might reduce protein precipitation.

FATI10 is a notorious protein which is prone to form aggregation due to its C-terminal cysteine
residues?*]. So far, how FAT10 is attached to its substrates has been intensively studied which
led to the identification of corresponding conjugating enzymes!?**. However, which proteases
are responsible for cleaving FAT10 remains understudied. FAT10, similar to ISG15, has two
Ubl domains (Fig 4.1.A). FAT10 has two cysteine residues adjacent to its terminal diGly motif
which could form oxidation and aggregation. If FAT10 is prepared from a fusion protein with
intein and chitin-biding domain, FAT10-MesNa could be obtained. Functionalization with a
PA warhead is usually time-consuming which might not be compatible with FAT10 stability.
Alternatively, FAT10-MesNa could be immediately transformed into FAT10 hydrazide with
excessive hydrazine which will be further functionalized by nitrous acid (Fig 4.1.B). Since the
cysteine residues will be nitrosylated as well, excessive TCEP could reverse the nitrosylation.
The anticipated route would provide opportunity to obtain FAT10-based probes for discovering
related proteases in cells. Alternatively, FAT10-KG-TAMRA might be prepared. Previously
reported deISGylases can be tested with this substrate. Moreover, this method could be further
optimized and adapted for other understudied Ubls to characterize other previously unknown

ULPs.
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4.3 Unmet Needs for Studying Linkage Specificity

The second layer of ubiquitin specificity investigated in this thesis was linkage specificity
which was enabled by designing novel diUb-based covalent probes. Previously reported diUb
probes with various internal covalent warheads have not been widely applied for studying
DUBs because of difficulties in synthesis. Recent discovery of VTD DUBs showed that some
of them possess high linkage specificity. To understand the specificity mechanism of VTDs,
novel diUb probes with differential trapping mechanism are necessary for structural biology
work. In this thesis, two types of novel diUb-based probes were designed. Notably, preparation
of these probes does not require either special equipment or extensive training in solid phase

peptide synthesis.

Alkyl-bromide-based diUb probes were designed with the inspiration from Ub-2Br and Ub-
3Br probes which are based on nucleophilic substitution to capture catalytic cysteine of DUBs.
Therefore, the newly designed diUb probes were named as diUb-2Br and diUb-3Br respec-
tively. The probes were prepared semisynthetically in two steps. The first step is to introduce
warhead into distal ubiquitin. The resulting intermediate has a terminal alkene which can be
conjugated with the mutated cysteine in proximal ubiquitin to form an isopeptide-like linker
by photoinitiated thiol-ene addition. Since the probes are used for covalent trapping which does
not require high purity as long as there is no interference with the covalent reaction with cata-
lytic cysteine by side products, size-exclusion chromatography was used for purification. Alt-
hough there were still some impurities in the final products, they are inert as lacking in covalent
warheads. Three different linkages were prepared for screening of DUBs. Initial screening in-
cluded Lys63-specific ZUFSP, Lys48-specific Mug105, Lys6-specific WeVTD and SnVTD.
SnVTD formed covalent adducts with the probes. Therefore, the purified adduct of SnVTD
with diUb-3Br was further characterized and crystallized. With the assistance of diUb binding,
SnVTD~diUb-3Br showed significantly increased stability in the thermal shift assay. The crys-
tal structure was solved and analyzed. Biochemical validation found that SnVTD utilized two
hydrophobic interactions to recognize Lys6-linked polyubiquitin and initiate the cleavage.
These unique hydrophobic interactions explained that SnVTD cannot cleave mono-Ub-based

substrates since they cannot occupy the proximal binding site in SnVTD.

Although diUb cleavage assay provided solid evidence to analyze which residues are actively
involved in the binding and cleavage, mutations on ubiquitin would provide more evidence

reciprocally. Moreover, FRET assay would be another choice for monitoring the cleavage by
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SnVTD variants in a quantitative manner. SnVTD as a Lys6 specific DUB can be used as a
powerful tool for UbiCrest assay to analyze ubiquitin chains. The alkyl-bromide-based probes
were able to trap HECT E3s as well. Further test on RBR E3s is necessary to broaden their

applications.

Apart from polyubiquitin linkage specificity, ubiquitination on histone attracts a lot of research
efforts. Recent studies using Cryo-EM elaborated the structural basis of H2AK119 specificity
of BAP12%: 236 Moreover, Cryo-EM was also used to investigate how USP16 cleave
H2AK 119 ubiquitin!>*7). In theory, the established method for preparing diUb probes can be
optimized to generate ubiquitinated histone which bears a covalent warhead in the linker. Given
that cysteine is not present in most histone H2A or H2B, site specific incorporation of a ubiq-
uitin armed with an alkyl bromide warhead is feasible. The resulting probes can be used to

covalently trap DUBs that cleave ubiquitin on histone.

Collectively, this thesis established two assay platforms for studying modifier specificity of
DUBSs/ULPs and linkage specificity of DUBs. The semisynthetical methods used in this thesis
can be further employed for modifying other protein of interest. The combined platforms would
facilitate the deeper understanding of DUBs/ULPs biochemically and structurally which will

be beneficial for translational research in cell biology as well as drug research and development.
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5. MATERIALS & METHODS

5.1 Chemistry: General Methods

Reagents and solvents were purchased from commercial resources and used without further
purification. LC-MS was measured on an Agilent 1260 UPLC coupled to an MSD mass ana-
lyzer (single quadrupole) equipped with an electrospray ionization (ESI) source. 'H and *C
NMR spectra were recorded on Bruker AV 500 Avance III HD, AV 600 Avance III HD,
Avance NEO 600 or AV 700 Avance III HD spectrometers. The chemical shifts of all spectra
are specified in ppm and were referenced to the respective solvent peaks where possible. Thin-
layer chromatography was carried out using silica gel aluminum plates (silica gel 60 GF254,
Merck). Column chromatography was performed on silica gel (200-300 mesh). Preparative
reverse phase (RPLC) purification was performed using an 1260/1290 Infinity II series system
(Agilent, for high pressure purification) or a Pure C-850 system (Biichi, for medium pressure
purification) equipped with a VP125/21 Nucleodur C18 Gravity column (5 pm, Macherey
Nagel) and solvents as specified (mobile phase A: H20 supplemented with 0.1% TFA, mobile
phase B: acetonitrile supplemented with 0.1% TFA). High resolution mass spectrometry data

were measured on an LTQ Orbitrap (Thermo Fisher).

5.2 Chemical Synthesis of Fluorophores

1.) Boc-glycine, HATU,

H H
N 0 N
DIEA, DMF HoN NH,
AN S 00eR S
e ——
2.) TFA/DCM 0
09% Q 2x TFA

1.) conc. Hy;SO4 (¢}
2.) TFA anhydride, HoN

.
o NH; 2G-Rh
o NH2 pyridine, DCM : o
41% P ci
6 + —_— —
3.) KoCOs, COOH
OH MeOH/H,0 1.) Boc,0, NaH, DMF
o 25% 22%
2.) Boc-glycine, HATU, HoN o H
Rhodamine110 DIEA, DMF 2 \n/\NHz
51% 5
S EEE— ]
0

3.) HCI, dioxane / H,O 2x TFA
45%

(0]
RhoG

Scheme 5.1. Rhodaminel10 was prepared as shown, and then converted into 2G-Rho for fluorogenic substrate
generation (upper path) and into RhoG for signal normalization (lower path).
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Scheme 5.2. Synthesis of 5-TAMRA and 5-TAMRA-SE.

Solid phase synthesis

1.) 20% piperidine 1.) 20% piperidine
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2.) Fmoc-Lys(Boc)-OH, 2.) 5-TAMRA-SE, prep-HPLC
HATU, DIEA, DMF DIEA, DMF 8.4%

KG-TAMRA

Liquid phase synthesis
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Scheme 5.3. Preparation of free KG-TAMRA for fluorescence polarization substrate generation. While the com-
pound (referred to as TAMRA-Lys-Gly) has been referenced!'®" and used widely™* 238239 4 procedure for its
synthesis as well as characterization data have not been reported. Two synthesis routes were explored: Through
solid phase peptide synthesis (upper) as well as a solution phase route (lower).

Rhodamine 110
H,N o Nﬁz
L T«
O COOH

Rhodamine 110

Synthesis of free Rhodamine 110 was performed according to a previously reported proce-
dure®* with some modifications kindly suggested by Luke Lavis (personal communication).
In a round-bottom flask, phthalic anhydride (15.0 g, 101.2 mmol, 1.0 eq) and 3-aminophenol
(18.8 g, 172.1 mmol, 1.7 eq) were dissolved in 75 mL concentrated sulfuric acid and heated at
180 °C for 5 h. Then the reaction mixture was poured into crushed ice, and subsequently diluted

with water and concentrated ammonia solution. The mixture was kept at 4°C overnight and
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filtered. The filtrate was refluxed in 1 M HCI (400 mL) for 20 min and then hot filtered. The
crude solution was allowed to stand at 4°C for 40 h. The solid was filtered and dried in the
oven to afford crude Rhodamine 110 as a black solid (27 g). To further purify Rhodamine 110,
trifluoroacetic anhydride was used to protect the amines. To a solution of crude Rhodamine
110 (330 mg, 1.0 mmol, 1.0 eq) in dichloromethane (CH2Cl>), trifluoroacetic anhydride (0.524
mL, 3.8 mmol, 3.8 eq) and pyridine (0.3 mL) were added at room temperature, and it was
stirred for 3 h. The reaction mixture was extracted with CH2Clz, dried over MgSOa, and puri-
fied by silica column using petroleum ether (PE)/ethyl acetate (EtOAc) = 6:1 as eluant to give
the product as an orange solid (200 mg, 41% yield). To a solution of TFA-protected Rhodamine
110 (110.8 mg, 0.21 mmol, 1.0 eq) in methanol (MeOH), potassium carbonate (785.8 mg, 5.69
mmol, 27 eq) in 2 mL water was added and stirred overnight at room temperature. The reaction
was then quenched with concentrated HCI and filtered. The filter cake was washed with cold
water. The solid was dried at 60°C overnight to give a purple solid (20.8 mg, 25.4% yield).
ESI-MS: m/z for C20H1sN203" [M+H]" caled: 331.1, found: 331.1; 'H NMR (700 MHz,
DMSO-ds) 6 13.11 (s, 1H), 8.20 (d, J=7.8 Hz, 1H), 8.06 (s, 4H), 7.85 (td, J=17.5, 1.1 Hz, 1H),
7.78 (t,J=8.2 Hz, 1H), 7.43 (d,J= 7.4 Hz, 1H), 7.04 - 6.91 (m, 2H), 6.90 - 6.73 (m, 4H).

Bis-BocGly-Rhodamine 110
H H
BocHN/\n/N ° N\n/\NHBoc
0 0
O

To a solution of Boc-glycine (524.4 mg, 3.0 mmol, 6.0 eq) were added HATU (1.14 g, 3.0
mmol, 6.0 eq) and DIEA (1.56 mL, 9.0 mmol, 9.0 eq) in DMF (5 mL), and it was stirred for

(0]

30 min. Then Rhodaminel10 (183.0 mg, 0.5 mmol, 1.0 eq) was added and it was stirred over-
night. The reaction mixture was diluted with 1 M HCl, extracted with EtOAc and the combined
organic phases were dried over MgSQOas. The filtrate was concentrated and purified on silica
column (CH2Clo/MeOH = 20:1) to give an orange solid (133.9 mg, 41.5% yield). ESI-MS: m/z
for C34H37N4O9" [M+H]" calcd: 645.3, found: 645.2; 'H NMR (500 MHz, DMSO-ds) § 10.26
(s, 2H), 8.03 (d, J=7.6 Hz, 1H), 7.83 (d, J = 1.8 Hz, 2H), 7.82 - 7.77 (m, 1H), 7.73 (t,J = 7.4
Hz, 1H), 7.29 (d,J = 7.6 Hz, 1H), 7.17 (dd, J = 8.7, 2.0 Hz, 2H), 7.10 (t, /= 6.1 Hz, 2H), 6.75
(d,J=8.7Hz, 2H), 3.73 (d, /= 5.9 Hz, 4H), 1.39 (s, 18H).
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Bis-Gly-Rhodamine 110 (2G-Rho)

H H
N o N
P
o) 0

Q O o TFA

6}
2G-Rho

To a solution of bis-BocGly-Rhodamine 110 (506.5 mg, 0.79 mmol) in THF (10 mL), 50%
TFA in CH2Cl2 (15 mL) was added slowly at 0°C. The reaction was moved to room tempera-
ture and stirred overnight. The solvent was removed under reduce pressure to give the final
product as an orange solid (660.5 mg, 99.2% yield). ESI-MS: m/z for C24H21N4Os" [M+H]"
caled: 445.2, found: 445.2; '"H NMR (500 MHz, D20) § 8.09 - 8.01 (m, 1H), 7.79 - 7.69 (m,
2H), 7.40 (d, J = 8.2 Hz, 2H), 7.17 (d, J= 6.5 Hz, 1H), 7.08 - 6.99 (m, 2H), 6.77 (dd, J = 10.4,
4.3 Hz, 2H), 3.94 (s, 4H).

mono Boc-protected Rhodamine 110

H,N ! o ! NHBoc
O

To a solution of Rhodamine 110 (200 mg, 0.55 mmol, 1.0 eq) in anhydrous DMF (10 mL) was

(0]

added NaH (60% in mineral oil, 43.6 mg, 1.1 mmol, 2.0 eq) slowly over a period of 5 min. The
resulting mixture was stirred for 1 h, then di-terz-butyl dicarbonate (Boc20O, 101.2 mg, 0.46
mmol, 0.84 eq) was added and the mixture stirred at ambient temperature for 2 days. The reac-
tion was quenched with acetic acid (1 mL) and water (5 mL). The mixture was diluted with
EtOAc (50 mL) and washed with water and brine. The organic layer was dried over Na2SOs,
filtered, and concentrated in vacuo. The resulting crude product was purified on silica column
chromatography (PE/ CH2Cl2/EtOAc = 4:4:2) to give the title compound as an orange solid
(52.7 mg, 22.3% yield). ESI-MS: m/z for C2sH23N20s" [M+H]" caled: 431.2, found: 431.2; 'H
NMR (700 MHz, DMSO-ds) 6 9.64 (s, 1H), 7.97 (d, J= 7.7 Hz, 1H), 7.78 (td, J= 7.5, 1.0 Hz,
1H), 7.73 - 7.68 (m, 1H), 7.51 (s, 1H), 7.23 (d, J=7.7 Hz, 1H), 7.08 (dd, /= 8.7, 2.0 Hz, 1H),
6.58 (d, J=8.7 Hz, 1H), 6.43 (d, J = 2.0 Hz, 1H), 6.36 (d, J = 8.6 Hz, 1H), 6.32 (dd, J = 8.6,
2.0 Hz, 1H), 5.65 (s, 2H), 1.48 (s, 9H).
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Dual-Boc-protected Gly-Rhodamine 110

H
BocHN (0} N\n/\
NHBoc
Ly
O

To a solution of Boc-glycine (36.6 mg, 0.21 mmol, 1.0 eq) in DMF were added HATU (106.0
mg, 0.28 mmol, 1.3 eq) and DIEA (0.49 mL, 0.28 mmol, 1.3 eq) and it was stirred for 30 min.

(0]

Then mono Boc-protected Rhodamine 110 (30.0 mg, 0.70 mmol, 3.3 eq) was added and stirred
overnight. The reaction was extracted with EtOAc and dried over MgSOa. The filtrate was
concentrated and purified on silica column (PE/ EtOAc = 1:1) to give an orange solid (21.0 mg,
51.2% yield). HRMS: m/z for C32H34N30s" [M+H]" calcd: 588.2340, found: 588.2335; 'H
NMR (700 MHz, CDCls) 6 8.36 (s, 1H), 8.05 - 8.00 (m, 1H), 7.68 - 7.63 (m, 2H), 7.63 - 7.58
(m, 1H), 7.50 (s, 1H), 7.12 (d, J= 7.5 Hz, 1H), 7.04 (d, /= 8.4 Hz, 1H), 6.93 - 6.87 (m, 1H),
6.73 (d, J = 8.6 Hz, 1H), 6.69 (d, J = 8.6 Hz, 1H), 6.62 (s, 1H), 5.23 (t, /= 6.2 Hz, 1H), 3.93
(d, J= 6.1 Hz, 2H), 1.53 (s, 9H), 1.48 (s, 9H). *C NMR (176 MHz, CDCl3) § 169.68, 153.43,
152.49, 151.97, 151.89, 140.70, 135.27, 129.93, 128.80, 128.71, 126.47, 125.24, 124.05,
115.50, 114.35, 113.20, 108.00, 106.28, 82.69, 55.90, 29.85, 28.43.

Gly-Rhodamine 110 (RhoG)

H
HoN o N\n/\
NH,
LI
o
Q 2x TFA

(0]

To a solution of dual-Boc-protected Gly-Rhodamine 110 (17.0 mg, 0.29 mmol) in a round-
bottom flask in 1,4-dioxane (1 mL), 3 mL HCI (4 M in dioxane/H20) was added and stirred
overnight with protection from light. The solvent was evaporated in vacuo. The crude mixture
was purified by reverse phase HPLC. Pure fractions were pooled and lyophilized to give RhoG
as an orange solid (6.0 mg, 45.0% yield). HRMS: m/z for C22H1sN3O4" [M+H]" calcd: 388.1292,
found: 388.1296; '"H NMR (600 MHz, D20) & 8.19 - 8.15 (m, 1H), 8.15 - 8.10 (m, 1H), 7.82 -
7.78 (m, 2H), 7.45 (d, J=8.9 Hz, 1H), 7.43 - 7.39 (m, 3H), 7.00 (dd, /=9.3,2.0 Hz, 1H), 6.92
(d,J=1.9 Hz, 1H), 4.09 (s, 2H). *C NMR (151 MHz, D20) 6 172.33, 166.11, 163.12, 162.88,
161.25, 159.62, 154.65, 144.21, 133.21, 133.04, 131.54, 130.53, 130.44, 129.61, 129.57,
119.65, 118.06, 117.78, 117.28, 117.24, 115.35, 106.94, 97.82, 41 .41.
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4-(4-(Dimethylamino)-2-hydroxybenzoyl)isophthalic acid

Os_OH
OH O
(Ul

>N

| )

Synthesis of 5-TAMRA was based on the previous literature!**!. To a solution of 3-dimethyl-
aminophenol (6.86 g, 50.0 mmol, 1.0 eq) in toluene, 1,2,4-benzenetricarboxylic anhydride
(11.53 g, 60.0 mmol, 1.2 eq) was added and refluxed overnight. Product formation was ob-
served via TLC (CHCl3/MeOH/TEA = 85:10:5, Ry= 0.36) consistent to literature>*!. The re-
action was then cooled down and filtered. The filter cake was washed with toluene (50 mL x2),
then dissolved in 200 mL MeOH and refluxed for 10 min. 50 mL acetic acid was added into
the solution and evaporated under vacuum. The residue was dissolved in 100 mL MeOH and
refluxed for 2 h and then moved to 4°C overnight. The reaction was filtered, and the filter cake
was washed with cold MeOH to give the final product as a brown solid (1.94 g, 12% yield).
The product was used without further purification. ESI-MS: m/z for C17H1NOs" [M+H]", calcd:
330.1, found: 330.0. '"H NMR (500 MHz, DMSO-ds) § 12.38 (s, 1H), 8.48 (d, J= 1.6 Hz, 1H),
8.22 - 8.14 (m, 1H), 7.50 (d, J= 7.8 Hz, 1H), 6.80 (d, /= 9.1 Hz, 1H), 6.21 (dd, J=9.2, 2.5
Hz, 1H), 6.11 (d, J = 2.4 Hz, 1H), 3.01 (s, 6H).

5-TAMRA

COOH

5-TAMRA

To a round-bottom flask, 4-(4-(dimethylamino)-2-hydroxybenzoyl)isophthalic acid (1.94 g, 5.9
mmol, 1.0 eq) and 3-dimethylaminophenol (1.05 g, 7.7 mmol, 1.3 eq) were dissolved in DMF
(20 mL). Trimethylsilylpolyphosphate solution in chloroform (6 mL) was added and the mix-
ture was refluxed for 3 h. Solvents were removed in vacuo and the residue was dissolved in 5%
NaOH (20 mL) and stirred at room temperature overnight. The mixture was diluted with water
(75 mL) and the product was precipitated with concentrated HCI (5 mL). The solid was filtered
and washed with cold water (50 mL) and dried at 60°C overnight to give the 5-TAMRA as a
purple solid, 1.0 g, 39.5% yield. The product was then used directly for next steps without

102



further purification. ESI-MS: m/z for C2sH23N20s" [M+H]", calcd: 431.2, found: 431.0. 'H
NMR (700 MHz, DMSO-ds) ¢ 8.63 - 8.36 (m, 1H), 8.30 (d, /= 8.1 Hz, 1H), 7.40 (s, 1H), 6.61
(m, 6H), 3.01 (s, 12H).

5-TAMRA-SE

5-TAMRA-SE

To a solution of 5-TAMRA (86 mg, 0.2 mmol, 1.0 eq), DIEA (66 pL, 0.4 mmol, 2.0 eq) and
DMAP (49 mg, 0.4 mmol, 2.0 eq) in DMF (2 mL), disuccinimidyl carbonate (51 mg, 0.2 mmol,
1.0 eq) were added. The reaction was stirred vigorously for 6 h at room temperature and ana-
lyzed on TLC (CHCI3/MeOH/TEA = 85:10:5, product: Ry = 0.3). Diethyl ether (20 mL) was
added to precipitate the product. The solid was filtered, washed with EtOAc, CH2Clz, and a
small volume of cold MeOH and dried at 80°C to give the 5-TAMRA-SE as dark purple solid,
49 mg, 46.5% yield. 5-TAMRA-SE was used without further purification. ESI-MS: m/z for
C29H26N307" [M+H]", calcd: 528.2, found: 528.2.

Solid phase synthesis of KG-TAMRA

Fmoc-Gly Wang resin (Novabiochem, 100-200 mesh, 36 mg, 0.7 mmol/g) in a fritted syringe
was swollen with 5 mL DMF for 20 min. Then, 4 mL 20% piperidine in DMF was added and
the resin was agitated for 20 min. The resin was then washed with DMF, MeOH, CH2Cl> and
DMF (3x 5 mL of each) sequentially. A mixture of Fmoc-Lys(Boc)-OH (60 mg, 0.13 mol, 5.0
eq) and DIEA (30 pL, 0.26 mmol, 10.0 eq) in 3 mLL DMF was added into the syringe. HATU
(50 mg, 0.13 mmol, 5.0 eq) was added and the resin agitated for 1 h. The resin was then washed
as above and Fmoc was cleaved by 20% piperidine in DMF. The resin was then mixed with 5-
TAMRA-SE (39.8 mg, 0.08 mol, 3.0 eq) and DIEA (30 pL, 0.26 mmol, 10.0 eq) for 4 h in
DMF. The resin was then washed with DMF until the flow-through was colorless. The product
was cleaved off the resin by a mixed solution consisting of TFA/H2O/TIPS (95:2.5:2.5) for 30
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min. The product was finally purified on a preparative HPLC (Agilent) and lyophilized to give
the title compound as a dark-purple solid (1.5 mg, 8.4% yield). HRMS: m/z for C33H3sNsO7"
[M+H]", caled: 616.2766, found: 616.2762. 'H NMR (700 MHz, D20) & 8.52 (d, /= 1.8 Hz,
1H), 8.19 (dd, J=17.8, 1.8 Hz, 1H), 7.64 (d, /= 7.8 Hz, 1H), 7.21 (d, J=9.5 Hz, 1H), 7.20 (d,
J=9.5Hz, 1H), 6.88 (dd, J = 9.5, 2.3 Hz, 2H), 6.45 (s, 2H), 4.68 (dd, J = 8.5, 6.2 Hz, 1H),
4.12 - 4.04 (m, 2H), 3.14 (s, 12H), 3.07 (t, J = 6.54 Hz, 2H), 2.09 - 1.97 (m, 2H), 1.84 - 1.76
(m, 2H), 1.68 - 1.60 (m, 2H). 3C NMR (176 MHz, D20) § 174.36, 173.47, 170.58, 169.37,
163.08, 162.88, 157.26, 156.97, 156.92, 135.88, 135.05, 134.78, 130.79, 130.65, 130.28,
128.83,117.14,115.48, 113.98, 112.84, 96.05, 56.22, 54.42, 41.37, 39.95, 39.22, 30.51, 26.34,
22.21.

Tert-butyl  N?-(((9H-fluoren-9-yl)methoxy)carbonyl)-N°-(tert-butoxycarbonyl)-L-lysyl-
glycinate

NHBoc

0
H
N
FmocHN/dj \)1\04\
0

To a 100 mL round-bottom flask, Fmoc-Lys(Boc)-OH (1.406 g, 3.0 mmol, 1.0 eq), glycine
tert-butyl ester HCI (528 mg, 3.15 mmol, 1.05 eq), T3P (50% in DMF, 2.75 mL, 3.9 mmol, 1.3
eq) and DIEA (1.05 mL, 6.0 mmol, 2.0 eq) were dissolved in anhydrous DMF (30 mL). The
reaction was stirred at room temperature for 3 h and quenched by 20 mL H20. The reaction
was extracted with EtOAc (100 mL %3). The combined organic phase was washed with brine
(100 mL x3), dried over MgSOs, filtered, and concentrated in vacuo. The residue was further
purified on silica column (CH2Cl2/MeOH = 30:1) to give the title compound as a white solid
(970 mg, 55.6% yield). ESI-MS: m/z for C32H43N307Na" [M+Na]", caled: 604.3, found: 604.2.
"H NMR (600 MHz, CDCl3) 8 7.76 (d, J = 7.5 Hz, 2H), 7.60 (d, J = 6.8 Hz, 2H), 7.42 - 7.37
(m, 2H), 7.34 - 7.29 (m, 2H), 6.47 (s, 1H), 5.47 (s, 1H), 4.64 (s, 1H), 4.48 - 4.34 (m, 2H), 4.27
-4.14 (m, 2H), 4.00 - 3.85 (m, 2H), 3.19 - 3.01 (m, 2H), 1.96 - 1.48 (m, 4H), 1.46 (s, 9H), 1.43
(s, 9H), 1.41 - 1.23 (m, 2H). *C NMR (151 MHz, CDCl3) § 171.77, 168.77, 156.32, 143.96,
143.92, 141.45,127.86, 127.24, 125.25,120.12, 82.58, 79.33, 67.20, 54.88,47.31, 42.15, 40.02,
32.23,29.77, 28.58, 28.19, 22.54.
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Tert-butyl N°~(tert-butoxycarbonyl)-L-lysylglycinate

NHBoc

HZN/{H \)Ol\o/N\

To a 50 mL round-bottom flask, Tert-butyl N>-(((9H-fluoren-9-yl)methoxy)carbonyl)-N°-(tert-
butoxycarbonyl)-L-lysylglycinate (734 mg, 1.26 mmol, 1.0 eq) was mixed with 10% piperidine
in CH2Cl2 (8 mL). The reaction was stirred for 1 h. 10 mL PE/diethyl ether (1:1) was added.
The resulting mixture was filtered, and the organic phase was concentrated and purified on
silica column (CH2Cl2/MeOH = 20:1) to give the title compound as a white sticky solid (296
mg, 65.4% yield). ESI-MS: m/z for C17H34N30s" [M+H]", calcd: 360.2, found: 360.0. "H NMR
(600 MHz, CDCls) 6 7.72 (s, 1H), 4.59 (s, 1H), 3.98 - 3.88 (m, 2H), 3.42 (dd, /=7.9, 4.5 Hz,
1H), 3.16 - 3.04 (m, 2H), 1.89 - 1.82 (m, 1H), 1.77 (s, 2H), 1.60 - 1.53 (m, 1H), 1.52 - 1.48 (m,
2H), 1.47 (s, 9H), 1.43 (s, 9H), 1.42 - 1.34 (m, 2H). *C NMR (151 MHz, CDCl3) § 175.17,
169.32, 156.21, 82.27, 79.23, 55.08, 41.79, 40.31, 34.62, 30.02, 28.57, 28.21, 22.96.

(5)-2-(6-(dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)-5-((2,2,16,16-tetrame-
thyl-4,11,14-trioxo-3,15-dioxa-5,12-diazaheptadecan-10-yl)carbamoyl)benzoate

5-TAMRA (50 mg, 0.12 mmol, 1.0 eq) was dissolved in 4 mL anhydrous DMF, then Terz-butyl
NO-(tert-butoxycarbonyl)-L-lysylglycinate (50.1 mg, 0.14 mmol, 1.2 eq) and DIPEA (60.7 uL,
0.35 mmol, 3.0 eq) were added. After dissolving all components, HATU (48.6 mg, 0.13 mmol,
1.1 eq) was added and the mixture was stirred for 17 hours at room temperature. After full
conversion of 5-TAMRA, the solvent was removed under reduced pressure and the product
was purified by preparative medium pressure liquid chromatography eluting at 40-45 % solvent
B to give the crude product which was directly used for the next step. ESI-MS: m/z for
C4Hs4Ns5O00" [M+H]", calcd: 772.4, found: 772.4.
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KG-TAMRA

(S)-2-(6-(dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)-5-((2,2,16,16-tetramethyl-
4,11,14-trioxo-3,15-dioxa-5,12-diazaheptadecan-10-yl)carbamoyl)benzoate was dissolved in
1.5 mL CH2Cl2 followed by addition of 1.5 mL TFA. The reaction mixture was stirred at room
temperature until complete deprotection. After 90 minutes the reaction was diluted with CH2Cl2
and the solvent was removed under reduced pressure. KG-TAMRA was obtained as a purple
powder (64.9 mg, 76.0% yield over two steps) after purification by preparative HPLC and
lyophilization with virtually identical characteristics as specified above. ESI-MS: m/z for
C33H3sNsO7" [M+H]", caled: 616.3, found: 616.0. '"H NMR (700 MHz, D20) § 8.40 (d, J= 1.8
Hz, 1H), 8.13 (d, /= 7.9 Hz, 1H), 7.67 - 7.58 (m, 1H), 7.23 (d, J = 9.4 Hz, 1H), 7.21 (d, J =
9.4 Hz, 1H), 6.90 (dd, J=9.5, 1.9 Hz, 2H), 6.59 (s, 2H), 4.67 (dd, J = 8.6, 6.1 Hz, 1H), 4.07 -
3.98 (m, 2H), 3.17 (s, 12H), 3.07 (t, J = 7.5 Hz, 2H), 2.11 - 1.96 (m, 2H), 1.84 - 1.74 (m, 2H),
1.69 - 1.57 (m, 2H).

5.3 Chemical Synthesis of the Warhead for DiUb-2Br

Tert-butyl (2-oxopent-4-en-1-yl)carbamate (1)

0]

BOCHNM

1

To a solution of tert-butyl (2-(methoxy(methyl)amino)-2-oxoethyl)carbamate (806.0 mg, 3.69
mmol, 1.0 eq) in anhydrous THF (15 mL) at -78°C under the protection of Ar, allylmagnesium
bromide (1 M, 5.54 mL, 1.5 eq) was added dropwise over 10 min. The reaction was quenched
by saturated NH4Cl solution (10 mL) and the mixture was extracted by EtOAc (50 mL X3).
The combined organic phases were dried over anhydrous MgSOs, filtered and concentrated.
The resulting residue was further purified on silica gel column chromatography (PE/EtOAc =
5:1) to give the title compound as a colorless oil (368 mg, 1.85 mmol, 50% yield). Ryr= 0.34,
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(PE/EtOAc = 5:1). '"H NMR (500 MHz, CDCl3) & 5.90 (ddt, J=17.2, 10.2, 7.0 Hz, 1H), 5.26
- 5.16 (m, 2H), 4.06 (d, J = 4.4 Hz, 2H), 3.20 (d, J = 7.0 Hz, 2H), 1.44 (s, 9H). *C NMR (126
MHz, CDCl3) 6 203.76, 155.74, 129.41, 120.05, 80.07, 50.04, 45.23, 28.44. HRMS: m/z for
C1o0HsNO3* [M+H]" caled: 200.1281, found: 200.1283.

Tert-butyl (2-hydroxypent-4-en-1-yl)carbamate (2)
OH

BOCHNM

2

To a solution of compound 1 (330 mg, 1.66 mmol, 1.0 eq) in absolute EtOH (20 mL) at -78°C,
sodium borohydride (125 mg, 3.31 mmol, 2.0 eq) was added slowly. The reaction was stirred
at -78°C for 2 h and quenched by saturated NH4Cl solution (10 mL). The resulting mixture was
extracted with EtOAc (50 mL x3). The combined organic phase was dried over anhydrous
MgSOs4, filtered and concentrated. The resulting residue was further purified on silica gel col-
umn chromatography (PE/EtOAc = 2:1) to give the title compound as a colorless oil (144 mg,
0.72 mmol, 43% yield). Ry = 0.43, (PE/EtOAc = 2:1). 'H NMR (500 MHz, CDCls) § 5.86 -
5.76 (m, 1H), 5.18 - 5.14 (m, 1H), 5.13 (t,/=1.0 Hz, 1H), 4.92 (s, 1H), 3.75 (tdd, /= 7.7, 5.1,
3.2 Hz, 1H), 3.33 (d, J = 13.6 Hz, 1H), 3.04 (dd, J = 14.1, 7.5 Hz, 1H), 2.33 - 2.15 (m, 2H),
1.45 (s, 9H). 1*C NMR (126 MHz, CDCl3) & 134.00, 118.54, 79.74, 70.51, 39.35, 28.39, 28.00.
HRMS: m/z for C1o0H20NO3" [M+H]" caled: 202.1438, found: 202.1430.

Tert-butyl (2-bromopent-4-en-1-yl)carbamate (3)
Br

BocHN A~

3
To a solution of compound 2 (101 mg, 0.5 mmol, 1.0 eq) and carbon tetrabromide (182 mg,
0.55 mmol, 1.1 eq) in CH2Cl2 (4 mL), triphenyl phosphine (144 mg, 0.55 mmol, 1.1 eq) was
added slowly at 0°C. The reaction was then moved to room temperature until the TLC shows
completion. The reaction was concentrated in vacuo. The residue was added to hexane and
filtered. The filtrate was concentrated and further purified on silica gel column chromatography
(PE/EtOAc = 8:1) to give the title compound as a colorless oil (32.7 mg, 0.12 mmol, 25% yield).
Ry = 0.38, (PE/EtOAc = 8:1). 'H NMR (500 MHz, CDCls) § 5.83 (ddt, 1H), 5.21 - 5.12 (m,
2H), 4.97 (s, 1H), 4.11 (dt, J = 12.2, 7.8 Hz, 1H), 3.64 (ddd, J = 14.2, 6.4, 3.8 Hz, 1H), 3.33
(ddd, J=14.2,7.8,5.5 Hz, 1H), 2.69 - 2.53 (m, 2H), 1.45 (s, 9H). *C NMR (126 MHz, CDCl3)
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5 155.82, 134.08, 118.65, 79.96, 55.35, 47.07, 40.58, 28.48. HRMS: m/z for CsH1o0NO2" [M-
Br-butyl+H]" calcd: 128.0707, found: 128.0705.

1-bromobut-3-en-1-amine hydrochloride (4)

Cl Br
+
HSNM
4

In a 25 mL round-bottom flask, compound 3 (16 mg, 0.61 mmol) was mixed with HCI solution
in 1,4-dioxane (4 M, 2 mL) at 0°C. The reaction was then moved to room temperature and
stirred vigorously for 2 h. The solvent was removed under reduced pressure to give the title
compound as a white solid (12 mg, 0.60 mmol, 99% yield). 'H NMR (600 MHz, DMSO-d5s) &
8.24 (s, 3H), 5.80 (ddt, J=17.0, 10.3, 6.8 Hz, 1H), 5.23 - 5.15 (m, 2H), 4.35 (tt, /= 8.8, 4.5
Hz, 1H), 3.14 (dd, J = 13.8, 8.9 Hz, 1H), 2.75 (m, 1H), 2.64 - 2.54 (m, 1H), 2.53 - 2.51 (m,
1H). 3C NMR (151 MHz, DMSO-ds) & 133.96, 118.82, 51.24, 44.75, 40.06. HRMS: m/z for
CsHi17’BrN*, CsHii*'BrN* [M+H]" caled: 164.0070, 166.0049, found: 164.0072, 166.0049.

5.4 Chemical Synthesis of the Warhead for DiUb-3Br

Ethyl 3-((tert-butoxycarbonyl)amino)propanoate (5)
0

/\O)K/\NHBOC

5

To a solution of ethyl 3-aminopropanoate hydrochloride (1.54 g, 10.0 mmol, 1.0 eq) and tri-
ethylamine (2.8 mL, 20.0 mmol, 2.0 eq) in CH2Cl2 (30 mL), di-tert-butyl dicarbonate (2.62 g,
12.0 mmol,1.2 eq) was added dropwise at 0°C. The reaction was then moved to room temper-
ature and stirred overnight. The reaction was diluted and washed with brine (50 mL x3) and
the organic phases were combined and dried over anhydrous MgSOa4. The filtrate was concen-
trated in vacuo to give the title compound as a colorless oil (1.92 g, 8.8 mmol, 88% yield). 'H
NMR (500 MHz, CDCl3) 6 5.02 (s, 1H), 4.14 (q,J=7.1 Hz, 2H), 3.38 (q, /= 5.8 Hz, 2H), 2.50
(t,J=6.1 Hz, 2H), 1.42 (s, 9H), 1.25 (t,J= 7.1 Hz, 3H). *C NMR (126 MHz, CDCl3) § 172.64,
155.92, 79.45, 60.76, 36.22, 34.76, 28.50, 14.31. ESI-MS: m/z for C1oHi9NOsNa" [M+Na]"
calcd: 240.1, found: 240.2.
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Ethyl 2-(((tert-butoxycarbonyl)amino)methyl)pent-4-enoate (6)
O
-0 NHBoc

6

To a solution of compound 5 (660 mg, 3.0 mmol, 1.0 eq) in anhydrous THF (5 mL) at -78°C,
lithium bis(trimethylsilyl)amide (I M in THF, 6.1 mL, 2.0 eq) was added dropwise over 10
min. The mixture was stirred for 2 h followed by addition of allyl bromide (441 mg, 3.7 mmol,
1.2 eq) in anhydrous THF (5 mL) slowly. The reaction was stirred for 5 h at -78°C and moni-
tored by TLC and LC-MS. The reaction was quenched by saturated NH4Cl solution and ex-
tracted with EtOAc (30 mL x 3). The combined organic phases were dried over MgSOu, filtered
and concentrated. The residue was further purified on silica gel column chromatography
(PE/EtOAc =4:1) to give the title compound as a colorless oil (450 mg, 1.75 mmol, 58% yield).
Rr=0.31 (PE/EtOAc = 4:1). 'TH NMR (500 MHz, CDCl3) § 5.75 (ddt, J = 17.1, 10.1, 7.0 Hz,
1H), 5.13 - 5.03 (m, 2H), 4.87 (s, 1H), 4.16 (qd, J=7.1, 2.9 Hz, 2H), 3.44 - 3.34 (m, 1H), 3.30
-3.19 (m, 1H), 2.73 - 2.61 (m, 1H), 2.43 - 2.23 (m, 2H), 1.43 (s, 9H), 1.26 (t, J= 7.1 Hz, 3H).
BC NMR (126 MHz, CDCl3) & 174.46, 155.97, 134.66, 117.59, 79.50, 60.80, 45.35, 41.37,
34.17,28.52, 14.41. HRMS: m/z for C13H24NO4" [M+H]" calcd: 258.1700, found: 258.1693.

Tert-butyl (2-(hydroxymethyl)pent-4-en-1-yl)carbamate (7)
HO NHBoc

7
To a solution of compound 6 (257 mg, 1.0 mmol, 1.0 eq) in anhydrous THF (5 mL) under the
protection of Ar, LiBH4 (2 M in THF, 2.5 mL, 5.0 mmol, 5.0 eq) was added dropwise at 0°C
over 5 min. The reaction was then moved to room temperature and stirred overnight. The reac-
tion was monitored by TLC and quenched by saturated NH4Cl solution (10 mL). The mixture
was extracted with Et2O (50 mL x 3). The combined organic phases were washed with brine
(100 mL) and dried over anhydrous MgSOu, filtered and concentrated. The residue was purified
by silica gel column chromatography (PE/EtOAc = 4:1) to the title compound as a colorless oil
(176 mg, 0.82 mmol, 82% yield). Ry= 0.17 (PE/EtOAc = 4:1). 'H NMR (600 MHz, CDCl3) §
5.77 (ddt,J=17.1,10.1, 7.1 Hz, 1H), 5.11 - 5.01 (m, 2H), 3.59 (dd, /= 11.7, 4.1 Hz, 1H), 3.41
(dd,J=11.7,6.8 Hz, 1H), 3.32 (dd, /= 14.5, 4.0 Hz, 1H), 3.10 (dd, /= 14.5, 6.8 Hz, 1H), 2.12
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-1.92 (m, 2H), 1.74 - 1.65 (m, 1H), 1.45 (s, 9H). *C NMR (151 MHz, CDCI3) § 157.64, 136.48,
116.78, 80.13, 62.53, 41.46, 40.49, 33.59, 28.49. HRMS: m/z for C11H22NO3" [M+H]" calcd:
216.1594, found: 216.1587.

Tert-butyl (2-(bromomethyl)pent-4-en-1-yl)carbamate (8)

Br NHBoc

8

To a solution of compound 7 (176 mg, 0.82 mmol, 1.0 eq) in CH2Cl2 (20 mL), tetracarbon
bromide (298 mg, 0.9 mmol, 1.1 eq) and triphenyl phosphine (429 mg, 1.64 mmol, 2.0 eq)
were added. The reaction was stirred at room temperature until the starting material was fully
consumed. After evaporation of the solvent, silica gel column chromatography (PE/EtOAc =
5:1) was applied for purification to give the title compound as a colorless oil (65 mg, 0.23
mmol, 29% yield). Ry= 0.43 (PE/EtOAc = 5:1). "TH NMR (600 MHz, CDCl3) § 5.74 (ddt, J =
17.2,10.1, 7.2 Hz, 1H), 5.19 - 5.06 (m, 2H), 4.69 (s, 1H), 3.47 (m, 2H), 3.33 - 3.02 (m, 2H),
2.14 (t, J = 7.0 Hz, 2H), 2.00 (s, 1H), 1.44 (s, 9H). 3C NMR (151 MHz, CDCls) § 156.15,
135.12, 117.84, 42.90, 39.63, 36.54, 34.88, 28.53. HRMS: m/z for CiiH20”BrNO2",
C11H20*'BrNO2" [M+H]" calcd: 278.0750, 280.0730, found: 278.0746, 280.0723.

2-(bromomethyl)pent-4-en-1-amine trifluoroacetate (9)

Br IJ\rlH3 Os__CF,
| o
9

To a solution of compound 8 (60 mg, 0.22 mmol) in CH2Cl2 (4 mL), trifluoroacetic acid (2 mL)
was added. The reaction was stirred at room temperature for 2 h and evaporated in vacuo to
give the title compound as a white solid (46 mg, 0.16 mmol, 73% yield). "H NMR (700 MHz,
D20) 6 5.82 (ddt, J=17.3, 10.1, 7.0 Hz, 1H), 5.23 (d, /= 17.1 Hz, 1H), 5.20 - 5.17 (m, 1H),
3.65-3.55 (m, 2H), 3.12 (ddd, J = 55.5, 13.2, 6.4 Hz, 2H), 2.31 - 2.18 (m, 3H). 3C NMR (176
MHz, D20) 6 163.00 (d, J=118.3 Hz), 134.23, 118.31, 116.31 (q, J=291.7 Hz), 41.45, 37.11,
34.75, 34.15. HRMS: m/z for CéH13"BrN*, CsH13*' BrN* [M+H]" calcd: 178.02260, 180.0205,
found: 178.0228, 180.0204.
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5.6 Cloning, Protein Expression and Purification

Human USPLI1 catalytic domain constructs (residues 212-514 and 218-502) were cloned from
a cDNA template (coding sequence corresponding to UniProt: QSW0Q7) into the pOPIN-K
vector using the In-Fusion HD Cloning Kit (Takara Clonetech). Human SENP1 (residues 415-
644, UniProt: Q9POU3) and USP21 (residues 196-565, UniProt: Q9UKS80) were subcloned into
the pOPIN-B vector. Human UCHL3 (residues 1-229 in pOPIN-K, UniProt: P15374)1242,
USP36 (residues 81-461 in pOPIN-K, UniProt: Q9P275)1?4}), USP2 (residues 258-605 in
pOPIN-B, UniProt: 075604)12¥1 USP18 (residues 16-372 in pOPIN-B, UniProt:
QIUMWS)243] and USP7 (residues 1-1102 in pFL, UniProt: Q93009)*! were expressed and
purified as described previously. Human ubiquitin (residues 1-75 and 1-76, UniProt: POCG47)
was subcloned into pTXB1 and pET17b. Simkania negevensis SnVTD (residues 74-326, Uni-
Prot: F8LSE7) in pOPIN-K vector was generated from the Hofmann lab (University of Co-
logne)*). Ubiquitin (1-76) containing Lys to Cys mutations (Ub KxC) were generated based
on the wildtype Ubiquitin pET17b construct. Site-directed mutagenesis was performed using a

QuikChange protocol with Phusion Polymerase (M0530L, New England BioLabs).

For bacterial expression of USPL1, Escherichia coli Rosetta 2(DE3)pLacl cells (Merck) were
chemically transformed and grown in 2x TY medium with antibiotics at 37°C. When the optical
density at 600 nm (ODsoo) reached ~0.8, the culture was cooled down to 18°C for 1 h and
induced with 0.5 mM Isopropyl B-D-1-thiogalactopyranoside (IPTG). Cells were harvested af-
ter 12-16 h growth at 18°C by centrifugation at 4000 g for 10 min and purified immediately or
stored at -80°C for further purification. For purification of USPL1, cell pellets were thawed
and resuspended in binding buffer (50 mM sodium orthophosphate, 300 mM NaCl, 20 mM
imidazole, pH 8.0, 4 mM B-mercaptoethanol, supplemented with DNase I and lysozyme) and
lysed using ultrasonication. Cell debris was discarded by centrifugation and the pooled lysate
was filtered through a 0.45 um filter. The clarified lysate was applied to a HisTrap Ni-NTA
column (GE Healthcare) and then eluted by elution buffer (50 mM sodium orthophosphate,
300 mM NacCl, 500 mM imidazole, pH 8.0, 4 mM B-mercaptoethanol). Protein-containing frac-
tions were pooled, supplemented with His-3C protease, and dialyzed into binding buffer at 7°C
overnight. The sample was then passed through a Ni-NTA column. The flow-through was col-
lected and dialyzed into anion exchange low salt buffer (25 mM Tris, 50 mM NaCl, 4 mM
DTT, pH 8.5) at 7°C overnight. The sample was applied to a Resource Q column (GE
Healthcare) and purified with gradient elution from 50 to 500 mM NacCl. Pure fractions were

collected, concentrated to ~2-3 mL and further purified by size-exclusion chromatography
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(HiLoad 16/600 Superdex 75 pg, GE Healthcare) with SEC buffer (20 mM Tris, 100 mM NaCl,
4 mM DTT, pH 8.0). Fractions were analyzed on SDS-PAGE protein gels (NuPAGE 4-12%,
Invitrogen) which were stained by Coomassie stains (ab119211, Abcam). Final protein samples
were concentrated using 10K MWCO Amicon Ultra Filters (Merck Millipore), flash frozen in
liquid nitrogen and stored at -80°C.

SENP1 was purified using a similar protocol as for USPL1 with the exception that binding,
and elution buffers were adjusted to pH 7.6. The pooled fractions were digested by His-3C
protease and dialyzed into binding buffer (pH 7.6). The sample was passed through a Ni-NTA
column and the flow-through was collected, concentrated, and subjected to size-exclusion chro-
matography (HiLoad 16/600 Superdex 75 pg, GE Healthcare) with buffer (20 mM Tris, 100
mM NaCl, 4 mM DTT, pH 7.6). The final protein was concentrated, flash frozen in liquid
nitrogen and stored at -80°C. USP21 was purified using the same protocol for USPL1 except
for the SEC buffer which was supplemented with 5% glycerol.

Yeast ULP1 (residues 403-621 in pET19, UniProt: Q02724) was a kind gift from the Protein
Chemistry Facility (Max Planck Institute of Molecular Physiology Dortmund).

For purification of human SUMO1 (1-97, UniProt: P63165), SUMO2 (1-93, UniProt: P61956),
SUMO3 (1-92, UniProt: P55854), and SUMO3 pro-form (1-103), genes were subcloned into
the pOPIN-B vector and expressed in Rosetta 2(DE3)pLacl cells as above. The proteins were
purified on a Ni-NTA column as above. After His-3C cleavage, the proteins were passed
through a Ni-NTA column again. The flow-through was collected, analyzed on a gel, and used

without further purification.

To generate C-terminal thioesters (Ub/Ubl-MesNa), human Ub (1-75), Ub (1-76), SUMOI (1-
96), SUMOL (1-97), SUMO?2 (1-92), SUMO?2 (1-93), AN-SUMO2 (18-92), SUMO3 (1-91),
NEDDS (1-76, UniProt: Q15843), C-terminal ISG15 (ISG15(CTD), 77-157, C78S, UniProt:
P05161) and FUBI (1-74, C57A, UniProt: P62861) were subcloned into the pTXB1 vector and
expressed in Rosetta 2(DE3)pLacl cells as described as above. Cells were resuspended in
buffer A (20 mM HEPES, 50 mM sodium acetate, 75 mM NaCl, pH 6.5) supplemented with
DNase I and lysed using ultrasonication (all buffer supplemented with 5% glycerol for Fubi
purifications). The suspension was cleared by centrifugation and filtered through a 0.45 um
filter. The clarified lysate was loaded onto pre-equilibrated chitin resin (S6651L, New England
BioLabs) and incubated with over-head rotation at 7°C overnight. The resin was washed with

1 L high salt buffer (20 mM HEPES, 50 mM sodium acetate, 500 mM NaCl, pH 6.5) and then
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washed with 100 mL buffer A. Elution was initiated by addition of 50 mL sodium 2-mercap-
toethanesulfonate (MesNa, 100 mM in buffer A). After incubation at 7°C for 24-36 h the eluate
was collected and concentrated to less than 5 mL. Size-exclusion chromatography (HiLoad
26/600 Superdex 75 pg, GE Healthcare) was used to purify the protein into buffer A. The frac-
tions were analyzed on a gel, concentrated, and stored at -80°C. Protein mass spectrometry
revealed full cleavage of the N-terminal methionine for both SUMO2 (1-92) and SUMO3 (1-
91) proteins. FUBI-MesNa was collected after eluted from chitin column, concentrated, flash

frozen in liquid nitrogen and stored at -80°C for further use.

Selenomethionine (SeMet)-containing protein expression was conducted by the methionine
pathway inhibition method in E. coli B834(DE3) cells (Novagen)?*®!. The pTXB1 plasmid
encoding SUMO3 (1-91) was freshly transformed into cells, and a culture in 2xTY medium
with antibiotics was inoculated in the morning. After 10 h, a pre-culture in M9 minimal medium
was started with a 1:1000 inoculum. On the second day, a large culture in M9 minimal medium
was started with a 1:100 inoculum. When the ODeoo reached 0.6, feed-back inhibition amino
acids including 1.0 g each of lysine, threonine and phenylalanine, 0.5 g each of leucine, isoleu-
cine and valine, and 0.5 g of selenomethionine for 10 L of culture were added. After shaking
for 15 min, the culture was cooled down to 18°C for 1 h and then induced by 0.5 mM IPTG for
16 h. Protein purification was performed as above. Complete selenomethionine incorporation
was validated by protein LC-MS analysis (mass calculated for SeMet-SUMO3-MesNa:
10600.4, found: 10601.2).

RanGAP1 (399-587) was cloned from a synthesized gene into pOPIN-B and expressed in E.
coli Rosetta 2(DE3)pLacl cells. Purification was carried as described above by a Ni-NTA col-
umn, cleavage by His-3C protease, reverse Ni-NTA purification and anion exchange chroma-

tography, similar to what was previously reported®*”),

Human SAE1/SAE2 (from a pETDuetl plasmid encoding GST-SAE1 and His6-UBA2), and
UBE2I (from a pGEX-6P1 plasmid) were expressed in E. coli Rosetta 2(DE3) pLacl cells.
Purification of SAE1/SAE2[*8] and UBE2I**"! were carried out similarly to what was de-

scribed previously.

For bacterial expression of SnVTD wildtype, E. coli Rosetta 2(DE3)pLacl cells (Merck) were
chemically transformed and grown in 2xY T medium supplemented with chloramphenicol (34
pg/mL) and kanamycin (50 pg/mL) at 37°C. When the ODsoo reached 0.6-0.8, the culture was
cooled down to 18°C for 1 h and induced with 0.5 mM IPTG. Cells were harvested after 12-16
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h growth at 18°C by centrifugation at 4000 g for 10 min and purified immediately or stored at
-80°C for further purification. For purification of SnVTD, cell pellets were resuspended in
binding buffer (50 mM sodium phosphate, 300 mM NaCl, 20 mM imidazole, pH 8.0, 4 mM (-
mercaptoethanol) and supplemented with DNase I, lysozyme and a tablet of EDTA-free prote-
ase inhibitor cocktail (Roche), and lysed in an ice bath using ultrasonication. Cell debris was
discarded by centrifugation at 60000 g for 30 min and the combined supernatant was filtered
through a 0.45 um filter. The clarified lysate was applied to a HisTrap Ni-NTA column (GE
Healthcare) and then eluted by elution buffer (50 mM sodium phosphate, 300 mM NacCl, 500
mM imidazole, pH 8.0, 4 mM 2-mercaptoethanol) using an AKTA pure chromatography sys-
tem. Fractions showed UV 280 nm signal were pooled, mixed with His-3C protease, and dia-
lyzed into binding buffer at 7°C overnight. The sample was then passed through a Ni-NTA
column using a peristaltic pump. The flow-through was collected, concentrated, and further
purified by size-exclusion chromatography (HilLoad 16/600 Superdex 75 pg, GE Healthcare)
with buffer (20 mM Tris, 100 mM NaCl, 4 mM DTT, pH 8.0). Fractions were analyzed on
SDS-PAGE protein gels which were visualized by Coomassie stains. Pure fractions were
pooled and concentrated using 10K MWCO Amicon Ultra Filters (Merck Millipore), flash fro-
zen in liquid nitrogen and stored at -80°C. For SnVTD mutants, pure proteins were obtained
after two rounds of reverse Ni-NTA chromatography. The mutants were concentrated, flash

frozen in liquid nitrogen and stored at -80°C.

To purify Ub KxC, cell pellets were thawed, resuspended in the buffer (50 mM Tris, pH 7.4, 1
mM EDTA) supplemented with lysozyme and lysed using ultrasonication. The cell debris was
discarded by centrifugation at 60000 g for 30 min. The supernatant was transferred to a glass
beaker on ice and stirred vigorously. The pH was adjusted to around 2.5 by adding 70% per-
chloric acid dropwise. The mixture was further stirred on ice for 10 min and spun down at
60,000 g for 30 min. The supernatant was pooled and dialyzed into buffer (50 mM NaOAc, pH
4.5) overnight. The sample was further clarified by a 0.22 um filter and subjected to a cation
exchange column (HiPrep SP FF 16/10, Cytiva). The protein was eluted with a gradient of 0-1
M NacCl. The fractions were analyzed on SDS-PAGE protein gels (NuPAGE 4-12%, Invitrogen)
which were stained by Coomassie stains. Pure fractions were pooled and concentrated, and
further purified by size-exclusion chromatography (HiLoad 16/600 Superdex 75pg, GE
Healthcare) with buffer (250 mM NaOAc, 0.5 mM TCEP, pH 5.1). Pure fractions were pooled
and concentrated using 3K MWCO Amicon Ultra Filters (Merck Millipore), flash frozen in
liquid nitrogen and stored at -80°C.
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Protein concentrations were determined by absorption at 280 nm unless noted otherwise. Intact
protein mass spectrometry was recorded on an Agilent 1260 II Infinity system (Agilent, with
Openlab software) and analyzed as reported previously?*?). The spectra were deconvoluted by

ProMass 3.0.12 (Novatia, LLC). Exported data were plotted using GraphPad Prism 9.

5.7 Preparation and Purification of Substrates

Preparation and purification of Ub/SUMO1/2-RhoG Substrates

Reaction conditions were optimized from a previously reported method for Ubiquitin-
RhoG!"!. To a solution of SUMO2(1-92)-MesNa (511 uM, ~10 mL in buffer A) were added
10 eq. N-hydroxysuccinimide (1 M in buffer A, pH adjusted to 7.5), 10 eq. sym-collidine and
5 eq. 2G-Rho (50 mM in DMSO, the final DMSO concentration is below 5%, see above for
the synthesis of 2G-Rho), the pH which was measured by a pH meter (Mettler Toledo) was
adjusted to 8.0 using 4 N NaOH and then the reaction mixture was heated to 37°C. The reaction
was monitored by LC-MS until most of the starting material was converted to product or hy-
drolyzed. The reaction was then diluted and dialyzed against low salt cation exchange buffer
(20 mM MES, pH 6.0, 50 mM NaCl, 1 mM TCEP) overnight. The sample was filtered, the
filtrate applied to a Resource S column, and the product eluted with a gradient of 50-1000 mM
NaCl. The fractions were analyzed on a gel and evaluated by intact protein mass spectrometry.
Pure fractions were pooled and dialyzed into buffer (20 mM MES, pH 6.0, 100 mM NaCl).
The final product was filtered and concentrated to ~1 mg/mL. SUMO1-RhoG was prepared
and purified using the same method. Ub-RhoG was purified using the buffer with the same
components, but the pH was adjusted to 6.5. The concentration was measured based on a cali-
bration curve made from serial dilution of RhoG solution in aqueous buffer. The final products
were validated by LC-MS. SUMO1-RhoG, caled: 11370.7, found: 11369.8; SUMO2-RhoG,
calcd: 10847.1, found: 10847.9; Ub-RhoG, calcd: 8934.2, found: 8938.1.

Preparation of Ub/Ubl-NHNH:

Ub/Ubl-MesNa were treated with hydrazine monohydrate (500 pL added into 100 mL eluate).
After 30 min at ambient temperature, the reaction was concentrated, filtered, and purified by
size-exclusion chromatography (HiLoad 16/600 Superdex 75 pg, GE Healthcare) using buffer
(20 mM MES, 50 mM NaCl, pH 6.7). HEPES salt cannot be used since it has a free hydroxyl

115



which might affect next step reaction by nitrous acid. Ub/Ubl-NHNH: proteins were validated
by LC-MS: Ub-NHNH2: calcd: 8578.9, found: 8582.1; SUMO1-NHNH?: calcd: 11015.4, found:
11014.6; SUMO2-NHNH2: calcd: 10491.8, found: 10492.3; NEDD8-NHNH: calcd: 8574.0,
found: 8573.4; ISG15(CTD)-NHNHz calcd: 9261.6, found: 9261.1; Fubi-NHNH: calcd:
7741.8, found: 7741.1.

Preparation and purification of Ub-KG-TAMRA

To a solution of Ub!"7*™W_NHNH: (2 mM, 100 uL) at -10°C were added sodium nitrite (1 M,
50 pL) and citric acid (200 mM, 50 pL). After 2 min, KG-TAMRA (10 mM in 1.5 M HEPES
pH 8.0, 200 puL) was added and the reaction was incubated at 30°C for 3 min. The reaction was
analyzed by LC-MS, diluted to 40 mL, and dialyzed into buffer (20 mM MES, pH 6.0) over-
night. The mixture was purified by cation exchange chromatography (Resource S, GE
Healthcare) in the same buffer with gradient elution from 0 to 300 mM NacCl. Protein-contain-
ing fractions were pooled and dialyzed into low pH buffer (20 mM NaOAc, pH 4.5). These
were further purified by cation exchange chromatography (Resource S, GE Healthcare) in low
pH buffer with gradient elution from 0 to 300 mM NaCl. Ub-KG-TAMRA was concentrated,
flash frozen in liquid nitrogen, stored at -80°C and validated by LC-MS.

Preparation and purification of SUMO1-KG-TAMRA

To a solution of SUMO1!"7™W_NHNH: (1.8 mM, 100 pL) at -10°C were added sodium nitrite
(1 M, 50 pL) and citric acid (200 mM, 50 pL). After 2 min, KG-TAMRA 20 mM in 1.5 M
HEPES, pH 8.0, 200 uL) was added and the reaction was incubated at 30°C for 3 min. The
reaction was analyzed by LC-MS upon which nitrosylated species were found. Nitrosylations
were reversed by addition of TCEP solution (1 M in 20 mM MES, pH 7.0, 1 mL). The reaction
mixture was then passed through a 0.45 pum filter and purified by size-exclusion chromatog-
raphy (HiLoad 16/600 Superdex 75 pg, GE Healthcare) with isocratic elution in buffer (20 mM
Tris, 50 mM NaCl, 1 mM DTT, pH 8.0). Protein-containing fractions were pooled, diluted with
20 mM Tris buffer (pH 7.0) and purified on a high-resolution anion exchange column (Capto
HiRes Q 5/50, Cytiva) with gradient elution from 0 to 500 mM NaCl. SUMO1-KG-TAMRA-
containing fractions were identified by LC-MS, concentrated, flash frozen in liquid nitrogen,

stored at -80°C.
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Preparation and purification of SUMO2-KG-TAMRA

To a solution of SUMO2!"*""_.NHNH: (7.6 mM, 80 pL) at -10°C were added sodium nitrite
(1 M, 40 pL) and citric acid (200 mM, 40 pL). After 2 min, KG-TAMRA 20 mM in 1.5 M
HEPES, pH 8.0, 150 uL) was added and the reaction was incubated at 30°C for 3 min. The
reaction was analyzed by LC-MS, diluted, and dialyzed into buffer (20 mM MES, pH 6.0)
overnight which was shielded from light. The mixture was purified by cation exchange chro-
matography (Resource S, GE Healthcare) with gradient elution from 0 to 300 mM NaCl. Pro-
tein-containing fractions were pooled, dialyzed into buffer (20 mM HEPES, pH 8.0) and puri-
fied by size-exclusion chromatography (HiLoad 16/600 Superdex 75 pg, GE Healthcare) in the
same buffer. SUMO2-KG-TAMRA was concentrated, flash frozen in liquid nitrogen, stored at
-80°C and validated by LC-MS.

Preparation and purification of NEDDS-KG-TAMRA

To a solution of NEDD8'-7*™W_NHNH2> (1.77 mM, 100 uL) at -10°C were added sodium nitrite
(1 M, 50 pL) and citric acid (200 mM, 50 pL). After 3 min, KG-TAMRA (S mM in 1.5 M
HEPES, pH 8.0, 200 pL) was added and the reaction was incubated at 30°C for 5 min. The
reaction mixture was analyzed by LC-MS, passed through a 0.45 pm filter and purified by size-
exclusion chromatography (HiLoad 16/600 Superdex 75 pg, GE Healthcare) with isocratic elu-
tion in buffer (20 mM NaOAc, 50 mM NacCl, pH 5.0). Protein-containing fractions were pooled
and further purified via cation exchange chromatography (Resource S, GE Healthcare) with
gradient elution from 50 to 500 mM NaCl. Fractions were analyzed using LC-MS. The product
NEDDS8-KG-TAMRA was concentrated, flash frozen in liquid nitrogen, stored at -80°C and
validated by LC-MS.

Preparation and purification of ISG15(CTD)-KG-TAMRA

To a solution of ISG15Met77-I5S7CT8)_NHNH, (1.77 mM, 150 pL) at -10°C were added sodium
nitrite (1 M, 75 pL) and citric acid (200 mM, 75 pL). After 3 min, KG-TAMRA (10 mM in
1.5 M HEPES, pH 8.0, 200 pL) was added and the reaction was incubated at 30°C for 3 min.
The reaction mixture was then passed through a 0.45 pum filter and purified by size-exclusion
chromatography (HiLoad 16/600 Superdex 75 pg, GE Healthcare) with isocratic elution in
buffer (20 mM Tris, 50 mM NaCl, pH 7.0). Protein-containing fractions were pooled and dia-
lyzed into a high salt buffer (50 mM NaH2POas, 1.5 M (NH4)2SOs, pH 7.0) overnight. The
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sample was further purified using hydrophobic interaction chromatography (HiTrap Capto
Phenyl ImpRes, Cytiva) with gradient elution from 1.5 M to 0 M (NH4)2SOa. Fractions were
analyzed using LC-MS. The product ISG15(CTD)-KG-TAMRA was concentrated and buffer-
exchanged into low salt buffer (50 mM NaH2POs4, pH 7.0), flash frozen in liquid nitrogen,
stored at -80°C and validated by LC-MS.

Preparation and purification of FUBI-KG-TAMRA

To a solution of FUBI'"7#©7A_NHNH2 (100 uL) at -10°C was added sodium nitrite (1 M, 50
uL) and the mixture was incubated for 2 min. Citric acid (200 mM, 50 pL) was then added.
After 3 min, KG-TAMRA (20 mM in 1.5 M HEPES, pH 8.0, 200 uL) was added and the
reaction was incubated at 30°C for 30 min. The reaction was diluted, and the buffer was ex-
changed to 50 mM NacCl, 20 mM MES, 5% glycerol, pH 6.5 using size-exclusion chromatog-
raphy (HiLoad 16/600 Superdex 75 pg, GE Healthcare). Protein-containing fractions were fur-
ther purified by high-resolution anion exchange chromatography (Capto HiRes Q 5/50, GE
Healthcare) with gradient elution from 50 to 500 mM NaCl. Purity of the fractions was assessed
by LC-MS. Pooled FUBI-KG-TAMRA was concentrated, flash frozen in liquid nitrogen,
stored at -80°C and validated by LC-MS.

Preparation and purification of RanGAP1~SUMOQ2

RanGAP1~SUMO2 wildtype and mutant conjugates were all assembled by the enzymatic ca-
talysis of SAE1/SAE2 and UBE2I as described previously®*!. In general, 5 mL reactions in
transport buffer (20 mM HEPES, 110 mM NaOAc, 2 mM Mg(OAc)2, | mM DTT, pH 7.3
using 1 N KOH) containing 3.4 uM RanGAP1, 50 nM SAE1/SAE2, 30 nM UBE2I and 12 uM
SUMO2 wildtype or mutants were initiated by addition of 2.5 mM ATP and incubated at 37°C
for 2-3 h. The mixture was subjected to size-exclusion chromatography (HiLoad 26/600 Su-
perdex 75 pg, GE Healthcare) with isocratic elution into transport buffer. The fractions were
analyzed on a gel. The fractions containing pure fractions were pooled, flash frozen in liquid

nitrogen and store at -80°C for further use.

5.8 Preparation and Purification of Probes

Preparation of SUMO3-2Br and AN-SUMO2-PA probes
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To a solution of SUMO3(1-91)-MesNa (958.7 uM, 3.5 mL), 2-bromoethylamine hydrobro-
mide (1.6 g in ~5 mL of buffer A) was added and the pH was adjusted by addition of 4 M
NaOH to 8.0-8.5 at room temperature. The reaction was monitored by LC-MS. After 1-2 h,
SUMO3(1-91)-MesNa was fully consumed, and the mixture was subjected to size-exclusion
chromatography (HiLoad 26/600 Superdex 75 pg, GE Healthcare) in buffer A. The protein-
containing fractions were pooled, concentrated, and stored at -80°C by flash freezing for further
use. AN-SUMO2-PA was generated using a similar procedure by mixing AN-SUMO2-MesNa
(767.5 uM, 1.5 mL) and propargylamine hydrocholoride (600 mg in ~3 mL of buffer A).

Preparation of diUb-2Brand diUb-3Br probes

Ina 1.5 mL centrifuge tube, Ub-NHNH:2 (2 mM, 100 uL) was mixed with sodium nitrite (1 M,
50 pL) and citric acid (200 mM, 50 pL) at -10°C for 3 min. Then a solution of compound 4 or
9 (200 pL, 40-80 mM in 1.5 M HEPES, pH 8.0) was added and the resulting mixture was
incubated at 45°C for 3 min. The reaction was monitored by LC-MS and purified by size-
exclusion chromatography (HiLoad 16/600 Superdex 75pg, GE Healthcare) with buffer (250
mM NaOAc, 0.5 mM TCEP, pH 5.1). The protein-containing fractions were pooled and con-
centrated using 3K MWCO Amicon Ultra Filters to around 2 mM. The products Ub-2Br-ene
and Ub-3Br-ene were analyzed by LC-MS. To generate diUb-2Br or diUb-3Br probes, Ub-
2Br-ene or Ub-3Br-ene (50 pL) was mixed with Ub (KxC, 2 mM, 50 puL) in a PCR tube. LAP
(CAS no. 85073-19-4, 1 uL, 50 mM stock solution in 250 mM NaOAc, 0.5 mM TCEP, pH 5.1)
was added and the reaction was exposed to UV 365 nm (Herolab, Cat. No. H468.1, 8 W) on
ice for 10-60 min which was monitored by LC-MS. The reaction was subjected to size-exclu-
sion chromatography (HiLoad 16/600 Superdex 75pg, GE Healthcare) with buffer (20 mM
MES, 100 mM NaCl, pH 6.5). Fractions were analyzed on SDS-PAGE protein gels and visu-
alized by Coomassie stains. The diUb probes were concentrated, characterized by LC-MS,

flash frozen in liquid nitrogen and stored at -80°C for further use.

5.9 Crystallography

USPL1 in complex with SUMO2/3

Covalent complexes of USPL1 (218-502) with SUMO3 probes were prepared by mixing
USPL1 (1.0 eq, 0.19 mg/mL, after reverse Ni-NTA purification step in Ni-NTA binding buffer)
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and SUMO3 probes (4.0 eq, 531 uM, fully purified) at room temperature for 4 h. The reaction
mixture was subjected to purification on a Resource Q column as described above. Pure frac-
tions containing the covalent complex were then concentrated, and buffer exchanged into SEC
buffer (20 mM Tris, 100 mM NaCl, 4 mM DTT, pH 8.0). Since USPLI could not be produced
with SeMet labeling in high enough yields, crystals for the SAD dataset were prepared from
unlabeled USPL1 and SeMet-containing SUMO3-2Br probe (3 Se sites per 378 residues).

Crystallization experiments were carried out at 18°C in 96-well sitting drop vapor diffusion
plates (MRC format, Molecular Dimensions). Plates were set up using a Mosquito HTS robot
(TTP Labtech) and fine screen plates were prepared with a Dragonfly robot (TTP Labtech).
Coarse screening was carried out by mixing 200 nL of protein solution with 200 nL of reservoir.
Fine screens were assembled in 600-900 uL drops with ratios as described below.
USPL1~SUMO3-2Br (7.0 mg/mL) was crystallized in 100 mM Tris pH 8.8, 19% PEG 6000,
200 mM CaClz, from mixing protein : reservoir in a 1:2 ratio. USPL1~SeMet-SUMO3-2Br
(5.4 mg/mL) was crystallized in 100 mM Tris pH 8.3, 21% PEG 4000, 200 mM CaClz, from
mixing protein : reservoir in a 2:1 ratio. Crystals were collected with the protection of mother
liquor containing 25% glycerol and vitrified in liquid nitrogen. USPL1~AN-SUMO2-PA (8.6
mg/mL) was crystallized in 100 mM CHES pH 8.9, 34% PEG 600, from mixing protein : res-
ervoir in a 2:1 ratio. Crystals were cryo-protected in 100 mM CHES pH 9.2, 45% PEG 600,

and vitrified in liquid nitrogen.

Diffraction data were collected at 100 K at the Swiss Light Source (SLS, Paul Scherrer Institute,
Villingen, Switzerland) on beamlines PX2 and PX3. Images were integrated using either
XDSI[?% (for SeMet data from four 360° sweeps with 5° increments using the PriGo goniom-
eter) or DIALS[*! (for native datasets), and scaled using Aimless>>?l. Owing to the low se-
quence homology between the USPL1 catalytic domain and other previously crystallized mem-
bers of the USP family (highest identity: USP7 at 16%), various molecular replacement efforts
from the native datasets were not successful. The structure of USPL1~SUMO3-2Br was solved
experimentally through the CRANK2 pipeline by a SAD protocol as implemented in the CCP4
suite of programs from the SeMet dataset involving substructure detection by SHELXD!?33],
density modification by Parrot’®**! and model building/refinement by Buccaneer/Refmac!?!,
The resulting initial model was then used to obtain phases for the native dataset, and the final
model was obtained through several rounds of manual building in Coot®**! and refinement by
Phenix.Refine!®”). The USPL1~AN-SUMO2-PA structure was solved through molecular re-
placement with Phaser!?*®! with one copy of the USPL1-SUMO3-2Br complex as search model.
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See Table S1 for final statistics. Protein structures were deposited in the protein data bank with

accession codes 7ZJU and 7ZJV.

SnVTD in complex with diUb-3Br

To obtain the covalent complex of SnVTD~diUb-3Br, SnVTD (12.0 M) was incubated with
Ké6-linked diUb-3Br (14.6 uM) in the reaction buffer (50 mM HEPES, 100 mM NaCl, 1 mM
TCEP, pH 8.0) at room temperature for 3 h and the reaction was moved to 7°C overnight. The
reaction was concentrated to 5 mL and purified on size-exclusion chromatography (HiLoad
16/600 Superdex 75 pg, GE Healthcare) with buffer (25 mM Tris, 4 mM DTT, pH 8.5). The
pooled fractions which contained SnVTD~diUb was purified by anion exchange chromatog-
raphy (Resource Q, GE Healthcare) with a gradient from 0 to 500 mM NacCl at pH 8.5. The
fractions were analyzed on an SDS-PAGE gel. The fractions containing complex were pooled,
concentrated, and purified on size-exclusion chromatography with buffer (25 mM Tris, 50 mM
NaCl, 4 mM DTT, pH 8.0). The fractions were analyzed on an SDS-PAGE gel and complex-
containing fractions were collected and purified by another round of anion exchange chroma-
tography with a gradient from 0 to 300 mM NaCl at pH 8.0. The fractions were analyzed on an
SDS-PAGE gel and the pure fractions were collected and exchanged into buffer (25 mM Tris,
100 mM NaCl, 4 mM DTT, pH 7.5) using a 10K MWCO Amicon Ultra Filter and concentrated
to 6.94 mg/mL. The protein was mixed with reservoir solution in a ratio of 1:1 in SWISSCI
MRC 3-Well sitting drop plates and grew for 7 weeks. Crystals were found in the well H9 of
the Morpheus screening plate, collected in mother liquor (20 mM DL-glutamic acid monohy-
drate, 20 mM DL-alanine, 20 mM glycine, 20 mM DL-lysine monohydrochloride, 20 mM DL-
serine, 100 mM Tris and Bicine, pH 8.5, 20% v/v PEG 500 MME, 10% PEG 20000) supple-

mented with 10% glycerol, and vitrified in liquid nitrogen.

Diffraction data were collected at beamline P14 operated by EMBL Hamburg at the PETRA
III storage ring (DESY, Hamburg, Germany). Diffraction images were integrated by DI-
ALS®°! and anisotropic data scaling was performed by the STARANISO server (Global Phas-
ing Ltd)[?®"l, The structure was solved by molecular replacement using a hybrid search model
based on the AlphaFold predicted SnVTD structure!?®! 262! and a reported M48 USP struc-
ture(PDB ID: 2J7Q)??8]. The model was automatically built by Buccaneer in CCP4 v8.01263,
The structure was further refined by Phenix**Yl and manually inspected in Coot!?%*! iteratively.

The final structure was deposited in protein data bank with the accession code 8RL3.
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5.10 Biochemical and Biophysical Assays

Fluorescence intensity assay

Enzymes and Ub/SUMO-RhoG substrates were diluted into assay buffer (20 mM HEPES, pH
7.5, 100 mM NaCl, 5 mM DTT, 0.01 mg/mL BSA). Substrates were used at 50 nM of final
concentration unless noted otherwise. Assays were carried out in black 384 well low volume
non-binding plates (Greiner, 784900) with 20 pL total volume. After addition of enzyme, flu-
orescence (ex/em = 485/535 nm) was recorded for one hour on a Tecan Spark plate reader at

ambient temperature.

For evaluation of USPL1 inhibitors, buffer supplemented with 0.01% Tween-20 and indicated
reducing agents. USPL1 was used at a final concentration of 60 pM. USPL1 (5 pL) was first
incubated with inhibitors (5 pL) for indicated time at ambient temperature, then SUMO2-RhoG
(10 uL, 200 nM) was added into each well. The fluorescence was recorded according to afore-
mentioned methods in triplicate. Initial velocity was converted into inhibitory rates based on
the positive and negative controls. Inhibitory rates were plotted against inhibitor concentrations
which were analyzed by GraphPad Prism 9 using four parameters dose-response analysis to

calculate the ICso values.

Fluorescence polarization assay

Enzymes and substrates were diluted into assay buffer (20 mM HEPES, pH 7.5, 100 mM NaCl,
5 mM DTT, 0.01 mg/mL BSA). Assays were performed in black 384 well low volume non-
binding plates (Greiner 784900) with 20 pL total volume. For USP16, USP36, USP7, USP2
(single concentration with the five different substrates, and all USP36 experiments) and
SnVTD, assays were performed in buffer (20 mM Tris, pH 8.0, 0.01% Triton X-100, 0.1
mg/mL BSA, 1 mM TCEP) in 384-well low volume black round bottom plates (Corning, 4514)
with 20 pL total volume.

For binding assays, KG-TAMRA and Ub-KG-TAMRA were used at 3 nM of final concentra-
tion and SUMO1-KG-TAMRA and SUMO2-KG-TAMRA were used at 1 nM of final concen-

tration unless noted otherwise. These assays were performed at least twice independently.

For cleavage assays, substrates were used at 100 nM of final concentration unless noted other-

wise. After addition of enzyme, fluorescence polarization (ex/em = 535/590 nm) was recorded
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on a Tecan Spark plate reader for one hour at ambient temperature. These assays were per-

formed at least twice independently.

Data analysis for cleavage assays, anisotropy curves were subjected to nonlinear curve fitting
to obtain the exponential decay in fluorescence (fit: plateau followed by one-phase exponential
decay). The observed rate constants were then plotted over the enzyme concentration to give
catalytic efficiencies as the slopes. For binding assays, anisotropies of replicate wells were
averaged and plotted in GraphPad Prism 9 for nonlinear curve fitting to determine the affinity

constant, Kq (fit: one-site binding - total).

Gel-based RanGAP1~SUMO2 cleavage assay

USPL1 (5 nM) and RanGAP1~SUMO?2 (5 M) were mixed at different time points and incu-
bated at 37°C in assay buffer (20 mM HEPES, pH 7.5, 100 mM NaCl, 5 mM DTT, 0.01 mg/mL
BSA). The reaction was quenched by adding lithium dodecyl sulfate (LDS) sample loading
buffer (Thermo Fisher Scientific, NP0008) and analyzed on NuPAGE gels with Coomassie

stains.

Gel-based pro-SUMO3 cleavage assay

USPL1 wildtype and mutants (500 nM) were mixed with full-length SUMO3 (10 uM) and
incubated at 37°C for 2 h in assay buffer (20 mM HEPES, pH 7.5, 100 mM NaCl, 5 mM DTT,
0.01 mg/mL BSA). The reaction was quenched by adding LDS sample loading buffer and an-
alyzed on NuPAGE gel with Coomassie stains.

Gel-based diUb cleavage assay

SnVTD wildtype and mutants and Lys6-linked diUb were diluted in assay buffer (50 mM
HEPES, 100 mM NacCl, 1 mM TCEP, pH 8.0). Enzymes and diUb were mixed in a volume
ratio of 1:1 and incubated at 37°C. Samples were taken from the reaction mixture and quenched
with LDS sample loading buffer. The reactions were analyzed on SDS-PAGE gels which were

visualized by Coomassie stains.

Gel-based diUb-2Br and diUb-3Br binding assay
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Probes and enzymes were diluted in reaction buffer (50 mM HEPES, 100 mM NaCl, 1 mM
TCEP, pH 8.0), mixed in a volume ratio of 1:1 and incubated at room temperature or 37°C for
indicated time. The reactions were quenched with LDS sample loading buffer, resolved on an
SDS-PAGE gel and visualized by Coomassie stains. For UBE3C, the reaction buffer was sup-

plemented with 10% glycerol to avoid protein aggregation.

Thermal shift assay

For USPL1, assay was performed in triplicate in phosphate-buffered saline (PBS) containing 4
mM DTT. 5 uL USPL1 (10 uM) and 25 uL. SUMO3 (19.2 uM) probe were mixed and incu-
bated at room temperature for 30 min, then 10x Sypro-Orange (Invitrogen, S6650) (10 pL)

was added.

For SnVTD, assay was performed in PBS buftfer supplemented with 4 mM DTT. SnVTD apo
(8 uM) or purified SnVTD~diUb-3Br covalent complex (8 uM) was mixed with the same vol-
ume of 10x SYPRO Orange. The assays for SnVTD were performed at the volume of 20 uL
in quadruplicate in a white 96-well PCR plate (MLL9651, Bio-Rad) and the melting curves
were recorded in the FRET mode on a BioRad CFX96 qPCR instrument. All the assays were

repeated independently at least twice.

Circular dichroism spectroscopy

Protein samples were buffer exchanged into 10 mM sodium phosphate pH 7.0 and diluted to
0.1 - 0.5 mg/mL. CD spectra were measured on a Jasco J-815 spectrophotometer at 20 °C with
100 nm/min scan speed. Data were recording from 190 to 350 nm with a 1 nm pitch and as
averages of three technical replicates. Protein concentrations of reference and sample proteins

were adjusted by Coomassie-stained SDS PAGE gels and densitometry.
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6. APPENDIX

Appendix Table 1. Data collection, phasing and refinement statistics of USPLI crystals.

USPL1~SUMO3-2Br

USPL1~SUMO3-2Br

USPL1~AN-SUMO2-PA

(SeMet) (PDB code: 7ZJU) (PDB code: 7ZJV)
Data collection
Beamline SLS - PX3 SLS — PX2 SLS - PX2
Wavelength 0.9792 A 1.000 A 1.000 A
Space group P2 P2 P412:2
Cell dimensions
a, b, c(A) 66.84, 84.70, 71.58 66.06, 84.83, 71.11 95.71,95.71, 82.88
a By 90.0, 92.6, 90.0 90.0,92.3, 90.0 90, 90, 90
Observed reflections 654,392 237,428 141,889
Unique reflections 24,690 41,570 15,670
Resolution (A) 47.72 - 2.60 54.47-2.17 42.80 —2.40
(2.72 - 2.60) (2.25-2.17) (2.49 - 2.40)
Rimerge 0.221 (2.095) 0.112 (0.640) 0.053 (0.858)
Rmeas 0.226 (2.149) 0.123 (0.711) 0.057 (0.933)
1/o(l) 15.8 (1.7) 8.5(2.4) 18.2 (1.8)
CCin 0.999 (0.764) 0.996 (0.887) 0.999 (0.718)
Completeness (%) 100 (100) 99.9 (99.6) 100 (99.9)
Redundancy 26.5(20.3) 5.7 (5.0) 9.1(6.9)
Wilson B (A?) 423 33.8 79.3
Phasing
Method SAD MR MR
Resolution 26A
Anom. completeness (%) 99.9 (99.8)
Anom. multiplicity 13.5(10.2)
<FOM> 0.216
Refinement
Resolution 2.17A 240 A
No. reflections 41549 15583
Ruwork / Riree (%) 19.2/23.8 23.0/25.8
No. atoms 5,527 2,659
Protein 5,166 2,621
Ligands 30 10
Water 331 28
B factors (A2) 453 110
Protein (A2) 45.0 110
Ligands (A?) 55.1 112
Water (A2) 49.5 103
R.m.s.d.
Bond lengths (A) 0.003 0.005
Bond angles (°) 0.64 1.13
Ramachandran (favored / 97.2/2.8/0 97.0/3.0/0
allowed / outlier) (%)
Clashscore 3.5 6.0
Rotamer outliers (%) 0.6 1.5
Copies / a.s.u. 2 1

Each dataset was collected from a single crystal. Values in parentheses are for highest-resolution shells. Anom, anomalous;

FOM, figure of merit; MR, molecular replacement; r.m.s.d., root mean square deviations; SAD, single-wavelength anomalous

dispersion.
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Appendix Table 2. Data collection and refinement statistics of SnVTD structure.

SnVTD~K6-diUb-3Br
(PDB code: 8RL3)

Data collection

Beamline PETRA 1II-P14
Wavelength (A) 0.97625
Space group P21212
Cell dimensions
a, b, c(A) 54.25,94.01, 95.06
a By 90, 90, 90
Anisotropy correction yes
Observed reflections 164,612 (7,655)
Unique reflections 30,022 (1,486)
Resolution (A) 47.13 - 1.88 (2.02 — 1.88)
Ellipsoidal resolution 1.75 [a*]
limits (A) [direction] 2.10 [b*]
2.20 [c*]
Rmerge 0.107 (0.615)
Rumeas 0.119 (0.683)
I/o(I) 8.9(2.4)
CCip 0.996 (0.794)
Spherical completeness (%) 74.2 (18.5)
Ellipsoidal completeness (%) 91.9 (61.0)
Redundancy 5.5(5.2)
Wilson B (A?) [direction] 17.8 [a*]
26.8 [b*]
37.8 [c*]
Refinement
Resolution (A) 1.88 A
No. reflections 30,017
Rwork / Riree (%) 16.5/20.7
No. atoms 3,402
Protein 3,029
Ligand 9
Water 364
B factors (A?) 28.3
Protein (A2) 275
Ligand (A?) 18.7
Water (A2) 353
R.m.s.d.
Bond lengths (A) 0.010
Bond angles (°) 1.11
Ramachandran (favored / allowed / outlier) (%) 99.0/1.0/0.0
Clashscore 0.7
Rotamer outliers (%) 0.0
Copies / a.s.u. 1

The dataset was collected from a single crystal. Values in parentheses are for highest-resolution shell. a.s.u., asymmetric unit.

R.m.s.d., root mean square deviations.
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UV light (365 nm)

Appendix Fig 2. Reaction setup for thiol-ene reaction.
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Appendix Fig 3. Structural annotation of SnVTD. A. Annotation of secondary structures in SnVTD. Ubiquitin
molecules are shown in grey. B. Illustration of secondary structures of SnVTD. C. Sequence of SnVTD catalytic
domain.
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Appendix Fig 4. Sequence alignment of SnVTD and other VIDs. Catalytic center residues are highlighted in red.
Numbering is according to the sequence of SnVTD. Secondary structures are annotated according to the SnVTD
structure. This alignment was performed by Prof. Kay Hofmann at the University of Cologne.
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