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ABSTRACT

Post-translational protein modifications by ubiquitin and SUMO regulate many major
pathways in the cell. These modifications can be reversed by de-ubiquitinating enzymes
such as ubiquitin-specific proteases (USPs) or deSUMOylaseas such as SUMO-specific
proteases (SENPs). Proteolytic activity towards ubiquitin-modified substrates is common
to all USP family members except for USPL1, which shows a unique preference for the
small ubiquitin-like modifier SUMO. In humans, the deSUMOylating activity is mainly
conducted by the SENP/ULP protease family, which is constituted of six members sharing
a homologous catalytic globular domain. SENP6 and SENP7 are the most divergent
members of the family and they show a unique SUMO2/3 isoform preference and a
particular activity for dismantling polySUMO2 chains. NopD, an effector of the type llI
secretion system (T3SS) from Bradyrhizobium, is a multipurpose enzyme with specificity

for ubiquitin and plant SUMO substrates.

In the present thesis, we first present the crystal structure of USPL1 bound to SUMO?2.
We find that USPL1 lacks major structural elements present in all canonical USPs
members such as the so-called blocking loops, which facilitate SUMO binding instead of
ubiquitin. Second, we reveal the crystal structure of the catalytic domain of human SENP7
bound to SUMO2, and described the specific contacts between SUMO2 and a unique
insertion in SENP7 (named Loop1) that is responsible for the SUMO2 isoform specificity.
We finally present the crystal structures of NopD bound to Arabidopsis AtSUMO?2 and to
ubiquitin, and reveal the molecular details for this dual activity of NopD for SUMO and
ubiquitin. Mutagenesis analysis disclose the key determinants, such as the unique
insertion loop in NopD, that are responsible for unusual dual NopD activity for SUMO and

ubiquitin.

All results give insight into the structural details of these protein complexes' interface and
contribute to enrich the knowledge of the distinct evolutionary directions followed by

members of deubiquitinating and deSUMOylating families.
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INTRODUCTION

INTRODUCTION

Ubiquitin-specific proteases
Ubiquitination and Deubiquitination

The ubiquitin-proteasome system (UPS) is the major pathway for the degradation of
more than 80% of intracellular proteins. Ubiquitination is the major signal to label
proteins for degradation, it controls their fates and contributes to the correct cellular
homeostasis during all cell cycle phases [1,2]. After a particular protein receives a signal
for degradation, such as phosphorylation, DNA damage, protein misfolding, or others, a
cascade of ubiquitinating enzymes, namely the ubiquitin-activating enzymes E1, the
ubiquitin conjugation enzymes E2, and the ubiquitin ligases E3 labels the protein target
with a ubiquitin chain to be carried to the 26S-proteasome, which degrades
ubiquitinated-target proteins and recycles ubiquitin for reuse (Figure 1A) [3]. Several E1,
tens of E2, and hundreds of E3 enzymes have been found in humans, and they are
responsible for the formation of the isopeptide bond between a lysine residue in the
target and the C-terminus of ubiquitin. Cells degrade unnecessary proteins in this highly
specific manner to prevent cell damage induced by incorrect interaction with other
proteins or abnormal protein aggregation. In addition to labeling proteins for degradation
by the UPS pathway, different types of ubiquitin tags can be specifically used by proteins

in signaling pathways other than degradation [1,4].

Deubiquitination refers to the process by which ubiquitin molecules are removed from
ubiquitin-labeled proteins under the proteolytic action of deubiquitinating enzymes,
which cleaves off the isopeptide bond between the C-terminal tail of ubiquitin and the
target lysine, thus changing the fate of ubiquitinated proteins and in some instances by
preventing them from degradation (Figure 1B) [5,6]. Deubiquitination has an opposite
function to the action of ubiquitin E3 ligases and their balance inside the cell is essential
for protein homeostasis and the correct function of the cell. The human genome encodes
about 100 deubiquitinase (DUB) genes [7], in contrast to more than 800 genes encoding

ubiquitin E3 ligases. These numbers highlight the major role of the ubiquitin pathway in
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the cell, which must provide a high selectivity grade in the regulation of protein targets.

A
ATP ADP i

SN TER

Proteasome
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— %
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Figure 1. Protein ubiquitination and deubiquitination [8]. A. E1 starts the ubiquitination process along with ATP. The E1
enzyme passes the Ub protein to E2s. The E2s are then complex with Ub ligase E3s. In the final step, E3s catalyze Ub
transferring to substrates. Proteins can be ubiquitinated with multiple types including monoubiquitination and
polyubiquitination, and degraded in the lysosome or the proteasome, respectively. B. DUBs remove Ub molecules from
target substrates.

Ubiquitin code
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tetraubiquitin pLIA T
(1, 2 2
Distal e 2

ubiquitin

Substrate

Bond type Exo-/distal bond Endo-/internal bond Jbiquitin-substrate bonds

B Homotypic chains Heterotypic chains Additional modifications
r 1 r 1 T 1
Ty Ubiquitin-like
Monoubiquitin o N 4 2 o S Mixed Branched proteins PTMs
NS IEC T I JRC T

] i

Substrate

Level of complexity

Figure 2. Depiction of the ubiquitin modifications complexity [6]. A. The three most common types of ubiquitination
are depicted as structural models attached to a virtual substrate: monoubiquitination, Lys48-linked polyubiquitination,
and Lys63-linked polyubiquitination. Distinct chain topologies provide different structures, which contribute to unique
recognition. The various bond kinds' terminology is introduced. B. A schematic illustration of the ubiquitin code's
increasing complexity.
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Figure 3. Various types of ubiquitination on a substrate are regulated by distinct enzymes [9]. Substrate ubiquitination
with 8 possible linkage types (Met1/linear, Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63) of ubiquitin chains. Their
major functions are indicated (right). Below, a ubiquitin-binding domain (UBD)-containing protein is recruited to a
signaling complex by interacting with a distinct ubiquitin chain.

Ubiquitin can form different types of chain linkages, depending on the lysine residue used
in ubiquitin as a target to build poly-ubiquitin chains. Additionally, four different types of
protein ubiquitination in substrates enrich the diversity in ubiquitination, namely
monoubiquitination, multi-monoubiquitination, homotypic polyubiquitination, and
heterotypic polyubiquitination (Figure 2A&B) [10,11]. In homotypic polyubiquitination,
multiple ubiquitins are linked to each other to form a chain and are connected to a certain
lysine residue (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48, and Lys63) or to the amino-
terminal methionine (Figure 2B). Various types of ubiquitination on a substrate are

regulated by distinct enzymes (Figure 3).
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Also, protein ubiquitination could be accompanied by some other ubiquitin-like modifiers
(UBL), such as SUMO, NEDDS8, and ISG15. Heterotypic chains include mixed ubiquitin
chains and branched ubiquitin chains (Figure 2B). In heterotypic polyubiquitination, by
generating different connection groups on different ubiquitin molecules, a mixed
ubiquitination sequence can be formed. Several modifications can also occur on each
ubiquitin, resulting in branched polymers. Due to the diversity of ubiquitinated chain
linkage styles, which has been named as “ubiquitin code”, particular DUBs have evolved

to have specific preferences for the different types of ubiquitin chains [6,7,10,11].

Deubiquitinating enzymes (DUBs)

According to sequence and structure similarity, deubiquitylating enzymes can be divided
into seven families, each presenting a unique structural fold: Ubiquitin-specific proteases
(USPs), Ubiquitin C-terminal hydrolases (UCHs), Ovarian tumor proteases (OTUs),
Machado—Joseph Disease protease family (MJDs), MINDY protease family (MIU-
containing DUB family), JAMM family (Jadl/Pad/MPN  domain-containing
metalloenzymes), and the newly discovered ZUFSP/Mugl05 family (zinc finger with
UFM1-specific peptidase domain protein/C6orf113/ZUP1) [12,13] (Figure 4 &Table 1).
Amid them, the JAMM family are zinc-dependent metalloproteinases, while the other six
families are cysteine proteases, displaying a characteristic cysteine residue in the context
of the active site catalytic triad. Except for MJDs, the other families are highly conserved

in yeast and humans.

Species/DUBs usp OTU JAMM MJID UCH MINDY ZUP1
Homo sapiens 56 17 12 4 4 5 1
Danio rerio 44 11 12 3 4 5 1
Drosophila melanogaster 23 5 10 1 3 1 0
Schizosaccharomyces pombe 11 1 4 0 2 1 1
Saccharomyces cerevisiae 11 3 7 0 1 1 0

Table 1. The seven classes of deubiquitinating enzymes (DUBs).

10
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Among the 99 DUBs members, 11 are considered pseudo-enzymes due to the lack of key
residues for deubiquitinating activity, nevertheless they still can allosterically activate
other active deubiquitinating enzymes and other types of active enzymes, thereby

executing a critical biological role [14].

usp M Homo sapiens Schizosaccharemyces pombe
. Danio rerio Saccharomyces cerevisiae
Drosophila melanogaster
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Figure 4. Phylogenetic conservation of DUBs [7]. Deubiquitylating enzymes (DUBs) are arranged according to a
bootstrapped neighbour joining phylogenetic analysis of their catalytic domains, with the most reliable nodes
(supported by bootstrap values of >50%) indicated by a black dot. *Predicted to be inactive on the basis of sequence
or structural considerations.

Ubiquitin-binding domain

UBD (ubiquitin-binding domain) is a type of modular domain that can non-covalently bind
to ubiquitin or ubiquitinated substrates, which is widely present in deubiquitinating
enzymes. Almost 20 different UBDs families have been discovered so far. According to
the structure of UBDs, they are divided into 5 categories: a helix, Zinc finger, PH domain,
Ubc-like, and others. The most common in DUBs are UBA (ubiquitin-associated domain),
UBL (ubiquitin-like modifiers), UIM (ubiquitin-interacting motif), ZnF-UBP (zinc finger

ubiquitin-specific protease domain), and ZnF-A20s (A20-type zinc fingers) [7,15,16].

11
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Recent research has discovered a new UBD named CoCUN [15]. In the process of DUBs
recognition and hydrolysis of ubiquitin chains, UBD plays an indispensable role. For
example, OTUD1 can specifically hydrolyze the Lys63 ubiquitin chain, but the lack of the
UIM domain decreases its specificity [16]. Also, the adjacent UBL domains of USP7 are

indispensable to achieving complete deubiquitinating activity [17].

The mechanism by which deubiquitinating enzymes exert their function in the cell can be
complex, in some cases it is not only deubiquitination, but it can also promote
ubiquitination by recycling ubiquitin molecules, proofreading of the ubiquitination

process, and decomposing ubiquitination inhibitors [18].

DUBs in Diseases

A large number of deubiquitinating enzymes are not only playing a role in the normal
physiological activities of cells, but can also be relevant for the occurrence and
development of tumorigenesis and other pathologies [19-21]. Target proteins for
deubiquitinating enzymes include enzymes, transcription factors, signal transduction
molecules, immune response proteins, viral proteins, epigenetic factors, and many other
regulators of cell homeostasis, also including products of known oncogenes or tumor
suppressor genes [22—-29]. Therefore, disease treatment strategies with DUBs as
molecular targets have a broad development value and promising clinical application
prospects [30]. Many studies have shown DUBs involvement in the regulation of Wnt/B-
catenin signaling, TGF-B (transforming growth factor-B), Akt (Protein Kinase B), NF-kB
(nuclear factor kappa-light-chain-enhancer of activated B cells) and other cancer-related

pathways [31-34].

Several DUBs are involved in the regulation of the Wnt/B-catenin signaling. For example,
overexpression of USP5 will cause an increase in the amount of transcription factor
FoxM1, which will increase the content of B-catenin, resulting in faster cell proliferation
and carcinogenesis in many tumors [35]. UCH37 can specifically bind and deubiquitinate
transcription factor 7 (Tcf7) to activate Wnt signaling in human liver cancer cells [36]. In
pediatric high-grade glioma, abnormal expression of UCH-L1 can promote tumor
formation [37]. Abnormal activation of USP7 can lead to colorectal cancer [38]. USP14

overexpression is closely related to hepatocellular carcinoma [39]. USP4 is related to

12
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colorectal cancer since the overexpression of USP4 exists in many types of tumors, thus
it is considered to be a potential oncogene [40-43]. Most DUBs will promote the
occurrence of tumors, but a small number of DUBs play the opposite role. For example,
the tumor suppressor cylindromatosis (CYLD), which is expressed in tumor cells, inhibits
the proliferation and spread of tumor cells. CYLD is not expressed in multiple myeloma,

and inhibits the growth of multiple myeloma by acting on the Dvl substrate [44,45].

Most DUBs reduce the degradation of protein targets by protecting them from the
proteasome, thereby a high concentration of TGF-$, promoted by specific DUBs, might
lead to tumor occurrence and metastasis. Deubiquitinating enzyme USP10 promotes the
metastasis of hepatocellular carcinoma metastasis by deubiquitinating and stabilizing
Smad4 [46]. But there are special cases, CYLD can inhibit oral squamous cell in the
metastasis of carcinoma, CYLD controls the downstream TGF-f pathway by regulating

Smad7, thereby inhibiting the occurrence and development of cancer [47,48].

DUBs also play an important role in regulating the NF-kB pathway. OTULIN/CYLD can
interact with LUBAC (linear ubiquitin chain assembly complex) through the PUB
(PNGase/UBA or UBX) domain of HOIP (a catalytic subunit of LUBAC), thereby inhibiting
the NF-kB pathway and exerting anti-tumor effects [49]. Studies have shown that
alterations in the CYLD gene are closely related to HPV-associated cancers, it activates
NF-kB and is implicated in invasion and metastasis [50-52]. USP15 potentiates NF-kB
activation by differentially stabilizing TAB2 and TAB3 [53].

The Akt pathway promotes the survival and proliferation of cells in the organism, and its
expression is increased in cancer cells [54]. The increased expression of USP4 will reduce
the ubiquitination process of downstream PRL-3 and increase the content of PRL-3,
thereby activating the PI3K/Akt pathway. The PI3K/Akt pathway is over-activated, causing
tumorigenesis and other diseases [41]. In osteosarcoma cells, overexpression of USP22
leads to increased activity of the PI3K/Akt pathway and causes cancer [55]. USP22 plays

a vital role in the development of chemoresistant hepatocellular carcinoma cells [56].

Ubiquitin-Specific Proteases (USPs)

Within the deubiquitinating enzymes, the ubiquitin-specific proteases family (USPs)

13
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contains the major number of members (more than 50) and its large structural diversity
relies on the presence of multiple domains. All members are cysteine proteases and
contain the characteristic catalytic triad in the active site of the catalytic USP domain. The
conserved USP domain consists of three subdomains that were initially described as
thumb, palm, and fingers of a human right hand in the USP7/HAUSP structure [57]. The
catalytic triad of the active site is located between the palm and thumb subdomains, and
the finger subdomain is responsible for the interaction with the ubiquitin substrate [58].
In addition to the catalytic domain, other domains of USPs contribute to a large diversity
of functions, such as zinc finger domains, ubiquitin-like domains, ubiquitin-associated
domain (UBA), ubiquitin-interacting motif (UIM). Some of them are associated with the
specific recognition of substrates and poly-ubiquitin chains. Most USP members have no
specific linkage-type preference in vitro [59], but in vivo there are some exceptions, for
example, CYLD shows K63-linked specificity [60]; USP30 preferentially processes K6-
linked chains [61]. Also, some of them show preference for different types of UBL such

as USPL1 and USP18 for SUMO and ISG15, respectively [62,63].

Classical USP structure (USP7)

Research on deubiquitinating enzymes shows that although deubiquitinating enzymes
are classified into several distinct families, the structural differences between members

have caused their functional diversity. Here, we have selected a classical example.

USP7/HAUSP has been deeply studied from the structure/function standpoint and its
molecular signaling pathway is well established and considered a potential therapeutic
target for cancer [64]. USP7 is a multidomain protein with seven domains: the “canonical”
USP catalytic domain (aa208-560), one N-terminal TRAF-like domain (Tumor necrosis

factor Receptor-Associated Factor), and five consecutive C-terminal UBL domains

(Ubiquitin-like domains) [65]. UBL domains can be also found in other USPs and are

known to play a role in the regulation of the enzymatic activity [66]. USP7 can cleave K6,

K11, K33, K48, and K63-linked ubiquitin chains [57,67].

14
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Figure 5. Right-hand subdomains of USP7. Crystal structure of the USP7 catalytic domain. Fingers domain (yellow), palm
domain (pink), thumb domain (green) (PDB: 5JTV, 5FWI).

The initial crystal structure of the catalytic domain of USP7 defined the characteristic right
hand-like structural fold of the USP family, containing the active site catalytic triad:
Cys223, His464, and Asp481. Remarkably, in contrast to other USPs, the cysteine and
histidine of the USP7 catalytic domain are in a non-productive configuration in the
apoenzyme and need to be activated by structural rearrangement upon ubiquitin-binding

[57,66] (Figure 5).

Interestingly, the active site of USP7 shows an inactive conformation in its apo form, but
in the presence of ubiquitin, the active site is remodeled and the catalytic triad aligned
[58] (Figure 5). UBL domains also play a role in the activation of the catalytic domain [68].
Deletion of the USP7 C-terminal UBL domains have an impact on the USP7 activity and
then USP7 cannot bind ubiquitin chains [17,65]. According to the structure of the
USP7CD- UBL4-5-Ubiquitin complex (Figure 5), the C-terminal extension after UBL-5
domain binds a cavity next to the active site and promotes its activation. The C-terminal
peptide seems to stabilize the active conformation instead of significantly change the
structure of the catalytic domain. It is accommodated in a hydrophobic cavity by several
contacts, and can also bind the C-terminal Arg74 of ubiquitin [65]. This regulatory C-
terminus extension of USP7 is essential for the enhancement of the USP7 catalytic activity

[65,69].
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Atypical member of ubiquitin USP (USPL1)

Most USP members are active towards ubiquitin, but there are two exceptions, such as
USP18, which is active towards the double-headed ISG15, and USPL1, a distant member
of the family specific for SUMO [62,70]. USPL1 is a deSUMOylating enzyme instead of a
deubiquitinase. SUMO and ubiquitin display little homology (16% sequence identity),
foreseeing the presence of a divergent binding mechanism between USPL1 and SUMO.

the study of USPL1 would be significant for the USP family.

The full-length of USPL1 is composed by 1.092 residues that contains a USP-like catalytic
domain in a middle region and long disordered protein extensions without the presence
of evident globular domains. So far, the only function described for USPL1 takes place in
the nucleus, where is a protein component of the Cajal Bodies (CBs), co-localizing with
coilin [62]. USPL1 seems to have an impact in the formation and dynamics of CBs and in
cell proliferation, as observed in the USPL1-depleted cells [62]. Whilst USPL1 deletion
does not affect the overall SUMOylation in the cell, it causes significant frizzled protein
mislocalization and damage in cell proliferation, which interestingly does not depend on
its deSUMOylase catalytic activity [71]. The CBs are membrane-less compartments
involved in the biogenesis of snRNP and snoRNP, maintenance of telomeres, and
processing of histone mRNA [72]. USPL1 is a low-abundant component of the CBs that
plays a role in the RNAPII transcription of snRNA that is essential for cell growth [71].
Moreover, SUMO has been involved in tumorigenesis, genetic variants of USPL1 are
closely related to grade-3 breast cancer [73], as well as USPL1 may also be involved in the

signaling pathway of Multiple myeloma [74].

Small ubiquitin-like modifiers
SUMO and SUMOylation

Small ubiquitin-like modifiers (SUMOQ) are post-translational modifiers that regulate a
wide range of protein functions in cells [75,76]. They are members of the ubiquitin-like
protein (UbL) family. Although SUMO and ubiquitin have only about 18% sequence
identity, their folded structures are very similar [77]. SUMO is widely expressed in all

eukaryotes, and the human genome contains four SUMO proteins: SUMO1, SUMO?2,
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SUMO3, and SUMOA4. Yeast and invertebrates have a SUMO protein called Smt3,
vertebrates also have few SUMO. SUMO2 and SUMO3 have 97 percent sequence identity
in humans. SUMO1 differs significantly from SUMO2/3, sharing only 47 percent identity
with SUMO1 and SUMO?2 [75,77].
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Figure 6. SUMO conjugation pathway [78]. Structures of the dedicated enzymes of the catalytic cascade that lead to
the formation of SUMO conjugates are depicted in this diagram. By forming a high energy thioester-bond between the
SUMO C-terminus and an internal Cys (Sael-Sae2 PDBs 1Y8R, 3KYC), the ATP-dependent El-activating enzyme
activates the SUMO precursor (previously proteolytically processed leaving a Gly-Gly motif at the C-terminus). The
SUMO-E1-thioester is then isoenergetically transferred to a Cys residue by the E2 conjugating enzyme (Ubc9 SUMO
PDB 5JNE). The E2-SUMO-thioester can form covalent isopeptidic bonds by discharging SUMO on one or more lysine
residues from target substrates. The action of an SUMO E3 ligase enzyme can stimulate E2-SUMO discharge (Siz1-
SUMO-Ubc9 structure, PDB 5JNE). Poly-SUMO chains can be formed on target substrates as well. Finally, the action of
a specific SUMO protease family (SENP2-SUMO PDB 2I00) can reverse SUMO conjugation by cleaving off SUMO
precursors and SUMO conjugated substrates.

The most important function of ubiquitin among UbLs is the degradation of intracellular
proteins by the ubiquitin-proteasome system (UPS) [1]. SUMOylation is involved in many
cellular pathways and functions such as DNA replication, nuclear transport, and DNA
damage control [79-81]. SUMO, ubiquitin, and all other UbL modifiers are covalently

attached to target proteins via an isopeptide bond with an internal lysine residue, but
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first UbLs must be activated via a dedicated conjugation pathway involving the E1, E2,
and E3 enzymes [78,82]. A conserved C-terminal diglycine motif (-Gly-Gly) is exposed by
the action of specific proteases [83,84]. Afterward, the enzymatic cascade consists of a
single heterodimeric El-activating enzyme (Sael/Sae2) that activates (by ATP) and loads
SUMO onto the internal cysteine residue, forming a thioester bond [85-87]. The SUMO
is then transferred to the E2-conjugating enzyme (Ubc9) via a thioester bond formed with
the active site cysteine[88—93]. Finally, a charged E2 enzyme can directly transfer SUMO
to one or more lysine residues of a target substrate via mono-, multi-, and poly-
SUMOylation, which can be facilitated by an E3 ligase enzyme as well [94,95].
Interestingly, the covalent attachment of ubiquitin and SUMO to protein targets is
reversible via de-ubiquitinating (DUBs) or de-SUMOylating proteases [96,97]. The
SENP/Ulp family SUMO proteases productively cleave the isopeptide bond between the
substrate and SUMO [97-99]. Thus, SUMO conjugation is a highly dynamic process
governed by a balance between E3 ligase and the SENP/Ulp family (Figure 6).

SENP/ULP family

Until recently, SUMO proteases were only constituted by the 6 members of the SENP
protease family in humans ( SENP1, SENP2, SENP3, SENP5, SENP6, SENP7), SENP8 has
specificity for Nedd8 instead of activity for SUMO. Ulp1 and Ulp2 were the first two SUMO
proteases discovered in Saccharomyces cerevisiae [83]. Ulpl and Ulp2 have evolved into
two branches: the SENP1 and SNEP2, SENP3 and SENP5 evolved from Ulp1, while SENP6
and SENP7 evolved from Ulp2 [97]. According to sequence homology, substrate
specificity, and subcellular localization, human SENPs are classified into three subfamilies:

SENP1 and SENP2, SENP3 and SENP5, SENP6 and SENP7 [97,98,100,101] (Figure 7).

To maintain the balance between protein SUMOylation and deSUMOylation, SENP carry
double functions: processing immature SUMO, and uncoupling SUMO conjugates. SENP
process the peptide bond in the C-terminal of SUMO to expose diglycine motif (mature
SUMO), and cleave the isopeptide bond between SUMO and the lysine residue of
substrate [97]. This is a critical step in triggering SUMQ1/2/3 activity and completing the
SUMO cycle.

All Ulp/SENP family belong to the C48 cysteine protease structural class (SENP1-SENP3
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and SENP5-SENP7) [97]. However, two novel types of SUMO proteases have been
described in the recent years without sequence/structural homology to the SENP/ULP
family: the deSUMOylating peptidase 1 and 2 (DESI1 and DESI2) [102]; and the
deubiquitinating enzyme USPL1, which is a member of the ubiquitin USP family but is
specific for SUMO rather than ubiquitin [62]. An analogous finding was observed in the
structural characterization of SENP8/DEN1, which is another member of the SUMO
protease family (SENP/ULP family), that is specific for the Nedd8, another type of UbL
modifier [103—106]. There are two Smt3-specific proteases in S. cerevisiae: Ulpl and
Ulp2, which are capable of separating Smt3 from modified proteins and process Smt3

precursors to mature forms with a C-terminal [83,107].

Among all human SENPs, SENP1, SENP6, and SENP7 are localized to the nucleoplasm
[108], whereas SENP3 and SENP5 are localized to the nucleolus. SENP2 has a nuclear
export signal along with SENP1 to facilitate its shuttling in and out of the nucleus [109].
All SENPs possess isopeptidase activity, only SENP1, SENP2 and SENP5 can proteolytically
process the precursor SUMO. All SENPs prefer SUMO-2/3 to SUMO-1 for deconjugation,
except for SENP1 and SENP2. SENPs are unable to process pre-SUMO4 and thus most
likely do not form SUMO conjugates [110].
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Figure 7. Structural organization of SUMO-specific-proteases/isopeptidases [99]. Domain organizations of Ulp/SENPs
and Desi family members are depicted. The catalytic domain is represented by green ovals. Orange ovals represent the
sequence determinants responsible for subcellular targeting. On the right side, the length of the proteins is shown as
the total number of amino acids. Sequence identity with SENP1 is also shown for the catalytic domains of SENP family
members.
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SENP3 and SENP5 are members of SENP subfamily with significant sequence homology
and substrate specificities. They are both found in the nucleolus and have selectivity for

SUMO-2 and SUMO-3 but not for SUMO-1 [111,112].

SENP5 may remove poly-SUMO2/3 from the Lys160 or Lys490 sites of PML(promyelocytic
leukemia protein) using PML SUMOylation mutants as model substrates. However, SENP5
was unable to remove SUMO-1 from PML's Lys160 or Lys490 locations. Nonetheless,
SENP5 may be able to remove SUMO-1, -2, and -3 from PML's Lys65 position. As a result,
SENPS5 has restricted SUMO-1 isopeptidase activity[111]. The manner in which SENP5 and

SENP7 bind to the substrate and the key residues remain to be discovered.

SENPs have a catalytic triad (His- Asp-Cys) and a conserved C-terminal domain. SENP6 and
SENP7 are the most divergent members of the SENP family, especially contacts between
the interface of SENP and SUMO structures [100,113]. The catalytic domain of SENP6 and

SENP7 have low sequence identity and loops insertion and prefer SUMO2/3 over SUMO1.

According to research, SENP7 interacts with SUMO1 and SUMO2/3, but it is more active
against the SUMO2/3 isoform [114]. The structure of the catalytic domain of SENP7
shows that SENP7 has several unique or expanded secondary structure elements
compared to SENP1 or SENP2, and the presence of an N-terminal a-helix, as well as Loop-
1, -2, -3, and -4 of the four loops inserted. Structural modeling predicts that Loop-1 and
Loop-2 are located on the surface of the protease, possibly interacting with SUMO in the
binding site [115]. Deletion of loop 1 severely impairs the proteolytic activity of SENP7,
and SENP7 ALoop 1 is less able to uncouple di-SUMO2/3 or poly-SUMO2/3 than SENP7
containing Loop 2 or Loop 3 deletions [115]. Both the spatial conformation of Loop 1 and
the charge properties of Lys-691 are important for the efficient interaction of SENP7 with
SUMO2 and thus for the correct cleavage of SUMO substrates. The Loopl of SENP7 s
indispensable for activity, while the Loop2 and Loop3 are inessential for the activity [114].
Loop 2 and Loop 3 are disordered and their removal did not produce any change in
proteolytic activity, showing activity similar to wild-type [115]. The SENP7 catalytic
domain shows a preference for SUMO deconjugation over processing. And, SENP7 has a
higher deconjugation rate of di-SUMO2/3 or poly-SUMO2/3 than deconjugation of
SUMO2/3-conjugated RanGAP1 [114].
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Figure 8. Structure of SENP7 catalytic domain [114]. Superposition of SENP7 and SENP2 catalytic domain in green and
yellow, respectively. SENP7 Loop1 is indicated (PDB:1THO and 3EAY).

In vivo, SENP7 has specificity for SUMO2/3 as well. And the deletion of SENP7 results in
the accumulation of SUMO-2 conjugates instead of SUMO-1 conjugates [116]. SENP7 is
probably a crucial regulator of the PML (promyelocytic leukemia protein) turnover
[117,118]. Recent studies have shown that SENP7 plays a critical role in maintaining CD8+
T cell metabolic fitness and effector functions [119]. SENPs are key enzymes in the control
of balanced SUMOylation/deSUMOQylation in the cardiovascular health and disease [120].
SENP7 maintains HP1a cumulation at pericentric heterochromatin and regulates DNA
repair by interacting with the chromatin remodeler CHD3 in mice [121,122]. The
knockout/down experiments in vivo have shown an essential role for SENP7 in the mouse
embryonic development [123]. SENP7 is transiently activated during the early stages of
neuronal differentiation and is required for the vertebrate neuronal differentiation [124].
SENP7 has been implicated in breast cancer as a potential target for the cancer therapy

[125,126].
The effector protein NopD

Rhizobium-Legume Symbisis

Legumes are classified into six subfamilies, with 750 genera and nearly 20,000 plant
species [127]. Most legumes fix nitrogen in the air with the help of the symbiotic bacteria
Rhizobia for efficient nitrogen use [128]. The rhizobia-legume symbiotic system accounts

for nearly 90% of the nitrogen in the natural environment. Different legumes form
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different root nodules, which are classified as determinate nodules or indeterminate
nodules. The growth of determinate nodules is primarily determined by cell expansion,
whereas the growth of indeterminate nodules is determined by cell division [129].

Legumes with indeterminate nodules are more common among them [129,130].

Rhizobium and legume genes recognize and interact with each other, resulting in the
formation of nitrogen-fixing nodules [131]. The rhizobia-legume system has high
specificity, a legume can only recognize some specific rhizobia, and rhizobia can only
coexist with some specific legumes [132]. Rhizobia are associated with the plant through
root hairs in most legumes, primarily through intercellular infection, crack entry, and root
hair curling [129,133]. When the rhizobia receive the symbiotic signaling molecule
flavonoids released by the host plant, the rhizobia initiates specific genes expression
[134,135], secreting the Nod factor and related genes expression in the system, such as

type Il secretion effector proteins.

Secretion system of Rhizobium

Rhizobia secretes proteins into the extracellular space via various secretion systems,
allowing it to exchange molecular signals and information with the host plant. T1SS, T2SS,
T3SS, T4SS, T5SS, and T6SS are the six types of Secretion Systems found in Gram-negative
bacteria. T1SS, T2SS, and T5SS secrete proteins from bacterial cells to the outside of the
cell; T3SS, T4SS, and T6SS directly transfer bacterial effector proteins to the cytoplasm of
the host cells, allowing for direct information exchange or modification of host cell
substances [136,137]. The Type Il secretion system is the most widely distributed and

complicated secretion system in bacteria.

Bacterial Type lll secretion system

Type Il secretion system (T3SS) is located on the cell membrane of rhizobia. It is a multi-
protein complex with over 20 proteins that is needle-shaped and evolved from flagella
[138,139]. Flavonoids, plant symbiotic signaling molecules, induce the import of effector
proteins from rhizobia into host cells, changing the signal pathway of host cells. This
process is strictly regulated to ensure that various proteins are produced in an orderly

manner [140]. Figure 9 depicts the structure of the type Il secretion system [141]. Only
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a subset of rhizobia has Type Il secretion systems [142,143].
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Figure 9. Potential targeting strategies for T3SS inhibitors [141]. Cartoon showing potential targeting strategies of the
T3SS, including the T3SS apparatus, effector proteins and transcription factors.

Effector protein

Establishing effective symbiotic interactions between legumes and rhizobia is a complex
process that necessitates multiple signal exchanges [144]. This is inseparable from the
participation of different effector proteins. Effectors secreted by the T3SS of rhizobia are
host-specific determinants of root nodule symbiosis. The effector protein of the type Il
secretion system in rhizobial is called Nops (Nodulation outer protein), and T3SS secretes
many effector proteins, such as Nopl, NopE, and NopC. Effector proteins of T3Ss can
communicate with the host through three pathways: ubiquitination of degradative
proteins or the 26S proteasome, altered RNA metabolism, and inhibition of protease
activity associated with the plant defense signaling [145]. Mutations in effector proteins

alter their host specificity as well.

NopD of Bradyrhizobium sp. XS1150 was recently identified as a Bradyrhizobium type llI
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effector with a functional N-terminal secretion signal sequence that processes SUMO and
cleaves SUMO-conjugated proteins, a symbiosis-associated protein [146]. It is comprised
of three domains: an N-terminal (1-390) domain, a tandem repeat (TR) domain with
seven repeats (391-720), and a C-terminal protease domain (721-1017) [146]. The C-
terminal protease domain of NopD XS1150 is a SUMO protease belonging to the C48
cysteine peptidase family, similar to the sequence alignment of NopD of strain HH103
and various other putative rhizobia effector proteins including XopD [146]. NopD can only
bind to specific plant SUMO proteins with important SUMO motifs: Ass- Rag- M- Le- Hs-
Qu- Ts- G- Gy, including AtSUMO1 and AtSUMO?2 of Arabidopsis thaliana, GmSUMO of
Glycine max, PvSUMO of Phaseolus vulgaris, these features are similar to XopD [147,148].

The cysteine residue C972 in NopD is required for its enzymatic activity as well [146].
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OBJECTIVES

SUMOylation and ubiquitination are important protein post-translational modifications
in all organisms. Intriguingly, as a member of USP (ubiquitin-specific protease), USPL1 has
no activity for ubiquitin, while interacting with SUMO. SENP7 is the most divergent
member of human SUMO-specific protease, which contains three loop insertions and has
an activity for SUMO2/3. NopD is an effector from the Rhizobium type Il secretory

system, interestingly, it has activities for both SUMO and ubiquitin.

In this context, the general objective of this thesis has been to characterize these
deSUMOylating enzyme or deubiquitinating enzymes and to study the interactions with

either SUMO or ubiquitin by crystallography and biochemical assays.

Specific objectives were proposed for each chapter.

Chapter I: Structural basis for the SUMO protease activity of USPL1, an atypical ubiquitin

USP family member.

- To express and purify the complex between USPL1 with human SUMO2.

- To crystallize the complex USPL1 -SUMO?2.

- To solve the three-dimensional structure of the USPL1 -SUMO2 complex.

- To analyze the complex structure and characterize the role of the key residues for the

deSUMOylating activity of USPL1.

Structural basis for SENP7 protease interactions with SUMO?2.

- To express and purify the complex between SENP7 with human SUMO?2.

- To crystallize the complex SENP7- SUMO?2.

- To solve the three-dimensional structure of the complex SENP7- SUMO2 complex.

- To characterize the role of the critical residues of SENP7 in the SUMO2 specificity.
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Chapter llI: Structural analysis of Bradyrhizobium NopD provides insights into the dual

protease activity for ubiquitin and SUMO

- To express and purify different constructs of NopD catalytic domain.

- To crystallize the NopD-AtSUMO?2 and NopD-Ubiquitin complexes.

- To solve the three-dimensional structures of the NopD-AtSUMO?2 and NopD-Ubiquitin

complexes.

- To analyze the interface residues of the NopD-AtSUMO2 and NopD-Ubiquitin complexes

and to figure out the determinants for the dual activity of NopD.
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CHAPTER |: STRUCTURAL BASIS FOR THE SUMO PROTEASE
ACTIVITY OF THE ATYPICAL UBIQUITIN-SPECIFIC PROTEASE
USPL1
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Introduction

Small ubiquitin-like modifiers (SUMO) belong to the family of ubiquitin-like proteins
(UbLs), which are post-translational modifiers that regulate a wide plethora of protein
functions in cells [75,76]. Among them, the most preeminent function of ubiquitin is the
degradation of intracellular proteins by the ubiquitin-proteasome system (UPS) [1].
SUMOylation contributes to many cellular pathways and is involved in many functions,
such as DNA replication, nuclear transport or DNA damage control [79-81]. SUMO,
ubiquitin and all other UbL modifiers are covalently attached to target proteins by the
formation of an isopeptide bond with an internal lysine residue, but before that, UbLs
need to be activated by a dedicated conjugation pathway through an enzymatic cascade
formed by E1, E2 and E3 enzymes [78,82]. The covalent attachment of ubiquitin and
SUMO to protein targets is a reversible process through action of de-ubiquitinating

(DUBs) or de-SUMOylating proteases [96,97].

DUBs can be divided into seven families, namely the Ubiquitin C-terminal hydrolases
(UCHs), Ubiquitin-specific proteases (USPs), Machado—Joseph Disease protease family
(MJDs), Ovarian tumor proteases (OTUs), MINDY protease family, JAMM family, and
ZUFSP/Mug105 family, each of which presents a unique structural fold [7,12,13,149]. Most
DUB families are cysteine proteases, except the JAMM family, which are
metalloproteases. USPs constitute the largest DUB family constituted by 56 members in
humans. The catalytic domain of USPs is composed of three subdomains, named thumb,
palm and fingers, and the overall structure resembles the shape of a human right hand
[6,58]. The active site of USPs is formed by a catalytic triad (Cys-His-Asp/Asn) located
between the palm and thumb subdomains, which together with the fingers subdomain
grasps ubiquitin for proteolytic cleavage [58]. Additionally, USPs are multidomain
enzymes in which adjacent domains aid to achieve multiple functions, such as zinc finger
domain (ZnF), ubiquitin-like domain (UbL), ubiquitin-related domain (UBA) or ubiquitin
interaction motif (UIM) [6,149]. USPs are active towards ubiquitin, but there are two
exceptions: USP18, which is active towards the double-headed ISG15; and USPL1, a
distant member of the family specific for SUMO [62,70]. Whilst ISG15 and ubiquitin share
a 30% sequence identity and the structural analysis showed a quite similar binding

interface with USP18, SUMO and ubiquitin display little homology (16% sequence
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identity), foreseeing the presence of a divergent binding mechanism between USPL1 and

SUMO.

Until recently, SUMO proteases were only constituted by the 6 members of the SENP
protease family in humans, which are similar to ULP1, the first discovered SUMO protease
in S.cerevisiae [83] and all belong to the C48 cysteine protease structural class (SENP1-
SENP3 and SENP5-SENP7) [97]. However, two novel types of SUMO proteases have been
described in the recent years without sequence/structural homology to the SENP/ULP
family: the deSUMOylating peptidase 1 and 2 (DESI1 and DESI2) [102]; and the
deubiquitinating enzyme USPL1, which is a member of the ubiquitin USP family but is
specific for SUMO, instead of ubiquitin [62]. An analogous finding was observed in the
characterization of SENP8/DEN1, which is another member of the SUMO protease family
(SENP/ULP family), but specific for the Nedd8, another type of UbL modifier [103—106].

Full-length of USPL1 is composed of 1.092 residues containing a USP-like catalytic domain
in a middle region and long, disordered protein extensions without the presence of
evident globular domains. So far, the only function described for USPL1 takes place in the
nucleus, where it is a component of the Cajal Bodies (CBs), co-localizing with coilin [62].
USPL1 seems to have an impact on the formation and dynamics of CBs and in cell
proliferation, as observed in the USPL1-depleted cells [62]. Whilst USPL1 deletion does
not affect the overall SUMOylation in the cell, it causes significant frizzled protein
mislocalization and damage in cell proliferation, which interestingly does not depend on
its deSUMOylase catalytic activity [71]. The CBs are membrane-less compartments
involved in the biogenesis of snRNP and snoRNP, maintenance of telomeres, and
processing of histone mRNA [72]. USPL1 is a low-abundant component of the CBs that
plays a role in the RNAPII transcription of snRNA that is essential for cell growth [71].
Moreover, SUMO has been involved in tumorigenesis, genetic variants of USPL1 are
closely related to grade-3 breast cancer [73], as well as USPL1 may also be involved in the

signaling pathway of multiple myeloma [74].

USPL1 can interact with both SUMO1 and SUMO2/3, but it shows a much higher activity
for the SUMO2/3 isoform [62]. The sequence of the catalytic domain of USPL1 is

unequivocally related to USP members with deubiquitinase activity, probably forming the
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canonical right hand-like structure with palm, thumb and fingers subdomains. The
existing understanding of USPL1 is not abundant, and the determinants of the particular

specificity for SUMO have not yet been determined.

In order to get insights into the interaction of USPL1 with SUMO, in this chapter we show
the crystal structure of the complex between human USPL1 and the human precursor of
SUMO?2 at 1.8 A resolution. Structural and biochemical analysis of the complex interface
of USPL1-SUMO?2 by mutagenesis analysis sheds light on key structural determinants of

this unusual USP family member that has evolved to be specific for SUMO.
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Results
Covalent crosslinked complex between USPL1 and SUMO?2 precursor

The catalytic domain for recombinant expression of human USPL1 is based on the
sequence alignment with members of the USP ubiquitin specific protease family and
comprises residues Met212 through Leu514 (Supplementary Figure 1) [62]. The
sequence identity of the catalytic domain among members of the USP family is typically
around 15-50% and most are specific for cleaving off ubiquitin from protein targets or
ubiquitin chains (or ISG15 in the case of USP18) [6]. However, USPL1 sequence identity is
one of the lowest in the USP family [7], with identities ranging from 16% for USP7 to 14%
for USP28, as examples of two USP members. The homology is basically observed in the
secondary structure elements around the catalytic triad of the active site (Cys236-His456-
Asp472) (Supplementary Figure 1). This sequence divergence with all members of the
USP family reflects the existing relevant substitutions in USPL1, which evolved to cleave

off SUMO rather than ubiquitin from protein targets.

The complex between USPL1 and SUMO2 was prepared by taking advantage of the
formation of a covalent bond between the SUMO2 C-terminal glycine (Gly93) and the
active site cysteine of USPL1 (Cys236), which stabilizes the complex, increases the binding
affinity and thus the chances of crystallization. To prepare this covalent bond, we used
the dehydroalanine strategy [150], which creates an electrophilic center highly reactive
with nucleophiles such as internal cysteines in proteins (Figure 1A). First, in the human
SUMO?2 precursor, Gly93 was substituted for cysteine and Cys48 was substituted for
serine, leaving only one internal cysteine at the position of the reactive Gly93. Next, the
SUMO2-C48S/G93C precursor was incubated with 2,5-dibromohexanediamide, which
can desulfurize the Cys93 of the SUMO precursor into dehydroalanine (DHA) at mild
conditions. Finally, the SUMO?2 precursor bearing DHA at position of Gly93 was incubated
with USPL1 to create a covalent bond between active site nucleophile cysteine of USPL1

and the DHA electrophilic trap on the SUMO?2 precursor (Figure 1A).
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Figure 1. Covalent thioether bond formation of SUMO2-DHA with USPL1 catalytic domain. A. Schematic representation
of the reaction to form the covalent thioether between the SUMO2-C485/G93C precursor and USPL1 catalytic domain.
B. Active site probe assay for USPL1, SENP2 and SENP7 with SUMO2-DHA. Time course assay of USPL1, SENP2 and
SENP7 at 2 uM using the SUMO2-DHA substrate at 6 uM at 30°C for 3 hours. n=3 technical replicates. Source data are
provided as a Source Data file.
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A major concern of the DHA strategy in SUMO proteases is the possible steric hindrances
in the C-terminal di-glycine motif after the substitution of Gly93 for DHA, which might
clash with narrow protease binding pockets. Therefore, we initially checked the
formation of the covalent crosslink after incubation of SUMO2 DHA precursor with
USPL1, and two other well-characterized SUMO proteases, SENP2 and SENP7 (Figure 1B).
Interestingly, only USPL1 is able to form the covalent crosslink with the SUMO2 DHA
precursor, indicating a correct and specific binding between SUMO2 and USPLI.
However, the two other well-characterized SUMO proteases, SENP2 and SENP7, are
unable to form a covalent bond between the active site cysteine and DHA (Figure 1B). As
known in the SENP/ULP protease family, the integrity of the C-terminal di-glycine motif is
essential for C-terminal binding, which must be placed in a shallow tunnel formed by two
tryptophan residues and the simple substitution of glycine for alanine precludes the
interaction [84,151], as probably occurs in SENP2 and SENP7. On the other hand, since
the reaction between SUMO2 DHA precursor and USPL1 is highly efficient, we envision a
different binding mechanism for the interaction of the C-terminal tail of SUMO2 with the

active site groove of USPL1, compared to the SENP protease family.

Overall structure of the USPL1-SUMO2 complex

The USPL1-SUMO2 complex was formed by incubation of USPL1 with the SUMO2 DHA
precursor at 37 °C for 2 hours to form the covalent bond between the DHA group with

the active site cysteine of USPL1 (Supplementary Figure 2). A few number of diffraction
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quality crystals of the USPL1-SUMO2 complex were obtained in the initial screening in a
condition containing 0.2 M potassium thiocyanate, 0.1 M sodium acetate pH 5.5, 8% w/v
PEG20000 and 8% w/v PEG500MME, which was hard to reproduce in subsequent
screenings. Molecular replacement with available USP models did not work due to the
lower sequence identity with USPL1 (less than 15%), but fortunately we were able to
solve the structure by using the recently reported USPL1 model from the alpha-fold
server [152], which unambiguously resulted in a correct final solution. The crystals
contained one USPL1-SUMO2 complex per asymmetric unit and diffracted to a resolution
of 1.8 A. The final electron density map model of the USPL1 catalytic domain includes
most of the residues (Ser225 to 11e501), with the only disruption of a disordered loop

connecting two alpha helices in the thumb subdomain (Leu285 to Lys295).

USPL1 adopts the typical fold of the catalytic domain of the USP family, resembling the
shape of a right hand containing palm, fingers and thumb subdomains (Figure 2B
&Supplementary Figure 3). A Zn?* atom coordinated by four cysteines stabilizes the
structure of the finger domain, as occurs in several USPs, forming a zinc-finger motif
(ZnF). In addition to the general structural role of the ZnF motif, in USP21 it is also
important for the binding of the distal ubiquitin in a linear diUb substrate [153]. SUMO2
is grabbed by the USPL1-like right hand in the complex, with the C-terminal tail of the
SUMO?2 precursor extended towards the catalytic triad of the USPL1 active site formed
by Cys236, His456 and Asp472 (Figure 2B&C). Structural comparison between USPL1 in
complex with SUMO2 with the apo form of USPL1 from the alpha-fold model indicates a
very good overlapping of both structures, with a main-chain rmsd (root mean square
deviation) of 0.8 A (Figure 2C). The structural overlapping also revealed similar location
of residues forming the active site catalytic triad, with a 3.8 and 3.6 A distance between
the Cys236 Sy and the His456 N&1; and 2.8 and 2.9 A between His456 Ne2 and Asp472
001, in the unbound and SUMO2-bound USPL1, respectively (Figure 2C). Such distances
suggest that the USPL1 catalytic triad is already preformed and the protease might be
active in the absence of the SUMO substrate, in contrast to the apo structures of other
UPSs, such as USP7, USP15 and USP18, in which binding of the ubiquitin substrate is

necessary to rearrange the catalytic triad to an active conformation [58,70,154].
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Figure 2. Crystal structure of the complex of human USPL1 with SUMO2 precursor. A. Two views of the USPL1-SUMO2
complex structure are shown in cartoon representation. USPL1 catalytic domain and SUMO2 precursor are shown in
purple and red, respectively. USP right hand-like domains are labeled. The catalytic residues are labeled and depicted
in stick representation. Zinc atom is shown in yellow. B. Detailed view of the 2Fo-Fc electron density map contoured at
1s of the C-terminal tail of SUMO2 bound to USPL1. Same color code as in (a). C. Structural superimposition between
USPL1-SUMO?2 (blue) complex and the USPL1 AlphaFold (AF) model (yellow). Close-up views of the superimposition of
active sites of USPL1 and AF model are shown in the right panel. Catalytic triad residues from USPL1 are labeled and
shown in stick representation, whereas the corresponding residues from AF model are shown below. Hydrogen bonds
are represented by dashed lines and the distances (A) are also depicted.

Structural comparison with ubiquitin-specific USP members

As mentioned above, the sequence identity between USPL1 and the other USP members
with deubiquitinase activity is only around 15%, which differs from the higher sequence
identities shown among the ubiquitin-specific USP members (Figure 3A & Supplementary
Figure 1). This might be a consequence of the deSUMOylase activity displayed by USPL1
in contrast to the deubiquitinase activity for all other USPs. Structural overlapping
between USPL1 with USP7 (rmsd 3,02 A, 197 aligned, 14,21% identity) and with USP28
(rmsd 2,61 A, 184 aligned, 14.67% identity) are low, only showing a good superposition

in the secondary structure elements encompassing the catalytic triad in the active site in
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the palm subdomain, namely the a1 helix (Cys236) and the B9 and 10 strands (His456
and Asp472) (Figure 3A&B). In general, the thumb and fingers subdomains of USPL1 show
very little homology with USP7 and USP28, particularly in the different length and
orientation of a3, a4 and a5 helices in the thumb subdomain, and in the beta sheet

containing the ZnF motif in the fingers subdomain [58,155].

Interestingly, a major difference in USPL1 is the lack of two loops in the pa/m subdomain,
namely so-called blocking loops, between strands 6 and B7, and between B8 and 9
next to the catalytic triad (Figure 3A-D). These two loops are highly conserved in the USP
family due to their major role in ubiquitin binding (Supplementary Figures 1 & 6) and they
are structurally rearranged upon ubiquitin binding to trap ubiquitin within the right hand-
like structure [58]. However in USPL1 both loops are not required for binding to SUMO?2.
In fact, superposition of USPL1 with USP28 displays a ~15° angle rotation of SUMO with
respect to ubiquitin, which would result in a collision with the larger Blocking Loop (Figure
3E). Thus, in addition to the unique contacts with fingers and thumb subdomains, the lack
of the blocking loops in USPL1 contributes to the different position of SUMO on the
surface of USPL1 compared to ubiquitin, which is particularly evident in the different
orientation of C-terminal tail backbone (Figure 3F), and in the comparison of the

electrostatic potential surfaces between USPL1 and USP28 (Figure 3G).
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Figure 3. Comparative analysis of USPL1 with the ubiquitin USP28. A. Alignment of sequences corresponding to the
catalytic domains for human USPL1, USP7 and USP28 based on the structural alignment of human USP7 (PDB code
4WPI) and USP28 (PDB code 6HEJ) [155,156]. Secondary structure elements are numbered (B-strands and a-helices)
and indicated above the alignment for USPL1 (blue) and below the alignment for USP28 (grey). Gaps are denoted by -
-- and the large sequence insertion within USP28 is depicted # to indicate that the sequence is missing from the
alignment. Side chain identity (100% conservation) is denoted in the alignment by a yellow background. Three catalytic
residues are depicted in red. Active site blocking loops are denoted by red squares. All images were prepared with
PyMOL [157]. B. Cartoon representation of the structural overlapping of the catalytic domains of USPL1 with USP28
(PDB code 6HEK) [155]. The blocking loops connect B-strand 6 and B-strand 7, and B-strand 8 and B-strand 9 of the
palm domain are missing in USPL1 and shown in yellow. Active site residues (AS) are shown in stick representation. Zinc
atom is shown in yellow. C. Surface representation of SUMO2 (red) in complex with USPL1, shown in cartoon
representation (blue). Active site residues (AS) are shown in stick representation. Zinc atom is shown in yellow. D.
Surface representation of ubiquitin (dark green) in complex with USP28 (PDB code 6HEK) [155], shown in cartoon
representation (grey). Active site residues (AS) are shown in stick representation. Zinc atom is shown in yellow. Blocking
loops (yellow) are indicated. E. Structural comparison of C-terminal tails of SUMO2 (red) and ubiquitin (green) in
complex USPL1 and USP28, respectively. F. Structural overlapping of SUMO2-USPL1 and ubiquitin-USP28 displaying the
collision of the blocking loop (yellow) of USP28 (grey) with SUMO2 (red). G. Electrostatic potential surface
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representation for USPL1-SUMO2 and USP28-ubiquitin to highlight the differences between USPL2 and USP28 in the
analogous surface. SUMO?2 (red) and ubiquitin (dark green) are shown in a line representation.

SUMO?2 interface of the C-terminal tail with USPL1

As expected by the divergent C-terminal sequences of SUMO (-FQQQTGG) and ubiquitin
(-VLRLRGG), the contacts engaged by the SUMO C-terminal tail with the active site cavity
of USPL1 constitute key signatures for the specificity of USPL1 for SUMO2. The electron
density maps clearly show the covalent bond formed between DHA93 in SUMO2 and
Cys236in USPL1 (Figure 2B), in which the sidechain and not the C-terminal carboxylate is
crosslinked to Cys236 Sy. This fact constrains the geometry of this region, as observed by
the cis configuration of the Gly92-DHA93 peptide bond in the USPL1 complex (Figure 4),
in which strong hydrogen bonds between the nitrogen and carbonyl oxygen of the Gly92-
DHA93 peptide bond are established with the USPL1 backbone (each 2.9 A distance)

(Figure 4).

Figure 4. Atomic details of the C-terminal tail interaction of SUMO2 with USPL1. Right, two views of the stick
representation of the main contacts of the C-terminal of SUMO2 in complex with the active site groove of USPL1. USPL1
catalytic domain and SUMO?2 are shown in blue and red, respectively. SUMO2 and USPL1 interface residues are labeled.

37



CHAPTER |

Dashed lines indicate hydrogen bond contacts. Left, surface representation of SUMO2 (red) in complex with USPL1,
shown in a blue cartoon. Interface residues are shown in stick representation. Zinc atom is shown in yellow.

The extended conformation of the SUMO?2 tail (GIn90-Thr91-Gly92) is comparable to
ubiquitin, but the specific backbone hydrogen bonds are different. Whereas Gly92
engages similar hydrogen bonds with USPL1 as in the ubiquitin-USP28 complex, Thr91
forms two hydrogen bonds with the side chain of Tyr451 O (3.2 and 2.7 A distance for
the backbone N and O, respectively) (Figure 4). In ubiquitin USPs Tyr451 is occupied by a
highly conserved histidine (Supplementary Figure 4), forming a similar hydrogen bond
with the backbone oxygen of ubiquitin Arg74, but in this case the backbone nitrogen

interacts with the B8-B9 blocking loop, absent in USPL1 (Supplementary Figure 4).

The backbone oxygen of GIn90 forms a hydrogen bond with a water molecule that is fixed
by contacts with His493 and Ser332, both highly conserved in USPL1 (Figure 4 &
Supplementary Figure 1). In ubiquitin the backbone oxygen of Leu73 (equivalent to GIn90
in USPL1) forms a hydrogen bond with the side chain of a tyrosine (replaced by Phe457
in USPL1) (Supplementary Figure 4). Such tyrosine, located one position after the active
site histidine, is highly conserved in all ubiquitin-specific USPs (Figure 3 & Supplementary
Figure 1), but has been substituted by phenylalanine in all USPL1 orthologs, which forms
hydrophobic contacts with Gly92 but is unable to establish a hydrogen bond as in
ubiquitin. Additionally, the side chain of GIn90 forms a hydrogen bond with a conserved
His421 (3.0 A distance) and with the backbone oxygen of Val423. Finally, the C-terminal
tail of SUMO2 (Gly92) is sandwiched between Phe457 and Met330, substituted by a

highly conserved glutamine in ubiquitin-specific USPs.

A relevant difference compared to the ubiquitin-specific USPs complexes is the extensive
interface established by the two arginines and the two leucines in the ubiquitin tail
(Leu71-Arg72-Leu73-Arg74), which participate in electrostatic and hydrophobic contacts
on opposite sides of the ubiquitin tail. Particularly relevant is the interaction of the two
ubiquitin leucines with the blocking loops, absent in USPL1, and the ubiquitin Arg72 and
Arg74 with Glu258 and GIn254 in the ubiquitin-USP28 complex (Supplementary Figure 4)
(PDB:6HEK) [155]. In contrast, in USPL1 only GIn90 from the equivalent GIn88-GIn89-

GIn90-Thr91 tail is engaged in a specific interaction with His421, indicating that this

38



CHAPTER |

interface might be less relevant in USPL1 for SUMO binding.

The complex with USPL1 was formed with the SUMO2 precursor, which contains the
complete or immature C-terminal tail formed by Val-Tyr extension after the proteolytic
cleavage site (di-Glycine motif). Both residues at the SUMO2 C-terminal tail are well
observed in the electron density maps, but probably their structural conformation is

constrained by the covalent crosslink between DHA93 and the USPL1 Cys236.

SUMO?2 Interface with the thumb and fingers subdomains

Two major specific contacts stand out in the interaction between the USPL1 thumb
subdomain and the SUMO?2 surface, namely Arg324 and Phe335. Arg324 is engaged in a
strong well-oriented electrostatic interaction with Asp71 of SUMO2, with 2.7 and 3.1 A
distances between the NH1 and NH2 of the Arg324 guanidinium group and the OD1 and
OD2 of the Asp71 carboxylate group, respectively (Figure 5A). Arg324 is well conserved
in all USPL1 orthologs and this interaction is unique to USPL1, not present in ubiquitin-
specific USPs. Interestingly, SUMO2 Asn68 and Asp72 were important determinants for
the specificity of SENP7 for SUMO2/3 over SUMO1 [115,158], where they are substituted
by alanine and histidine, respectively. In USPL1, the proteolytic activity against SUMO1 is
low compared to SUMO?2 (Figure 6), however, removal of the side chain of Arg324 did
not increase the activity for SUMO1 substrates, as observed in activity assays with the

USPL1 R324A point mutant (Supplementary Figure 5).

Phe335 is buried in a hydrophobic groove in the SUMO?2 surface formed by Pro66, Phe87
and the aliphatic chains of Arg59 and Arg61 (Figure 5A). Phe335 is highly conserved in all
USPL1 orthologs and not observed in other USPs. In ubiquitin-specific USPs this location
is occupied by a conserved glutamate (Glu258 in USP28), which is engaged in a strong
electrostatic bridge interaction with Arg72, from the ubiquitin C-terminal tail
(Supplementary Figure 4). Both Phe335 in USPL1 and Glu258 in USP28 probably have an

important impact on the binding and specificity of SUMO?2 or ubiquitin, respectively.
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Figure 5. SUMO?2 interface with the thumb and fingers subdomains of USPL1. A. Right, stick representation of the main
contacts of the thumb subdomain of USPL1 with SUMO2. USPL1 catalytic domain and SUMO2 are shown in blue and
red, respectively. SUMO?2 and USPL1 interface residues are labelled. Dashed lines indicate hydrogen bond contacts.
Left, surface representation of SUMO?2 (red) in complex with USPL1, shown in a blue cartoon. Interface residues are
shown in stick representation. Zinc atom is shown in yellow. B. Right, stick representation of the main contacts of the
fingers subdomain of USPL1 with SUMOQ2. Same color code as in (a).

In the USPL1 fingers subdomain, a Zn?* atom stabilizes the structure by the coordination
of four conserved cysteine residues (Figure 5B), and as observed in other USPs, the
cysteine coordination to Zn?* is essential for the USP catalytic activity. In USPL1, the
contacts are basically engaged by the B1-B2 hairpin loop of SUMO2, which nicely fits in
the fingers subdomain surface. The only specific side chain contact is engaged by Asn398,
located next to the Zn?* site and conserved in all USPL1 orthologs, which forms two
hydrogen bonds with the main chain oxygen and nitrogen of Gly27 and Ser28 in SUMO?2,
respectively (2.8 and 3.0 A distances). In ubiquitin-USP complex structures, the fingers
subdomain normally display a rigid body adjustment to fix ubiquitin, sometimes having
an impact in chain specificity, as occurs in USP21 [153]. However, in the USPL1-SUMO?2

complex, the orientation of the fingers subdomain is similar to the AlphaFold-2 model of

40



CHAPTER |

the apo form (Figure 2) and displays a different orientation compared to all known
structures of ubiquitin USPs, showing an average 14 A displacement between the Zn2*
atoms of the ZnF motifs (Supplementary Figure 6). As a consequence, the contacts
observed at the interface of the fingers subdomain with SUMO2 are not observed in the
other USP-ubiquitin complexes, basically due to the different orientation of the fingers

subdomain with respect to SUMO?2.

Mutagenesis analysis of the specific interface contacts in USPL1

USPL1 shows a proteolytic isoform preference for human SUMO?2, in contrast to other
SUMO peptidases such as SENP2 which shows similar activities for SUMO1 and SUMO2-
AMC substrates (Figure 6A) [84]. As expected, USPL1 does not show any activity against
ubiquitin-AMC substrate (Figure 6A) [62]. In order to characterize the binding interface
in this kinetically trapped intermediate complex, specific interactions in the USPL1-
SUMO?2 interface have been mutated. The overall structural integrity of all USPL1
mutants are similar to the wild type form, as observed by comparing their purification
profiles by ion-exchange chromatography and by the similar spectra displayed in the
intrinsic Trp-fluorescence emission analysis (Supplementary Figure 7). The USPL1 mutant
interface analysis has been conducted in the C-terminal tail, thumb and fingers
subdomains (Figure 6C). Binding to SUMO?2 has been checked by using a SUMO2 DHA
chemical trap substrate, and the proteolytic activity has been checked against the
SUMO2-AMC fluorescent substrate, as well as by RanGAP-SUMO2 and diSUMO?2

substrates.

In the C-terminal tail interface, Phe457 has been replaced either by tyrosine, which is
present in all USP members, or by leucine, which maintains the hydrophobic character of
the interaction. In both F457Y and F457L mutants the binding reaction with SUMO2 DHA
is strongly diminished and the catalytic activity against all tested substrates reduced
(Figure 6B-F). Interestingly, despite that all other USP members contain a tyrosine in that
position, the only presence of a O from the tyrosine side chain seriously compromises
the interaction of USPL1 with SUMO?2 substrates. The SUMO C-terminus is sandwiched
between Phe457 and Met330 (Figure 6C), however removal of Met330 side chain has a

minor effect on the catalytic activity and even seems to increase the binding affinity for
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SUMO2, as observed in the M330A mutant (Figure 6B). While Met330, which is normally
substituted by glutamine in ubiquitin USPs, may still be involved in regulating USPL1
activity, it does not seem to be essential for binding and catalysis. However, the backbone
interactions of the adjacent Glu331 with the SUMO C-terminal tail are essential for
binding and catalysis, as observed in the E331P mutant, in which a proline substitution

distorts the backbone orientation and removes a critical hydrogen bond (Figure 6B-F).

Removal of the O from the tyrosine side chain in the Y451F mutant decreases binding
and activity by four-fold compared to wild-type (Figure 6B-F), highlighting the role of the
two hydrogen bonds with Thr91 of the C-terminal tail of SUMO?2 (Figure 4). Finally, two
conserved histidine residues were analyzed: H421N removes the specific hydrogen bond
contact with GIn90, and H493N removes the interaction to a fixed water (Figure 4).
Interestingly, whereas the H421N mutant affects partially binding and catalysis, the
integrity of the His493 side chain, which bridges the C-terminal SUMO backbone through
a water molecule, seems essential for binding and catalysis. The overall structural
integrity of the H493N mutant seems correct, as observed in Trp-fluorescence stability
analysis compared to wild-type (Supplementary Figure 7), thus highlighting the relevance

of this water-bridged interaction in the overall hydrogen bond network of the C-terminal
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Figure 6. Functional analysis of the SUMO2-USPL1 interface. A. Left, activity assay of USPL1 with SUMO1-AMC and
SUMO2-AMC. Middle, activity assay of Ubiquitin-AMC with USPL1 and USP28. Right, activity assay of SENP2 with
SUMO1-AMC and SUMO2-AMC. Reaction were conducted in triplicate and the average curve is displayed. B. Binding
interaction of USPL1 point mutants with SUMO2-DHA. Reaction assays were conducted with USPL1 wild-type and
mutants for 3 hours. n=3 technical replicates. C. USPL1-SUMO2 complex structure shown in cartoon representation.
USPL1 catalytic domain and SUMO?2 precursor are shown in purple and red, respectively. USP right hand-like domains
are labeled. Interface residues are labeled and shown in stick representation. Zinc atom is shown in yellow. D. Left,
activity assays of USPL1 wild type and mutants of the C-terminal tail interface using SUMO2-AMC. Middle, similar
activity assays of USPL1 wild type and mutants of the thumb and fingers subdomains. Right, table indicating the mean
slope values plus/minus the standard deviation of the activity assays. n=3 technical replicates. Significance was
measured by a two-tailed unpaired t-test relative to wild-type. *P < 0.05, **P < 0.01, ***P < 0.001. E. Left, endpoint
assays of USPL1 wild type and mutants using the RanGAP1-SUMO?2 substrate. Right, plot of the RanGAP1-SUMO?2
fraction after 10 minutes reaction. Data values represent the mean +/- SD, n=3 technical replicates. Significance was
measured by a two-tailed unpaired t-test relative to wild-type. *P <0.05, **P < 0.01, ***P < 0.001. Exact P values from
left to right: <0.0001, 0.0868, <0.0001, 0.0002, <0.0001, 0.0001, 0.0065, <0.0001, <0.0001, <0.0001.F. Left, endpoint
assays of USPL1 wild type and mutants using di-SUMO?2 substrate. Right, plot representation of the product SUMO?2
fraction after 20 minutes reaction. Data values represent the mean +/- SD, n=3 technical replicates. Significance was
measured by a two-tailed unpaired t-test relative to wild-type. *P <0.05, **P < 0.01, ***P < 0.001. Exact P values from
left to right: <0.0001, <0.0001, 0.0003, <0.0001, 0.0021, <0.0001, 0.0009, <0.0001, <0.0001, <0.0001. Source data for
figures 6a, b, d, e and f are provided as a Source Data file.

Two specific contacts to SUMO2 have been analyzed in the USPL1 thumb subdomain,
Arg324 and Phe335, both highly conserved in the USPL1 orthologs (Supplementary Figure
1). The R342A mutant removes a strong and well-oriented electrostatic bridge with Asp71

of SUMO?2 (Figure 5A), and the results indicate that binding and catalysis with SUMO2
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substrates are seriously compromised, highlighting a major role for Arg324 (Figure 6B-F).
Likewise, in a lesser degree compared to Arg324, the F335A mutant also disturbs binding
and catalysis for SUMO2 substrates. Thus our in vitro proteolytic activities as well as the
strong conservation in the family indicate that both Arg324 and Phe335 play a major role
in the specific interaction of SUMO2 with USPL1.

The structural architecture of the fingers subdomain is maintained by four conserved
cysteine coordination residues forming a ZnF motif (Figure 5B). Despite the extended
interface of the fingers subdomain with SUMO, only the highly conserved Asn398 seems
to establish specific contacts by the formation of two hydrogen bonds with SUMO2
backbone atoms (Figure 5B). Interestingly, removal of these interactions in the N398A
mutant seriously compromises binding and catalysis with SUMO?2 substrates. Altogether,
the specific contacts of the thumb and fingers subdomain, Arg324, Phe335 and Asn398,
have an essential contribution to fix the globular domain of SUMO2 in a correct

orientation for catalysis.
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Materials and Methods

Plasmids, Cloning and Point Mutation

HA-USPL1-pcDNA3.1 was a gift from Frauke Melchior (Addgene plasmid #85760;
http://n2t.net/addgene:85760; RRID:Addgene_85760) [62]. The catalytic domain
construct pET28a-USPL1CD was amplified by PCR using Phusion polymerase and cloned
into the BamHI/Notl restriction enzymes sites of pET28a vector using ligation. The USPL1
point mutants constructs were designed by different primers and were created by the
QuickChange site-directed mutagenesis kit (Stratagene). All primers are shown in
Supplementary Table2. pET28a-A14-humanSUMO2 (14 amino acids deletion) was
constructed at the Sloan-Kettering Institute in New York by David Reverter. The plasmid
of pET28a-A14-SUMO2GCVY(C48S) has been generated by Restriction Enzyme Free PCR
[159].

Protein Expression and Purification

The USPL1 CD and A14SUMO?2 expression constructs were transformed into E. coli
Rosetta (DE3) cells (Novagen). Bacteria were grown at 37 °C to OD600=0.7~0.8, and IPTG
was added to a final concentration of 0.5 mM. Bacteria were grown an additional 16 h at
20 °C and harvested by centrifugation. Cell suspensions were equilibrated in 350 mM
NaCl, 20 mM Tris-HCI (pH 8.0), 10 mM imidazole, 20% sucrose, 1 mM DTT, and 0.1%
IGEPAL CA-630, and cells were broken by sonication. After removing cell debris by
centrifugation, proteins were separated from lysate by nickel affinity chromatography
using Ni Sepharose 6 Fast Flow (GE Healthcare) and eluted with lysis buffer including 20
mM Tris-HCI (pH 8.0), 350 mM NacCl, 300 mM imidazole, and 1 mM DTT. Fractions
containing the target protein were collected, diluted to 50 mM NaCl, applied to an anion
exchange resin (Resource Q; GE Healthcare), and eluted with a 0-1 M NaCl gradient from
0 to 35% in 20 mM Tris-HCI (pH 8.0) and 3 mM DTT. Concentrated the protein using
Amicon Ultra-30K ultrafiltration device (Millipore) and snap-frozen in liquid nitrogen prior

to storage at -80 °C.

Preparation of the USPL1CD- A14-SUMO2 DHA complex
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After purification of A14-SUMO2GCVY (C48S) protein, 2mM DTT was added as a solid to
a 500ul aliquot of protein solution to reduce any contaminant disulfide and gently shaking
15min. The buffer was changed to 20mM Tris8, 150mM NaCl by PD-10 (GE Healthcare)
and concentrated to 10 mg/ml and kept at room temperature for the next step. A stock
solution of 2,5-dibromo hexanediamide (DHA) was prepared by dissolving 35.5mg in
418l DMF. A 10-fold molar DHA (25 pmol) was added into A14-SUMO2GCVY (2.5 umol).
The reaction mixture was incubated at room temperature for 30min and then at 37°C for
10h. The insoluble dibromide was removed using centrifugation and further purified
using a Resource Q column to get A14-Sumo2 DHA protein. The mixture of USPL1CD and
A14-Sumo2 DHA (1:3 molar ratio) was incubated at 30°C for 3h. Anion exchange
chromatography (Resource Q; GE Healthcare) and gel filtration chromatography
(Superdex 75; GE Healthcare) were carried out to purify the USPL1CD-A14SUMO2DHA

complex.
Crystallization and Data Collection

The complex USPL1CD-A14SUMO2DHA was concentrated to 8 mg/mL for crystallization
screening in a buffer containing 20mM Tris 8.0, 170mM NaCl and 1mM DTT.
Crystallization experiments were performed at 18°C by sitting drop vapor diffusion
method and crystals grew up in a protein mixture with an equal volume of a condition
solution containing 0.2 M potassium thiocyanate, 0.1 M sodium acetate 5.5, 8% w/v
PEG20000 and 8% w/v PEG500MME. Crystals were harvested after 3 days and soaked 5-
10 seconds in the crystallization buffer supplemented with 15% ethylene glycol, and then

snap-frozen in liquid nitrogen to storage.

Diffraction data were collected to 1.8 A resolution at beamline ID30B at the ESRF
(Grenoble, France). Data processing was conducted by AutoProcesing with MxCUBE
[160,161]. The space group was P21 and there was one complex per asymmetric unit. The
structure of USPL1CD-A14SUMO2DHA was solved by molecular replacement with USPL1
Alphafold2 model as a search mode [152]. Following rounds of model building and
refinement were carried out with Coot and Phenix [162,163]. The structure of USPL1CD-

SUMO?2 has been deposited in the Protein Data Bank under accession codes PDB 7P99.
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SUMO-AMC hydrolysis assays

USPL1 wild type and mutants were incubated with ubiquitin-, SUMO1- or SUMO2-AMC
at 30°C and measured the fluorescence emission using 345 nm excitation and 445 nm
emission wavelengths using a Jasco FP-8200 spectrofluorometer. All measurements were
carried out in triplicate with 1 nM USPL1 and 0.1 uM SUMO-AMC in a buffer containing
100mM NaCl, 20 mM Tris-HCl pH 8, 10 mM DTT.

In vitro de-SUMOyation assays

Protease activity was measured by incubating di-SUMO2 and NA419RanGAP1-SUMO2 (1
um) with purified 20 nM of USPL1 wt and mutants at 37 °C in a buffer containing 40 mM
Tris-HCl (pH 8.0), 250 mM NacCl, and 2 mM DTT. Reactions were stopped after O, 5, 10
and 20 min with SDS-BME loading buffer and analyzed by gel electrophoresis (PAGE).
Proteins were detected by staining with SYPRO Ruby protein gel stain (Bio-Rad). Products
were detected and quantified using a Gel-Doc machine with associated integration
software (Imagelab; Bio-Rad). Fraction of analyzed bands were plot as error bar graphs

with SD.
Intrinsic Fluorescence Measurements

Intrinsic fluorescence spectra were recorded using a Jasco FP-8200 spectrofluorometer.
Tryptophan emission spectra were obtained by setting the excitation wavelength at 295
nm and collecting emission in the 315-400 nm range. USPL1 (wild-type and mutants)
were diluted to achieve 1 uM in 20 mM HEPES pH 7.5 buffer containing 250 mM NacCl
and 10 mM DTT. The temperature was set at 30 °C. For thermostability at 30 °C proteins
were kept at this temperature for up to 60 min and Trp spectra were recorded at different

times.

Data availability: Structure reported has been deposited in the Protein Data Bank under
accession code 7P99 (10.2210/pdb7P99/pdb). Other Protein Data Bank accession codes
used in this study: 6HEK (10.2210/pdb6HEK/pdb) (USP28-ubiquitin); 2HD5

(10.2210/pdb2hd5/pdb)  (USP2-ubiquitin);  5JTV ~ (10.2210/pdb5JTV/pdb)  (USP7-

ubiquitin); 50HK (10.2210/pdb50HK/pdb) (USP30-ubiquitin). All other data supporting
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the findings of this study are available within the article and its supplementary

information files. Source data are provided with this paper.

USPL1-SUMO2
Data collection

Space group P21

Unit cell parameters (A) 50.71, 69.88,
53.64

Wavelength (nm) 0.97625

Resolution range (A) 41.04-1.79

Rmerge 0.08 (0.47)*

Rpim 0.06 (0.36)*

(I/o(1)) 7.8 (2.1)*

Completeness (%) 96.5 (97.8)*

Multiplicity 2.5 (2.5)*

CC (1/2) 0.99 (0.72)*

Structure refinement

Resolution range (A) 41.04 - 1.80

No. of unique reflections 33540

Rwork / Rfree (%) 17.6/19.7

No. of atoms

Protein 2823

Water molecules 200

Zn? 1

Overall B factors (A?) 33.99

USPL1 (A?) 31.10

SUMO2 (A?) 42.66

Zn?* (A?) 24.22

Water molecules (A?) 38.29

Rms deviations

Bonds (A) 0.007

Angles (°) 0.845

Ramachandran favored (%) 97.94
Ramachandran allowed (%) 1.77
Ramachandran outliers (%) 0.29
PDB code 7P99

Table 1. Crystallographic statistics of the USPL1-SUMO2 complex. *Data from the last shell in parenthesis (1.70-1.79
A).
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Supplementary information

Supplementary Table 2 — List of the used primers.

USPLICD fw

CGCGGATCCATGCCACTGGAGAGGAAATG

USPLICD rv

AAAGCGGCCGCTTAAAGTGGAAGGCAGGC

A14SUMO2GCVY fw

CGGCCTGGTGCCGCGCGGCAGCCATAACGATCATATTAATTTGAA
GGTG

A14SUMO2GCVY rv

GACGGAGCTCGAATTCGGATCCCTAGTAGACACATCCCGTCTGC
TGTTGG

USPL1 Phe335 to Ala fw

AGGTGATATGGAAAGCCCTGTGGCTGCATTTCCCCTGCTCTT

USPL1 Phe335to Alarv

AAGAGCAGGGGAAATGCAGCCACAGGGCTTTCCATATCACCT

USPLI Arg324 to Ala fw

TTAGCCTTCAGCCCCAGCTTGCATGCACATTAGGTGATAT

USPLI1 Arg324 to Alarv

ATATCACCTAATGTGCATGCAAGCTGGGGCTGAAGGCTAA

USPL1 Met330 to Ala fw

AGATGCACATTAGGTGATGCGGAAAGCCCTGTGTTTGCAT

USPL1 Met330 to Ala rv

ATGCAAACACAGGGCTTTCCGCATCACCTAATGTGCATCT

USPL1 Asn398 to Ala fw

CCATTTTGGTCCATGTGCCAATTGCAACAGTAAATCACAAAT

USPL1 Asn398 to Ala rv

ATTTGTGATTTACTGTTGCAATTGGCACATGGACCAAAATGG

USPLI1 Tyr451 to Phe fw

AACTTCTGTAATTCAGTTTCGAGCAAATAATCATTTTATAACAT

USPL1 Tyr451 to Phe rv

ATGTTATAAAATGATTATTTGCTCGAAACTGAATTACAGAAGTT

USPL1 His493 to Asn fw

AGTTCCTGCTTCAGAGATAAATATTGTTATTTGGGAAAG

USPL1 His493 to Asn rv

CTTTCCCAAATAACAATATTTATCTCTGAAGCAGGAACT

USPL1 His421 to Asn fw

ATCTCCCATATTCATGTTGAACTTTGTAGAAGGCTTACC

USPL1 His421 to Asnrv

GGTAAGCCTTCTACAAAGTTCAACATGAATATGGGAGAT

USPL1 Glu331 to Pro fw

TGCACATTAGGTGATATGCCAAGCCCTGTGTTTGCATTT

USPL1 Glu331 to Pro rv

AAATGCAAACACAGGGCTTGGCATATCACCTAATGTGCA

USPL1 Phe457 to Tyr fw

CAGTATCGAGCAAATAATCATTATATAACATGGATTTTAGATGCT

USPL1 Phe457 to Tyr rv

AGCATCTAAAATCCATGTTATATAATGATTATTTGCTCGATACTG

USPLI1 Phe457 to Leu fw

CAGTATCGAGCAAATAATCATCTTATAACATGGATTTTAGATGCT

USPLI1 Phe457 to Leu rv

AGCATCTAAAATCCATGTTATAAGATGATTATTTGCTCGATACTG
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Supplementary Figure 1. A. Multiple sequence alignment of USPL1 with its orthologs in mouse, sheep, chicken and
danio rerio (zebrafish). Red represents high conservation. USP-like catalytic domain is labeled by a red frame. B.
Structural/sequential alignment of the USPL1 catalytic domain with the catalytic domains of USP7, USP8 USP28, USP18,
USP25 and USP28. Blue triangles represents the catalytic triad and yellow circles the contact residues with SUMO2. C.
Sequence alignment of SUMO1, SUMO?2 and ubiquitin. All sequence alignments are from Clustal Omega and formatted
by ESPript [164].
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Supplementary Figure 2. Purification of the USPL1-SUMO2 complex. Left, anionic exchange chromatography profile of
the purification of the USPL1-SUMO2 complex after the incubation of the SUMO2 DHA precursor with USPL1 catalytic
domain at 30 °C for 2 hours. Right, SDS-PAGE of the indicated fractions of the anion exchange column.

rm_‘ Thumb

Supplementary Figure 3. Topology diagram of USPL1. The topology diagram of the USPL1 right hand-like subdomains:
Finger (purple), Palm blue), and Thumb (green). The cartoon representation of USPL1 is presented in the same colors.
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Supplementary Figure 4. USP28-ubiquitin interface details. Two views of the stick representation of the main contacts
of the C-terminal of ubiquitin in complex with the active site groove of USP28 (PDB code 6HEK) [165]. USP28 catalytic

domain and ubiquitin are shown in green and grey, respectively. Ubiquitin and USP28 interface residues are labelled.
Dashed lines indicate hydrogen bond contacts.
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Supplementary Figure 5. SUMO1-AMC substrate analysis with mutant. A. Activity assay of USPL1 R324A mutant of the
C-terminal tail interface using the SUMO2-AMC and SUMO1-AMC substrates. SUMO-AMC (0.25 pM) was incubated
with 1nM of USPL1 mutant at 30 °C, and released AMC was detected by fluorescence. B. Time course assays of 20 nM
USPL1 wild type and R324A mutant using 1 uM RanGAP1-A18SUMO1 substrate at 37 °C.
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Supplementary Figure 6. Structural overlapping of USPL1 with ubiquitin USPs. A. Multiple structural overlapping of
USPL1 with five structures of USP in complex with ubiquitin. USPL1 is shown in a blue cartoon representation and the
five ubiquitin USPs in grey ribbon representation. Double red arrow indicates the average distance between the Zn2*
atom in USPL1 compared to the Zn?*in ubiquitin USPs. USP subdomains are labelled. B. Multiple structural overlapping
of five structures of USP in complex with ubiquitin. Ubiquitin has been removed from the picture. The USP structures
correspond to USP2 (PDB code 2hd5), USP7 (PDB code 5jtv), USP28 (PDB code 6hek), USP30 (PDB code 5ohk), USP35
(PDB code 5txk), USP45 (PDB code 518h) and USPL1 (PDB code 7p99)[61,65,165-168].
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Supplementary Figure 7. Purification and Trp fluorescence of USPL1 mutants. A. Resource Q elution profile of the
purification of USPL1; NaCl concentration where the major peak eluted is shown. B. SDS-PAGE showing the collected
RQ peaks. C. Intrinsic fluorescence showing that all mutants are well-folded. (d) Stability of WT (blue) and H493N
mutant (red) at 30°C; the inset shows the raw Trp spectra used to calculate stability.
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Supplementary Figure 8. Raw data for RanGAP1-SUMO2 deconjugation.
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Introduction

Small ubiquitin-like modifiers (SUMOQO) belong to ubiquitin-like proteins (UbLs) family,
which are post-translational modifiers that regulate many protein functions in cells, such
as DNA replication, nuclear transport or DNA damage control [75,76,79—-81]. SUMO is
widely expressed in all eukaryotes, there are four SUMO proteins in human: SUMO1,
SUMO2, SUMO3, and SUMOA4. Yeast and invertebrates have a SUMO protein called Smt3,
vertebrates also have few SUMO. In human, SUMO2 and SUMO3 share 97% sequence
identity, whereas SUMO1 only share 47% identity with SUMO2 and SUMO3 [75,77]. The
SUMOA4 precursor cannot be processed and do not form SUMO conjugates [110]. SUMO
is activated by a dedicated conjugation pathway through an enzymatic cascade formed
by E1, E2 and E3 enzymes [78,82]. The covalent attachment of SUMO to protein targets
is a reversible process through action of de-SUMOylating proteases [96,97]. For example,
the SUMO proteases of SENP/ULP family can efficiently cleave off the isopeptide bond
between the substrate and SUMO [97,98,169].

Until recently, SUMO proteases were only constituted by the 6 members of the SENP/ULP
protease family in humans ( SENP1, SENP2, SENP3, SENP5, SENP6, SENP7). SENP8 (or
NEDP1) is another member in humans that has specificity for Nedd8, a different type of
UbL modifier [103]. ULP1 was the first member of the family SUMO protease discovered
in Saccharomyces cerevisiae [83]. ULP1 is related to human SENP1, SENP2, SENP3 and
SENP5, while SENP6 and SENP7 are related ULP2, a second member in yeast [97]. Human
SENPs can be divided into three subfamilies based on their sequence homology, substrate
specificity and subcellular localization: SENP1 and SENP2; SENP3 and SENP5; and SENP6
and SENP7 [97,98,100,101]. In the last years, two new types of SUMO proteases have
been revealed in human: the deSUMOylating peptidase 1 and 2 (DESI1 and DESI2) [102];
and the deubiquitinating enzyme USPL1, which is active for SUMO?2 isoforms, instead of
ubiquitin [62,170].

SENP/ULP family members can carry out double proteolytic activities: processing of the
immature SUMO, and uncoupling SUMO conjugation. SENP/ULP members can process
the a-peptide bond in the C-terminal of SUMO to expose diglycine motif (mature SUMO),

and cleave off the isopeptide bond between SUMO and the lysine residue of substrate
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[97]. SUMO precursor maturation is an essential step for the activation of SUM01/2/3
precursors in humans to release a productive C-terminal diGly motif. All SENP/ULP
members possess isopeptidase activity, but only SENP1, SENP2 and SENP5 can process
the SUMO precursors. Among human SENPs, SENP1, SENP6, and SENP7 are localized to
the nucleoplasm [108], whereas SENP3 and SENP5 are localized to the nucleolus [171].
SENP2 has a nuclear export signal along with SENP1 to facilitate its shuttling in and out of
the nucleus [109].

All human SENP members are constituted by long unstructured protein chains followed
by a conserved C-terminal catalytic domain that belong to the CE class of cysteine
proteases [99], containing the active site catalytic triad (His- Asp-Cys). Among the human
SENP family, SENP6 and SENP7 are the most dissimilar members, either by the lower
sequence identity in their catalytic domains, as well as by the presence of long
unstructured protein chain insertions in the middle of the catalytic domain. SENP6 and
SENP7 members have been shown to display an isoform preference for SUMO2/3
conjugates [114], in contrast to SENP1 and SENP2 that are equally active for all SUMO
isoforms [84,109,172,173].

The structure of the catalytic domain of SENP7 shows unique elements compared to
SENP1 or SENP2, such as the absence of an N-terminal a-helix, as well as the presence of
three loop insertions [114]. Only Loop 1 can be observed in the apo structure of SENP7
and its deletion severely impairs the proteolytic activity of SENP7, reducing the
uncoupling of di-SUMO2/3 or poly-SUMO2/3 conjugates [114]. Whereas the Loop1 of
SENP7 is indispensable for activity, the Loop2 and Loop3 are inessential for activity in the
tested substrates, both are disordered and their removal did not produce any change in
proteolytic activity, showing activities similar to wild-type in vitro [114,115]. SENP6 and
SENP7 catalytic domains show a preference for SUMO deconjugation over processing of
the precursors, and display a higher activity in dismantling poly-SUMO2/3 chains, in
particular in SENP6 [114].

In vivo, SENP7 has been shown to be specific for SUMO2/3 over SUMO1, and the
depletion of SENP7 results in the accumulation of SUMO-2 conjugates [116]. SENP7 has

been proposed to be a crucial regulator of PML (promyelocytic leukemia protein)
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turnover [117,118]. Recent studies have shown that SENP7 plays an critical role in
maintaining CD8+ T cell metabolic fitness and effector functions [119]. SENP7 regulates
heterochromatin integrity and DNA repair in mitotic cells [97,121,174]. SENP7 maintains
HPla accumulation at pericentric heterochromatin and regulates DNA repair by
interacting with the chromatin remodeler CHD3 in mice [121,122,174-177]. The
knockout/down experiments in vivo have shown an essential role for SENP7 in mouse
embryonic development [123]. SENP7 is transiently activated during early stages of
neuronal differentiation and is required for vertebrate neuronal differentiation [124].
SENP7 has been implicated in breast cancer as a potential target for cancer therapy

[125,126].

Existing comprehension of structure/function of SENP7 is limited to the apo form of the
catalytic domain, and the molecular structure and determinants of the unique specificity

for the SUMO2 isoform have not been yet defined.

To gain insight into the specific interaction of SENP7 with SUMOZ2, in this chapter we
determined the crystal structure of the complex between human SENP7 and a
chemically-modified human SUMO?2 suicide substrate at the C-terminal glycine (SUMO2-
PA), at 1.74 A resolution. Structural and biochemical analysis of the complex interface of
SENP7-SUMO?2 by mutagenesis reveals key contact interface residues for its SUMO2/3

isoform specificity, contributing to enrich the knowledge of the SENP/ULP family.
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Results
Preparation of the covalent crosslink between SENP7 and SUMOQ?2

To get the structure of the complex between SENP7 and SUMO2, and after several
unfruitful attempts in the past to form complexes with SUMO substrates, including SUMO
precursors, we have successfully crosslinked the C-terminal carboxylate group of SUMO2
with the active site cysteine of SENP7 (Cys926) to form a stable covalent product complex.
To do so the C-terminal carboxylate group of SUMO2 (Gly93) has been replaced with a
propargylated group (SUMO-PA), leaving a highly reactive alkyne electrophilic trap that
reacts with the cysteine nucleophile of the SENP7 active site ( ). This method
uses the intein chemistry to form a terminal propargylated group and it was initially
developed for ubiquitin [178,179], and later adapted to SUMO [180]. SUMO is produced
as a fusion with intein after substitution of the terminal glycine for cysteine, which
ultimately forms a highly reactive and stable C-terminal alkyne (SUMO-PA group) after a

reaction with propargylamine.
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Schematic
representation of the reaction to form the covalent thioether bond between the C-terminal of SUMO2-PA and SENP7
catalytic domain Cysteine. Time course assay of SENP7- SUMO2PA (molar ratio 1:3) was carried at 30 °C for 3 hours.
Purification of the SENP7-SUMO2 complex. Above, Resource S cation exchange chromatography profile of the
purification of the SENP7-SUMO2 complex after the incubation of the SUMO2-PA with SENP7 catalytic domain at 30 °C
for 3 hours. Below, SDS-PAGE of the indicated fractions of the Resource S column.

To prepare complex between the SUMO2-PA and SENP7, we have used the catalytic
domain of SENP7 comprising from Thr662 to Glu811 and from Lys861 to Ser984. We will
refer to this catalytic fragment as SENP7 throughout the text, and the construct includes

a truncation of an internal 50 residues-long disordered loop, previously named Loop3,
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which did not play any role in the in vitro catalytic activity of the enzyme [114] and could

represent a restraint in the crystallization experiments.

Overall structure of the complex between SENP7-SUMO2

The SENP7-SUMO2 complex was formed by incubation of SENP7 with the C-terminal
modified SUMO2-propargylated at 30 °C for 2 hours to allow formation of a covalent
bond between the SUMO terminal alkyne group and the SENP7 active site cysteine
(Cys926) ( ). After purification by anionic exchange, the covalent complex
between SENP7-SUMO2 was concentrated to 9.5 mg/ml and set for crystallization
experiments. Good diffraction quality crystals of the SENP7-SUMO2 complex were
obtained in the initial screening in a condition containing 0.1 M HEPES 7.0, 15 % w/v PEG
20,000. The crystals belonged to the monoclinic P21 space group, contained two
complexes of SENP7-SUMO2 in the asymmetric unit and diffracted to 1.74 A resolution
( ). The final electron density map model of SENP7 includes most of the sequence
with the only absence of a gap between Arg748 and Pro758, previously referred to as
Loop2 [114], and the aforementioned Loop3 (Glu811 to Lys861), which has been
intentionally omitted in the construct of the catalytic domain of SENP7 ( ). The
electron density maps clearly show the covalent bond formed between the SUMO C-
terminal Gly93 and the SENP7 active site Cys926, confirming the specificity of the catalytic
reaction between SENP7 and the SUMO2-PA suicide substrate.

The comparison of the overall structure of the SENP7 catalytic domain in the apo form
(PDB 3EAY) and in complex with SUMO2 does not indicate major structural
rearrangements upon substrate binding (rmsd values of 0.61 A over 244 aligned
residues). Only residues involved in the interface with SUMO display alternative side-
chains rotation conformers ( ). Structural overlapping shows that the active site
catalytic triad might already be formed in the absence of the SUMO substrate, as
observed by the distances between the catalytic triad residues, His794, Cys926 and
Asp873, with a 3.7 and 4.3 A distance between the Cys926 Sy and the His794 N&1; and
2.5 and 2.7 A between His794 Ne2 and Asp873 081, in the unbound and SUMO2-bound
SENP7, respectively ( ). Such distances suggest that SENP7 might be active in the

absence of the SUMO substrate, as initially observed for SENP2 [84], and does not need
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any substrate-induced rearrangement mechanism. Indeed, the lower structural similarity
with the catalytic domain of SENP2 (rmsd values of 1.92 A over 168 aligned residues),
highlights the evolutionary distances between the SENP6/SENP7 and SENP1/SENP2
subfamilies (Figure 4 &Supplementary Figure 1). Our goal was to define the structural
differences in the SUMO interface that might explain the activities by SENP7 for the
SUMO2/3 isoform in contrast to SENP2 and SENP1, which is equally efficient for both
SUMO1 and SUMO2/3 isoforms.
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Figure 2. Crystal structure of the complex of human SENP7 with SUMO2. A. Cartoon representations of two aspects of
the SENP7-SUMO2 complex structure. SENP7 catalytic domain and SUMO2 precursor are shown in yellow and blue,
respectively. The catalytic residues are labelled and depicted in stick representation. Loop 1, Loop2 and Loop3 (not
present) are labelled. N-terminal and C-terminal are marked. B. Structural superimposition between SENP7-SUMO?2
(yellow) complex and the apo SENP7 catalytic domain (blue) (PDB code 3EAY). C. The superimposition of active sites of
SENP7-SUMO2 and apo SENP7 is shown in detail. SENP7-SUMOQ?2 catalytic triad residues are tagged and shown in sticks,
whereas SENP7 catalytic triad residues are shown at right. Dashed lines indicate hydrogen bond contacts, and the
distances (A) are also described.
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Interface between C-terminal tail of SUMO2 and SENP7

The C-terminal tail of SUMO?2 is buried in a SENP7 surface cleft that contains the catalytic
triad, which is responsible for cleaving off the isopeptidic bond after the conserved diGly
motif in the SUMO C-terminus. This interface is mainly stabilized by a quite number of
hydrogen bonds established between the C-terminal tail of SUMO2 (GIn90-Thr91-Gly92-
Gly93) and SENP7 residues (Figure 3A). The geometry of the contact interface between
the SUMO?2 C-terminal tail and SENP7 resembles the interface observed between SENP2
and SUMO?2 (Figure 3A&B). A notable difference in SENP7 is the presence of Phe709
instead of a tryptophan, conserved in most members of the SENP/ULP family,
sandwiching the C-terminal di-Gly motif. The substitution of Phe709 for tryptophan in
SENP7 results in similar catalytic properties as the wild-type form [114], indicating that
both bulky aromatic residues play a similar role to cover the SUMO C-terminal tail.
Another difference in the C-terminal interface is the presence of Asn790 (in SENP7)
instead of a histidine in most members of the SENP/ULP family (Supplementary Figure 1),
however, both side chains can form anidentical hydrogen bond with the carbonyl oxygen

of Thro1.

A B

{ hsenpr? o

Figure 3. Comparison of atomic details of the SUMO C-terminal tail interaction in SENP7- hSUMO2 complex and SENP2-
hSUMO3 complex. A. Stick depiction of the primary contacts of the C-terminal of SUMO2 in complex with the active
site of SENP7. SENP7 catalytic domain and SUMO?2 are shown in blue and yellow, respectively. SENP7-SUMO?2 interface
residues are labelled. Hydrogen bonds are represented by dashed lines. B. Stick representation of C-terminal of SUMO3
(gray) in complex with SENP2 (pink) (PDB code 2101). Main interface residues are shown in stick representation and
labelled.
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The only hydrogen bond interaction established by a side chain in the C-terminal of
SUMO?2 in the complex with SENP7 is conducted by GIn90. All the other contacts in the
C-terminal tail of SUMO2 are basically established by main chain atoms and resemble the
SENP2-SUMO2 complex ( ), emphasizing the relevance of this hydrogen bond
network interface in all members of the SENP/ULP family in the proteolytic activity, which
probably will not play an accountable role in the different SUMO isoforms activities

observed between SENP1/2 and SENP6/7 subfamily members.

Interface between the globular domain of SUMO2 and SENP7

As initially reported in the yeast ULP1-SUMO crystal structure [151], there exists an
extended quilt-like interface between the globular domain of SUMO2 and SENP7, in
which the structural determinants for the specific interaction are probably located. Three
conserved residues in the SENP/ULP family provide specific contacts at the base of the
globular domain at the beginning of the SUMO C-terminal tail, namely Asp712, Phe741
and Trp773 (SENP7 nomenclature). Asp712 is engaged in an electrostatic interaction with
Arg59 (SUMO2), Phe741 forms a hydrophobic stacking ring bond with Phe87 (SUMO2),
and Trp773 engages a hydrophobic interaction with Gly64 (SUMO?2). These three
conserved interface residues have been shown to be essential in the SUMO proteolytic
activity ( ) [151,181]. Interestingly, only in SENP8/NEDP1, which is
a member of the SENP family but specific for another type of Ubl modifier, Nedds8,
significant changes are observed in the phenylalanine and tryptophan positions, which

are replaced by glutamate and proline, respectively ( ).

The apo structure of SENP7 revealed the presence of three sequence insertions in the
middle of the catalytic domain ( ), which were named as Loop1, Loop2 and
Loop3 and they were also conserved in SENP6 [114]. Similarly to the crystal structure of
the apo SENP7 (PDB code 3EAY), Loop2 and Loop3 are not observed in the complex
structure with SUMO2, and as shown by in vitro activity assays, they do not participate in
the proteolytic activity against SUMO substrates, including polySUMO chains [114,115].
Only Loop1, which contains a well-structured polyproline helix, can be observed in the
apo and SUMO2-complexed SENP7 crystal structures, and its structural conformation was

been shown to be essential for the SENP6 and SENP7 proteolytic activity [115,158].
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Figure 4. Comparative analysis of SENP7 with the SENP2. A. Interaction representation of SENP7 (yellow) in complex
with SUMO2, shown in cartoon (blue). Active site residues and main interaction residues are shown in stick
representation. All secondary structures a-helix and B-strands are numbered and labelled. B. Cartoon representation
of the structural overlapping of the catalytic domains of SENP7 with SENP2 (PDB code 1THO). The Loop1 connects 3-
strand 1 and B-strand 2 of SENP7 is shown. Active site residues (AS) are shown in stick representation. SENP7 and
SENP2 are shown in yellow and pink, respectively. C.Alignment of sequences corresponding to human SENP7 and
SENP2 catalytic domains based on the structural alignment of human SENP7 (PDB code 3EAY) and SENP2 (PDB code
1THO). Secondary structural elements are numbered (B-strands and a-helices) and marked above the alignment for
SENP7 (yellow) and below the alignment for SENP2 (orange). Gaps are identified by the dotted line and the massive
sequence insertion Loop3 in SENP7 is depicted // to indicate that the sequence is missing in this alignment. A yellow
backdrop indicates side chain identity with 100% conservation in the alignment. Red represents three catalytic residues.
All images were prepared with PYMOL.

Three major contacts are observed in the SUMO?2 interface with the SENP7 Loop1 region,
namely Argb1, Pro66, Asn68 which are engaged with Gly693 and Leu694 (Figure SA&B).
Asn68 forms a hydrogen bond with the main chain carbonyl oxygen of Gly693, and Argb1
and Pro66 interacts in a hydrophobic pocket shaped by Leu664 and Gly693 in the SENP7

surface. Interestingly, Arg61 also forms a water-bridged hydrogen bond interaction with
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Asp716 and Ser739, at the edge of Loop1, probably increasing the specificity of the SENP7
interaction for SUMO2. Remarkably, all these Loopl residues in SENP7, together with
Asp716 and Ser739, are conserved in SENP6, and might represent the particular
signatures of the SENP6/7 subfamily for the SUMO2/3 isoform preference [114,115].
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Figure 5. Interface between the globular domain of SUMO2 and SENP7. A. Stick representation of the main contacts
of the Loop1 of SENP7 with SUMO2. SENP7 catalytic domain and SUMO2 are shown in blue and yellow, respectively.
Interface residues are labelled. Dashed lines indicate hydrogen bond contacts. B. Another view with a stick
representation of the main contacts of the Loop1 of SENP7 with SUMO?2. Colors are same with a.C. Stick representation
of the main contacts between SUMO and the Loop?2 region of SENP7. Colors are same with a.

In the opposite face of SENP7 Loopl interface, specific contacts are engaged with
residues emerging from a3 and a4 helix that are connected through Loop2 (not observed
in the crystal structure). Particularly relevant are the contacts engaged by Phe741, Trp773
and Arg775 (Figure 4&5C). Phe741 and Trp773 are engaged in hydrophobic interactions
with the SUMO surface (Phe87 and Gly64) and these interactions are common to all
members of the SENP/ULP family and essential in the proteolytic activity. Arg775 is
engaged in an electrostatic interaction to SUMO2 Asp63 and its positive charged
character is conserved in the other SENP/ULP family members. Also, despite that Arg748
is located at the beginning of Loop2 and is unique to SENP7, the final electron density
maps models do not indicate strong specific interactions with SUMO2. In summary, the
analysis of the SUMO?2 interface with SENP7 indicates that the particular activities of the
SENP6/7 subfamily for SUMO2/3 isoforms might be ascribed to the Loop1 region of the

interface, where the unique contacts in the SENP7 are mostly located.
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Activity assays with SENP7 point mutants.

The catalytic domain of SENP7 is specific for the SUMO2/3 isoforms [114,116], which we
recapitulated here in Figure 6a using fluorogenic substrates (SUMO1-AMC and SUMO2-
AMC), in contrast to SENP1 and SENP2 members that do not show any particular SUMO
isoform preference activity [84,181]. The Loop1 region of SENP6 and SENP7 plays a major
role in the proteolytic activity for the SUMO2 substrates, providing the determinants for
the SUMO?2 isoform selectivity [115]. The crystal structure of the SENP7-SUMO2 complex
reported here reveals all contacts in the interface with Loopl, which could not be
observed in the apo SENP7 structure (pdb 3EAY) [114]. We have mutated some of those
contacts and conducted binding experiments using a SUMO2-PA suicide substrate, as well

as in vitro proteolytic activity assays using either SUMO2-AMC and RanGAP1-SUMO?2

conjugated substrate ( ).
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Activity assays of SENP7 with SUMO1-AMC and

SUMO2-AMC substrates. SUMO1-AMC and SUMO2-AMC (0.1 uM) were incubated with SENP7, and released AMC was

detected by fluorescence.
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the SENP7 catalyticdomain and SUMO2, respectively. SENP7 interface residues are identified and represented as sticks.

Binding interaction of SENP7 point mutations with a SUMO2 PA probe. The reaction test was performed at 30°C for
3 hours with SENP7 wild-type and mutants at 1uM using the SUMO2-PA substrate at 4uM. The SUMO2-AMC
substrate was used to test the activity of SENP7 wild type and SENP7 point mutations of the interface. SUMO2-AMC
(0.1 uM) was incubated with USPL1 mutants, and released AMC was identified by fluorescence. E. Endpoint assays of
SENP7 wild type and point mutants at 50 nM using the RanGAP1-SUMO?2 substrate at 5 uM. The fraction of the
substrate RanGAP1-SUMO?2 after 0, 5, 15, 30, 45, 60 minutes reaction was plotted. Data values denote standard
deviation, n=3 technical replicates. A two-tailed unpaired t-test was used to determine significance in comparison to
wild-type. *P < 0.05, **P < 0.01, ***P < 0.001.

In addition to the SUMO C-terminal contact interface, which is quite similar to the SENP2-
SUMO2 C-terminal interaction ( ), we can divide the extended contact interface
into two regions on opposite sides of the SUMO2 globular domain, named as Loop1 and
Loop2 regions ( ). Mutagenesis analysis revealed that the integrity of the
structural conformation of the Loopl region, which contains the polyproline helix, is
essential for the SUMO2 proteolytic activity [115]. Here, the SENP7-SUMO2 complex
discloses the specific contacts between the globular domain of SUMO2 and the Loopl

region ( ), which maintains the integrity of the Loop1 conformation.

In addition to the Loop1 binding to a surface SUMO patch formed by Pro66 and Asn68
[115], the complex structure reveals the presence of a water-bridged bond between
SUMO Arg61 with SENP7 Asp716 and Ser739 ( ). Interestingly, the proteolytic
activity of D716A and S739A is diminished approximately by 8-fold using the RanGAP1-
SUMO?2 substrate and by 3 to 6-fold using the fluorogenic SUMO2-AMC substrate (

), highlighting the role of this water-bridge interaction for the productive
positioning of the SUMO2 globular domain. However, in binding assays using SUMO2-PA,
the interaction between these two SENP7 point mutants with SUMO2 is almost
undistinguishable from the wild-type SENP7 under this experimental conditions (

). These results contrast the neighbor Asp712, conserved in the SENP/ULP family and
forming a strong salt bridge with SUMO Arg59, and in which its substitution for alanine
completely abolishes the proteolytic activity and strongly reduces the binding capabilities

of SENP7.

In the Loop2 region we have replaced two direct interactions with SUMO2, namely
Phe741, next to the C-terminal tail, and Arg775, located at the opposite edge of the
interface ( ). Phe741 is strictly conserved in the SENP/ULP family and its

substitution for alanine completely abolishes the proteolytic activity and binding
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capabilities of SENP7, highlighting the role of the stacking ring interaction with SUMO
Phe59. In the case of Arg775, which forms a salt bridge with SUMO Asp63 ( )
and its positive charge character is conserved among the SENP/ULP family
( ), the proteolytic activity of R775A mutant is reduced
approximately by 8-fold in both the RanGAP1-SUMO?2 and in the SUMO2-AMC substrates
( ), and the binding to SUMO2-PA is also reduced approximately by 2-fold. It
is worth noting the role of a single salt bridge between Arg775 and SUMO Asp63, which
despite being located at the opposite edge of the interface regarding to the active site, it

seems quite relevant in the modulation of the SUMO proteolytic activity of SENP7.
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Materials and Methods

Plasmids, Cloning and Point Mutation

SENP7 ALoop-3 catalytic domain (aa 662-984 [A811-861]) was constructed at the Sloan-
Kettering Institute in New York by David Reverter. Restriction Enzyme Free PCR was used
to clone the PTXB1-14-humanSUMO?2-intein-chitin-binding domain (CBD) (14 amino acids
deletion). [159]. The primers are all listed in the table. Following generation, all sequences

were sequenced.

PTXB1-A14SUMO2G fw | CTTTAAGAAGGAGATATACATATGAACGATCATATTAATTTGAAGGTGGCG

PTXB1-A14SUMO2G rv CAACTAGTGCATCTCCCGTGATGCATCCCGTCTGCTGTTGGAACACATCA

Protein Expression and Purification

The SENP7 Aloop-3 and A14SUMO?2 expression constructs were expressed in E. coli
Rosetta (DE3) cells (Novagen) for 5h at 30 °C after induction with 0.5 mM IPTG. SENP7
ALoop-3 suspensions were equilibrated in 350 mM NaCl, 20 mM Tris-HCl (pH 8.0), 10 mM
imidazole, 20% sucrose, 1 mM BME (B-mercaptoethanol), and 0.1% IGEPAL CA-630, and
cells were sonicated to break. Nickel affinity chromatography was used to purify SENP7
Loop-3 proteins via the N-terminal his-tag from the pET28 vector. Proteins were further
separated by gel filtration chromatography (Superdex 200 ; GE Healthcare) and eluted by
an anion exchange resin with a 0-1 M NaCl gradient from 0 to 50% in 20 mM MES (pH
6.0) and 1 mM BME (Resource S; GE Healthcare).

Generation of SENP7 ALoop-3-A14-SUMO2 PA complex

Prepare 60mL chitin beads (New England Biolabs, UK), previously washed with 5CV
(column volumn) (1CV=200mL) cold lysis buffer (50mM HEPES 8.0, 50mM NacCl) in 4
degrees. Four liters A14SUMO2-intein-CBD pellet is resuspended in 200mL lysis buffer.
After being sonicated, the 200mL supernatant is filtered through a 0.45um nylon
membrane filter and gently shaken overnight at 4 degrees. To remove unbound proteins,
the column was washed in 4 degrees with 5CV lysis buffer. Then 200mL of lysis buffer

containing 150mM MesNa was added and gently shaken for 48 hours at room

71



CHAPTER Il

temperature. Collect the remaining product by adding 15mL more lysis buffer to the
200mL flow-through. Concentrate to 30mL with 3kd filter. After dialysis, added 150mM
Propargylamine to 30mL product for 4-5h in room tempature. Dialysis the product
overnight at 4 degrees. Concentrated to remove precipitate and applied to an anion
exchange resin (Resource Q; GE Healthcare), and eluted with a 0-1 M NaCl gradient from
0 to 50% in 20 mM Tris-HCI (pH 8.0) and 1 mM BME (B-mercaptoethanol) to get Al14-
SUMO?2 PA protein. Incubate SENP7 ALoop-3 protein and A14SUMO2PA (1:3 ratio) 3h at
30 degrees. Change the protein buffer to 50mM NaCl, 20mM MES 6.0, 1ImM DTT by
concentrate. Then applied to an anion exchange resin (Resource S; GE Healthcare) as

described above.
Crystallization and Data Collection

The complex SENP7 ALoop-3-A14SUMO2-PA were finally concentrated to 9.5 mg/mL for
crystallization. Change the protein buffer to 60mM NaCl, 8mM MES 6.0, 1ImM BME.
Crystallization was performed at 18°C by sitting drop vapour diffusion method by mixing
protein with an equal volume of a screen condition solution containing 0.1 M Sodium
HEPES 7.0, 15 % w/v PEG 20,000. After 1 week, the crystals were harvested and soaked
for 10 seconds in buffers containing 18% ethylene glycol before being stored in liquid

nitrogen.

Diffraction data were collected to 1.9 A resolution at ALBA synchrotron beamline BL13-

XALOC (Barcelona, Spain) [182]. Crystallographic details are summarized in Tablel.
Structure determination and refinement

The structure of SENP7 ALoop-3-A14SUMO2-PA was solved by molecular replacement
with SENP7 catalytic domain (PDB: 3EAY) and SUMO2 (1WM3) as search models.
Following rounds of model building and refinement were carried out with Coot and
Phenix [162,163] (Tablel). The structure of SENP7 AlLoop-3-A14SUMO2-PA has been
deposited in the Protein Data Bank with the code PDB 7R2E.

SUMO-AMC hydrolysis assays
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SENP7 wild type and mutants were incubated with SUMO2-AMC at 37°C and fluorescence
emission was measured using a Jasco FP-8200 spectrofluorometer at 345 nM excitation
and 445 nM emission wavelengths. All measurements were carried out with 50 nM SENP7

and 0.1 uM Ub-AMC in 250mM NaCl, 20 mM Tris-HCl pH 8, 5 mM DTT buffer.
In vitro de-SUMOQyation assays

SENP7 protease activity was determined by incubating NA419RanGAP1-SUMO2 (5 uM)
with purified 50 nM of SENP7 wild type and mutants at 37 °C in a buffer containing 20
mM Tris-HCl (pH 8.0), 250 mM NaCl, and 2 mM DTT. After 0, 5, 15, 30, 45, and 60 minutes,
the reactions were stopped with SDS-BME loading buffer and gel electrophoresis was
performed (PAGE). Gels were stained by SYPRO (Bio-Rad). Proteins were detected and
quantified using a Gel-Doc machine with associated integration software (ImagelLab; Bio-
Rad). The fraction of analyzed bands was plotted as error bar graphs with standard

deviation.

Accession number: Structure reported has been deposited in the Protein Data Bank (PDB

ID: 7R2E).
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SENP7-SUMO?2

Data collection

Space group P21

Unit cell parameters (A)  36.41, 100.73, 93.04
Wavelength (nm) 0.97926

Resolution range (A) 93.04 - 1.74
Rmerge 0.06 (0.63)

Rpim 0.04 (0.44)

(I/o(I)) 10.8 (1.5)
Completeness (%) 92 (55.7)
Multiplicity 3.3(2.8)

CC (1/2) 0.99 (0.63)

Structure refinement
Resolution range (A) 50.36-1.74
No. of unique reflections 51889

Rwork / Rfree (%) 18.41/23.04
No. of atoms

Protein 5323

Water molecules 329

Overall B factors (A2)  36.78

Rms deviations

Bonds (A) 0.008
Angles (°) 0.916
PDB code TR2E

Table 1. Crystallographic statistics of the SENP7-SUMO2 complex.
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Supplementary information
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Supplementary Figure 1. Structural alignment of the SENP7 catalytic domain with the catalytic domains of SENP1,
SENP2, SENP3, SENP4, SENP5, SENP6, SENP8, Ulp1 and Ulp2. SENP7 secondary structures ( a-helix and B-strands) are
numbered and labelled. A yellow backdrop indicates side chain identity with 100% conservation in the alignment. Red
represents three catalytic residues. Loop1/2/3 are marked as well. Residues in volves in the SUMO interface a marked
with a red square.
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CHAPTER I1l: STRUCTURAL ANALYSIS OF BRADYRHIZOBIUM
NOPD PROVIDES INSIGHTS INTO THE DUAL PROTEASE
ACTIVITY FOR UBIQUITIN AND SUMO
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Introduction

Post-translational modification (PTM) is essential for the normal functions of proteins and
an important part for signaling. Up to now, over 450 distinct protein modifications have
been discovered, including ubiquitination, SUMOylation, acetylation and
phosphorylation. Each post-translational modification can modify target protein activity,
intracellular distribution, protein interactions and lifetime. As a member of PTM,
ubiquitination modifies proteins and guides protein to proteolysis, relocalization or
endocytosis by forming covalent bonds [183]. Ubiquitin is ubiquitous and highly
conserved in organisms, including human beings, yeast and plants. As a 8.5 KDa protein,
ubiquitin plays a critical role in various cellular processes [184]. The activating enzyme E1,
conjugating enzyme E2 and ligating enzyme E3 constitute a three-steps enzymatic

cascade to achieve ubiquitination.

In Arabiopsis thaliana, the transcriptome expresses ubiquitin-26S proteasome system
(UPS) components, with the majority of ubiquitin ligases encoding genes [184]. UPS is
one of the most complicated and extensive cellular regulatory process. E3s are critical
factors for defining substrate specificity. Under the E3 enzyme, ubiquitin attaches to an
amino of lysine of target protein. Ubiquitin can be linked as a monomer or in chains of
various lengths by seven lysine residues. The density and function of ubiquitin chain is
determined by its linkage type. The labeling of protein with Lys48 ubiquitin chain is the
most well-studied in all different ubiquitin linkages. And the destiny of the protein with
Lys48 linkage ubiquitin is as a substrate for 26S proteasome proteolysis. Protein

ubiquitination has different functions in various organelles and is reversible.

Similarly, SUMOylation is a post-translational modification that can be reversed as well.
SUMO sequence has a low sequencec identity to ubiquitin, but its structure and binding
mechanism are extremely similar. The C-terminal diGly residue of SUMO forms an
isopeptide bond with the amino group of lysine in the catalytic domain of target protein.
Under the action of SENPs/ULP, SUMO-bound substrates can remove SUMO and produce

unmodified target proteins again, constituting a reversible SUMOylation cycle.

The human CE protease family consists of six SUMO-specific SENPs and NEDD8-specific
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NEDP1/SENPS, collectively referred to as Ubl proteases (ULPs) [185]. The sequence
length, protein size, substrate affinity, and subcellular localization of each ULP protein
varies. Bacteria and viruses also encode CE family enzymes as effectors to manipulate
host signaling pathways [185]. The type Il secretion system of Rhizobia injects effector
proteins into host plant cells after interaction with the plant. Type lll secretion system
(T3SS) is located on the cell membrane of rhizobia. It is a multi-protein complex with over
20 proteins that is needle-shaped and evolved from flagella [138,139]. T3SS is a complex
that spans the inner and outer bacterial membranes and is highly conserved among
bacterial pathogens. The effector protein of T3SS rhizobial is called Nops (Nodulation
outer protein) [186], and T3SS secretes many effector proteins, such as Nopl, NopE,

NopC and NopD.

As a member of CE, XopD is a virulence factor expressed and secreted by Xanthomonas
campestris pv. Vesicatoria [187]. XopD is a multipurpose enzyme that can handle both
SUMOylated and ubiquitinated substrates, and the binding sites of the two complexes
are extremely distinct. XopD protein targets in Arabidopsis are transcription factors such
HFR1 (positive regulator of photomorphogenesis) [188] and DELLA proteins (negative
regulator of gibberellin signalling) [189]. Several Rhizobium T3SS effectors, such as
NopDs, which is one of T3SS effectors of Rhizobium, have sequence similarities to the C-

terminal protease domain of XopD.

There are many NopD family proteins that have been verified, for example, the
identification of Sinorhizobium freundii HH103 by mass spectrometry [190], NopD of
Bradyrhizobium XS1150 [146]. However, the structure details of NopD and the binding

mechanisms of SUMO/Ubl have not yet been studied.

In this chapter, we reveal that the effector protein of Bradyrhizobium, NopD, in addition
to the deSUMOlyase acvtivity, it also contains a K48 bond-specific deUbiquitinase action.
We have determined the molecular mechanism for such dual deconjugation activities by
solving the crystal structures complexes of NopD with either SUMO or ubiquitinat 1.7 or
2 A resolution. Mutagenesis of the binding interface reveals particular residues in NopD

relevant for this dual SUMO/ubiquitin specificity.
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Results

NopD has a dual activity for SUMO and ubiquitin

The full-length protein of the Bradyrhizobium NopD effector contains 1017 residues, and
it consists of a long N-terminal extension, which seems disordered based on structural
and on the Alphafold-2 model predictions, followed by a globular C-terminal a protease
domain with homology with the C48 cysteine protease family, which contains a
conserved active site catalytic triad composed by cysteine, histidine and aspartic acid.
This globular C-terminal domain has homology with the Xanthomonas campestris XopD
(22.3% sequence identity for 184 residues), a bacterial effector protease with
deSUMOylating activity. Based on a structural alignments with XopD, and on the
previously published report on the deSUMOylating activity of NopD, we have delimited
the conserved NopD C-terminal domain from Pro833 to Asn1016, which has homology

with the ULP/SENP deSUMOylase family.

Interestingly in the homologous XopD, in addition to the deSUMOylating activity it was
discovered to possess deubiquitinating activity. Such dual deconjugating activity in XopD
is an unusual property in members of the SENP/ULP protease family, basically due to the
dissimilar protease interface residues between SUMO and ubiquitin. Unexpectedly, an
initial experiment with the NopD catalytic domain also revealed a dual activity for SUMO
and ubiquitin, similar to XopD (Figure 1A). NopD is able to bind both Arabidopsis SUMO2-
PA or ubiquitin-PA suicide probes after 30 minutes reaction, in contrast to lack of binding
to human SUMO?2, as previously reported [146]. The specificity of the interaction was
demonstrated by the absence of crosslinked adducts when catalytic inactive active site

cysteine to alanine point mutants were utilized (Figure 1A).

Next, the preference for the different types of poly-ubiquitin chains was assessed for
Bradyrhizobium NopD using a di-ubiquitin chain assay kit (Figure 1B). The CE clan of
bacterial effectors with deubiquitinating activity, present in human pathogens to
interrupt eukaryotic host response processes, normally displays specificity for K63-linked
chains over K48 and K11-linked chains [148]. However in Xanthomonas campestris XopD,

a plant bacterial effector similar to NopD, the ubiquitin preference moves to K11, K29
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and K48 chain linkages over K63 [148], indicating the different type of ubiquitin chain
targeted by human and plant pathogen effectors. In Bradyrhizobium NopD, the
deubiquitinating activity was similar to XopD, displaying a preference for K48 ubiquitin

linkages over K63, and to a lesser extend to K11 linkages (Figure 1B).
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Figure 1. The dual activity of NopD for SUMO and Ubiquitin. A. NopD wild-type and active site mutant C971S constructs
were tested against Ub/AtSUMO2/hSUMO2-PA suicide probes at 30°C for 2 hours. B. Linkage specificity analysis for
NopD. A Sypro-stained SDS-PAGE gel shows diUb hydrolysis over time. The concentration of NopD and diUb is 600nM
and 3 uM respectively. C. Cartoon representation of the NopD catalytic domain with AtSUMO?2 is depicted. D. The
NopD catalytic domain is portrayed as a cartoon with ubiquitin. The N/C-terminals are labeled N/C, respectively. E.
Electrostatic potential surface representation for NopD-AtSUMO?2 and NopD-ubiquitin. AtSUMO?2 (blue) and ubiquitin
(green) are shown in a line representation.

Overall structures of NopD-SUMO2 and NopD-ubiquitin complex structures

In order to form a complex between NopD catalytic domain and either Arabidopsis
SUMO2 and ubiquitin, first the C-terminal carboxylate group of SUMO2 and ubiquitin was
chemically modified to form a highly reactive and stable C-terminal alkyne (SUMO2-PA or
ubiquitin-PA) after a reaction with propargylamine by using an intein approach [178—
180]. The C-terminal carboxylate group of SUMO2-PA or ubiquitin-PA can thus be
crosslinked with the active site cysteine of NopD (Cys711) to form a stable covalent

product complex by incubating NopD (791-1016) with SUMO2-PA or ubiquitin-PA at 30
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°C for 2 hours to generate the NopD-SUMO2 and NopD-ubiquitin complex. In an initial
screening, a few diffraction quality crystals of the NopD-SUMO2 or NopD-ubiquitin
complex were produced in a condition containing 0.1 M imidazole 7.0 and 50% MPD or
0.1 M imidazole 8.0 and 10% PEG8000, respectively. Molecular replacement with human
ubiquitin (PDB 1UBQ), Arabidopsis SUMO2 and NopD models from Alphafold-2
predictions assisted to unravel the complex structures. Two complexes per asymmetric
unit were found in the NopD-SUMO?2 crystals, which belonged to the P21212;1 space group
and diffracted to a 1.7 A resolution; and one complex per asymmetric unit in the NopD-
ubiquitin crystals, which belonged to the P4; space group diffracted to a 2 A resolution
(Table 1). The final electron density map model of NopD included a continuous sequence,
from Pro829 to Alal011, in the complex with SUMO?2, and from Gly828 to Leu1009 in the
complex with ubiquitin, and NopD adopts the regular fold of CE cysteine protease family
(Figure 1C&D). The electron density maps clearly show the covalent bond formed
between the SUMO or ubiquitin C-terminal glycine and the NopD active site Cys971,
confirming the specificity of the catalytic reaction between NopD with either SUMO2-PA

or ubiquitin-PA suicide substrates.

The structural overlapping of NopD, in complex with SUMO2 or ubiquitin, with the apo
form of NopD from the Alphafold-2 model is quite similar, with a mainchain rmsd (root
mean square deviation) of 0.93 A and 0.90 A, respectively. Only residues involved in the
interface with SUMO/ubiquitin display major changes, and this is particularly remarkable
in the Loop insert located between strands 2 and 33, not present in XopD, that interacts
with the SUMO/ubiquitin C-terminal tail. Probably, the active site catalytic triad is already
formed in the absence of the SUMO/ubiquitin substrate, as observed by the distances
between the catalytic triad residues, Cys971, His916 and Asp936 in the Alphafold-2
model, suggesting that NopD might be active in the apo form, as initially observed in
SENP2 [84], and does not need any substrate-induced rearrangement mechanism to

activate the protease.

The deubiquitinating activity of NopD does not depend on an N-terminal

extension

The structural/functional analysis of the complex between XopD and ubiquitin (PDB 5JP3)
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revealed a novel interface between the N-terminal extension and the binding surface
around the ubiquitin lle44-patch [148]. Thus, according to the sequence alignment with
XopD (Figure 2D), we initially produced a NopD catalytic domain construct with a longer
N-terminal extension to check whether it is necessary for the proteolytic activity against
ubiquitin, as occurs in XopD. We designed two NopD constructs, namely NopD (791-
1016), and NopD (833-1016) to assess their catalytic activity against ubiquitin substrates
(Figure 2F&G).

In XopD, the N-terminal extension is essential for activity against ubiquitin, and full
deletion or single point mutagenesis of residues in this region, namely Pro332, Val325
and Asp327, caused failed binding to ubiquitin-PA [148]. However in NopD, the
corresponding N-terminal region is not observed in the complex structure and does not
seem to play any significant role in the catalytic activity, displaying similar activities for
both NopD N-terminal extensions constructs (Figure 2F&G). Thus in contrast to XopD,
since the corresponding N-terminal extension in NopD does not play any role in the
reaction with AtSUMO?2 or ubiquitin, we envisage a different ubiquitin-binding interface

different to XopD, as confirmed by the crystal structure of the complex.
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Figure 2. The deubiquitinating activity of NopD does not depend on an N-terminal extension. A. Alignment of sequences
corresponding to the catalytic domains for NopD and XopD based on structural alignment. Red represents high
conservation. All sequence alignments are from Clustal Omega and formatted by ESPript [164]. B. NopD constructs
with longer N-terminal or without longer N-terminal were tested against AtSUMO2/Ubiquitin suicide probes at 30°C
for 2 hours. The bands of NopD complex, NopD791-1016, NOpDs33-1016, AtSUMO2-PA, ubiquitin-PA are labeled. C. The
Ubiquitin-AMC substrate was used to test the activity of NopDg33-1016and NopD791-1016. Ub-AMC (0.1 uM) was incubated
with NopD (5nM), and released AMC was identified by fluorescence.

Different binding interface with ubiquitin in NopD compared to XopD

Indeed, the crystal structure of the complex of NopD with ubiquitin confirms the different
strategy of ubiquitin binding, compared to XopD. Structural overlapping of NopD and
XopD shows a different orientation of ubiquitin, showing a displacement of around 5-6 A,
which is basically produced by the different binding interface between NopD and XopD,
the latter interacting to the N-terminal extension (figure 3A-C). Interestingly in NopD,
unlike XopD, the complex structures with SUMO2 and ubiquitin display a similar

orientation and some binding interface contacts (Figure 1C&D).

The NopD-ubiquitin complex reveals the presence of a strong well-oriented electrostatic
interaction between ubiquitin’s C-terminal Arg72 and NopD Glu840. This interaction is
unique to NopD, since the equivalent position in XopD contains a glycine (Figure 3D), and
in XopD ubiquitin’s Arg72 interacts with the N-terminal extension residue Asp327 of XopD
(Figure 2D). Glu840 probably might be a particular acquisition of NopD to interact with
ubiquitin in Rhizobium. Ubiquitin’s C-terminal tail contains two arginine residues, Arg72
and Arg74, whilst Arg74 is not engaged in any specific contact in the NopD-ubiquitin
complex, Arg72 has usually been revealed as an essential and specific contact point in
other deubiquitinating enzymes (for example in USPs). In vitro activity and binding assays

confirm the major role of the Arg72-Glu840 interaction in the ubiquitin complex (Figure
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6).

The other unique characteristic of NopD-ubiquitin complex, not observed in XopD, is the
presence of a binding loop insert between 32 and 33 (Figure 2A). The only other member
of the SENP/ULP family with a similar insertion is the in the Den1/NEDP1/SENP8 member,
which is specific for Nedd8 instead of SUMO [191]. This Loop insert participates in the
backbone interaction with the C-terminal tail of ubiquitin and AtSUMO2 complexes, and
it is essential in the in vitro proteolytic activity of NopD for both SUMO and ubiquitin
(Figure 6). The binding of ubiquitin to this Loop insert in NopD, instead of to the N-
terminal extension, explains the different ubiquitin orientation observed between the

NopD and XopD complex structures (Figure 3C).

....... 7
A B C L
o f A Np biquitin_», |
ubiquitin # € Y Y
N ) \6\ XopD N-
\ terminal tail
; L~ S T g
ALY,

— ]

URT  ubiquitin

Figure 3. The deubiquitinating activity of NopD does not depend on an N-terminal extension. A-C. Superposition of the
NopD-Ubiquitin and XopD-Ubiquitin (PDB: 5JP3) structures in ribbon representation with NopD green color and XopD
purple color. The catalytic residue is shown in magenta stick representation. Loop insert is labeled and marked. D. The
Close-up views of the C-terminal tail of ubiquitin in NopD-ubiquitin complex (green) and XopD-ubiquitin complex
(purple). Residues from ubiquitin are labeled and shown in stick representation. Hydrogen bonds are represented by
dashed lines and the distances (A) are also depicted.

85



CHAPTER 11l

Interface between C-terminal tail of ubiquitin and AtSUMO2 with NopD

The C-terminal tails of ubiquitin and SUMO2 are buried in a NopD surface cleft that
contains the catalytic triad, which is responsible for cleaving off the isopeptidic bond after
the diGly motif in both SUMO and ubiquitin C-terminus. Itis interesting to observe a quite
number of conserved contacts despite the low-identity C-terminal tails of AtSUMO?2 (-
MLHQTGG) and ubiquitin (-VLRLRGG). Similar to other SENP/ULP complex structures, this
interface is mainly stabilized by a quite number of backbone hydrogen bonds stablished
between the C-terminal tail and NopD residues (Figure 4). The geometry and distances of
these hydrogen bond contacts between the C-terminal tails of AtSUMO2 and ubiquitin
with NopD are very similar, and almost all possible backbone hydrogen bonds are
established. Interestingly, the guanidinium sidechain and carbonyl mainchain of Arg913,
in the Loop insert of NopD, contribute to the backbone network with two hydrogen bonds
in both ubiquitin and SUMO2 complexes. Trp836 in NopD sandwiches the C-terminal di-
Gly motif, as usually observed in all complex structures of members in the SENP/ULP

family.

Thr90 in AtSUMO2 or the equivalent Arg74 in ubiquitin are not engaged in any
interaction, in contrast to the contribution of all other residues of the C-terminal tail of
AtSUMO?2 and ubiquitin. Glu89 in AtSUMO?2 forms a hydrogen bond with GIn873, which
is not present in the equivalent Leu73 in ubiquitin. In vitro activity and binding assays with
NopD Q873N point mutant confirms the role of this hydrogen bond in the AtSUMO2
binding, but not for ubiquitin (Figure 6). His88 in AtSUMO2 forms an electrostatic
interaction with Asp839 in NopD, but in ubiquitin the equivalent Arg72 forms an
electrostatic interaction with Asp840 in NopD (as described before in Figure 3D). Finally,
Leu87 in AtSUMO2 and Leu71 in ubiquitin are engaged in similar hydrophobic interaction

with the Loop insert of NopD.

A previous study indicated that NopD is specific for plant SUMO isoforms, such as
AtSUMO1 and AtSUMO2, GmSUMO (soy bean), PvSUMO (common bean), all containing
a similar C-terminal sequence (-MLHQTGG), in contrast to the lack of activity for human
SUMO isoforms, with different C-terminal sequences (-YQEQTGG in SUMO1 or -
FQQQTGG in SUMO2). Our AtSUMO2-NopD structure might explain the SUMO isoform
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specificity in plants by the unique contacts established by Leu88 and His89 with NopD
residues (Figure 4), in particular by the electrostatic interaction of His88 in AtSUMO?2,
instead of the hydrophobic interaction engaged by the equivalent Tyr or Phe in human

SUMO1 and SUMO2, respectively.

A B

AISUMO2  “esio gy ‘ubiquitin
Wopasg A

8915 po3s

Figure 4. The significance of NopD C-terminal for its activity. A. Close-up view of the C-terminal of NopD-AtSUMO2
interaction. NopD (gray) and AtSUMO2 (purple) are shown and marked. The important residues in the contact area of
substrate and enzyme are shown as sticks and marked. B. Close-up view of the C-terminal of NopD-Ubiquitin interaction.
The ubiquitin (green) is shown and other labels are the same as described as A.

Interface between ubiquitin and AtSUMO?2 globular domain with NopD

As initially reported in the yeast ULP1-SUMO crystal structure, an extended interface
between the globular domain of SUMO (and ubiquitin) with NopD is observed in the
SENP/ULP family [151]. To analyze such extended interface, we have divided the interface

in three orthogonal views, as indicated in Figure 5.

In the first view of the interface both AtSUMO?2 and ubiquitin are engaged to NopD with
an acidic surface composed by Asp839, Glu840 and Asp868 (Figure 5A). In the AtSUMO?2
complex, Asp839 and Asp868 form an electrostatic interactions with His88 and Arg65,
respectively. However in the ubiquitin complex this interface is formed by different
contacts: Asp839 is engaged in an electrostatic interaction with Arg42, and Asp868 forms
a hydrogen bond with GIn49 (in addition to the aforementioned electrostatic interaction
between Glu840 and the ubiquitin C-terminal Arg92). Mutagenesis analysis underlines
the role of Asp839 in both SUMO and ubiquitin interaction, such position is conserved

and essential in the SENP/ULP family (Figure Sup 1). However, as observed in the
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structures, activity assays with the E840A and D868A point mutants display opposite
results in AtSUMO2 and ubiquitin. Whereas the electrostatic interaction of Glu840 to
Arg74 is essential in ubiquitin, but not relevant in AtSUMO?2; the Asp868 electrostatic

interaction to Argb65 is essential in AtSUMO?2, but not relevant for ubiquitin (Figure 6).

Figure 5. Interface between ubiquitin and AtSUMO?2 globular domain with NopD. A-C. Close-up view of the NopD-
AtSUMO?2 and NopD-ubiquitin interface in three orthogonal. NopD (gray), ubiquitin (green) and AtSUMO?2 (purple) are
shown and marked. The important residues in the contact area are shown as sticks and marked.
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Figure 6. Molecular analysis of NopD SUMO/Ub specificity. A. End point assays to detect activities for NopD at 200 nM
using the substrates precursor At.SUMO1 and precursor AtSUMO?2 at 1 uM. B. NopD-AtSUMO2/ubiquitin complex
structure shown in cartoon representation, AtSUMO2 and ubiquitin are shown in a line representation. NopD catalytic
domain, AtSUMO?2 and ubiquitin are shown in orange, blue and green, respectively. Interface residues are labeled and
shown in stick representation. C. Binding interaction of NopD point mutants with AtSUMO2-PA/ Ub-PA probes
(propargylamine-derived probes). Reaction assay were performed with NopD wild-type and mutants at 1 uM using the
PA substrate at 4 uM at 30°C for 2 hours.

In the second view of the interface, orthogonal to the C-terminal tail (Figure 5B), the
major contacts emerging from helix a4 are Trp889, Arg885 and Glu881. In ubiquitin
Trp889 is located in a hydrophobic pocket formed by lle44, Gly4d7 and His68 (all three
sidechains at distances around 3.5 A); whereas in AtSUMO2 Trp889 is located in a similar
pocket formed by Leu60, Gly63 and Asp84 (similar distance 3.5 A). Mutagenesis analysis
highlights the essential role of Trp889 in binding and activity assays for both SUMO and
ubiquitin (Figure 6).Such position is conserved and essential in the human SENP/ULP
family members (Figure Sup 1). Arg885 is engaged in an electrostatic interaction with
Glu82 only in AtSUMO2, whereas in ubiquitin this position is replaced by His68 and does
not interact with Arg885 (Figure 4b). Binding and activity assays with the NopD R885A
point mutant confirms the role of Arg885 in the SUMO reaction, being irrelevant in
ubiquitin (Figure 6). Finally Glu881 is at contact distance to the equivalent Lys6 or Lys22
in ubiquitin or AtSUMO2, but the electron density maps do not indicate a strong

interaction. It is worth mentioning that in XopD, this region (helix a4) only participates in
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the SUMO2 complex, however in the XopD complex with ubiquitin it adopts a different

orientation due to the interaction with the N-terminal extension (Figure 3).

In the third view of the interface (Figure 5C), contacts with both AtSUMO?2 and ubiquitin
are established by the unique Loop insert in NopD and from residues emerging from helix
a3 — loop — a4. In ubiquitin Leu8 and Val70 are placed in a NopD pocket formed by
Leu870, GIn873 and Met874 from helix a3 and Val882 from helix a4, whereas in
AtSUMO?2 the equivalent GIn24 and Met86 interact with the same NopD surface region.
Asp907 from the unique Loop insert of NopD forms a hydrogen bond with GIn24 in
AtSUMO?2, but not with the equivalent Leu8 in ubiquitin. Ser877 in the a.3-a4 loop forms
a strong hydrogen bond with the mainchain carbonyl of GIn24 or Leu8 in AtSUMO?2 or
ubiquitin, respectively (around 2.7 A distance), however the NopD S877A point mutant
does not display a strong effect in the binding and activity assays in either AtSUMO?2 or

ubiquitin (Figure 6).

In summary, the detailed analysis of the AtSUMO2 and ubiquitin interfaces with NopD
reveals a similar orientation of the globular domain of AtSUMO?2 or ubiquitin on the NopD
surface, however in each case, particular contacts are unique to each interaction. In
particular it is remarkable the presence of GIu840, which is necessary to fix the C-terminal
Arg74 of ubiquitin, absent in XopD and irrelevant for the AtSUMO2 binding. The
Rhizobium NopD effector protease has evolved with particular adaptations to acquire a
dual activity for SUMO and ubiquitin modifiers simultaneously, despite the different
surface residues present in this two UbL modifiers. This unusual characteristic seems to
be common in other plant effector proteins, such as XopD, but interestingly by using

different binding mechanisms.
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Materials and methods

Plasmids, Cloning and Point Mutation

The plasmid of NopD was cloned from pMx-NopD (purchased from Thermo Fisher
Scientific). Different constructs of PET28a- NopD is amplified by PCR using Restriction
Enzyme Free PCR [159]. The NopD point mutats constructs were generated by different
primers and were created by the QuickChange site-directed mutagenesis kit (Stratagene).
The plasmid of PTXB1-AtSUMO2G was cloned from PET28b-Arabidopsis thaliana SUMO2

(a gift from Maria Lois).
Protein expression and purification

The NopDCD, Arabidopsis thaliana SUMO2 (AtSUMO2) and human Ubiquitin expression
constructs were transformed into E. coli Rosetta (DE3) cells (Novagen). E.coli were grown
at 37 °C to OD600=0.7~0.8, and IPTG was added to a final concentration of 0.5 mM.
Bacteria were grown an additional 5 h at 30 °C and harvested by centrifugation . Cell
suspensions were equilibrized in 350 mM NaCl, 20 mM Tris-HCl (pH 8.0), 10 mM
imidazole, 20% sucrose, 1 mM DTT, and 0.1% IGEPAL CA-630, and cells were broken by
sonication. After removed cell debris by centrifugation, proteins were separated from
lysate by nickel affinity chromatography using Ni Sepharose 6 Fast Flow (GE Healthcare)
and eluted with lysis buffer including 20 mM Tris-HCI (pH 8.0), 350 mM NaCl, 300 mM
imidazole, and 1 mM DTT. Proteins were separated by gel filtration (Superdex 75; GE
Healthcare). Fractions containing the target protein were collected, diluted to 50 mM
NaCl, applied to an anion exchange resin (Resource S; GE Healthcare), and eluted with a
0-1 M NaCl gradient from 0to 50% in 20 MM HEPES (pH 8.0) and 1 mM DTT. Concentrated
the protein using Amicon Ultra-30K ultrafiltration device (Milipore) and snap-frozen in

liquid nitrogen prior to storage at -80 °C.
Preparation of the NopD- AtSUMO2/Ub complex

The method to get AtSUMO2-PA or Ub-PA protein is noted in Chapter Il. Incubate NopD
CD protein and AtSUMO2-PA/ Ub-PA (1:4 ratio) 3h at 30 °C. Change the protein buffer to
50mM NaCl, 20mM HEPES 7.42, 1ImM DTT by concentrate. Then applied to an anion
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exchange resin (Resource S; GE Healthcare) as described above.
Crystallization and Data Collection

NopD-AtSUMO2PA and NopD-UbPA were concentrated to 12 mg/mL for crystallization
screening. Crystallization experiments were performed at 18°C by sitting drop vapor
diffusion method. NopD-AtSUMO2PA crystals grew up in a protein mixture with an equal
volume of a condition solution containing 0.1 M Imidazole 7.0 and 50% v/v MPD.
NopDUbPA crystals grew up in a protein mixture with an equal volume of a condition
solution containing 0.1 M Imidazole 8.0 and 10% w/v PEG8000. Crystals were harvested
after 1-2 weeks and soaked 5-10 seconds in the crystallization buffer supplemented with

15% ethylene glycol, and then snap-frozen in liquid nitrogen to storage.

Diffraction data were collected at beamline BL13-XALOC at the ALBA synchrotron
(Barcelona, Spain). NopD-AtSUMO2PA and NopD-UbPA get a resolution: 1.8 A and 1.9 A,
respectively. Resolution Data processing was conducted by AutoProcesing with MxCUBE
[160,161]. The space group of NopD-AtSUMO2PA is P2; and there was two complexes
per asymmetric unit. The space group of NopD-UbPA was P4;. Structures were solved by
molecular replacement with NopD Alphafold2 model as a search mode [152]. Following
rounds of model building and refinement were carried out with Coot and Phenix

[162,163].
In vitro de-SUMOyation assays

Protease activity was measured by incubating precursor of Arabidopsis thaliana
SUMO1/2 with purified 200 nM of NopD wild type and mutants at 30 °C in a buffer
containing 20 mM Tris-HCI (pH 8.0), 250 mM NaCl, and 2 mM DTT. SDS-BME loading
buffer was used to terminate the reactions after 2 hours, and gel electrophoresis was
used to examine the results (PAGE). SYPRO staining was used to identify proteins (Bio-
Rad). A Gel-Doc machine and integration software were used to detect and quantify the

products (Imagelab; Bio-Rad).
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SUMO-AMC hydrolysis assays

NopD wild type and mutants were incubated with ubiquitin-AMC at 30°C and
fluorescence emission was measured at 345 nM excitation and 445 nM emission
wavelengths using a Jasco FP-8200 spectrofluorometer. All measurements were carried
out with 5 nM NopD and 0.1 uM Ub-AMC in 250mM NacCl, 20 mM Tris-HCl pH 8, 2 mM
DTT buffer.

Table 1. Crystallographic statistics of the NopD- AtSUMO2/ Ubiquitin complex.
NopD- AtSUMO2 NopD- Ubiquitin

Data collection

Space group P212121 P4,
Unit cell parameters (A) 80.85, 86.83, 90.49 86.50, 86.50, 46.67
Wavelength (nm) 0.97918 0.97926
Resolution range (A)  49.52 — 1.69 43.25-2.04
Rmerge 0.07 (0.83) 0.07 (1.42)
Rpim 0.03 (0.48) 0.03 (0.60)
(I/o(l)) 14.2 (1.8) 13.3(1.2)
Completeness (%) 92.7 (48.9) 94.2 (55.0)
Multiplicity 6.1 (3.7) 6.8 (6.6)
CC (1/2) 0.99 (0.49) 0.99 (0.51)
Structure refinement
Resolution range (A)  49.52-1.50 43.25-1.94
No. of unique reflections 76875 22770
Rwork / Rree (%) 17.84 /20.36 17.62/20.59
No. of atoms

Protein 8363 2055

Water molecules 312 62
Overall B factors (A2)  31.02 58.12
Rms deviations

Bonds (A) 0.015 0.007

Angles (°) 1.140 1.055
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Supplementary information
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Supplementary Figure 1. Structural alignment of the NopD catalytic domain with the catalytic domains of XopD, SENP1,
SENP2, SENP3, SENP4, SENP5, SENP6, SENP7 and SENP8. A yellow backdrop indicates side chain identity with 100%
conservation in the alignment. Red represents three catalytic residues.
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DISCUSSION

In all chapters, we solved four Ubiquitin/SUMO-related protein complexes structures:
USPL1-SUMO?2, SENP7-SUMO2, NopD-AtSUMO?2, and NopD-ubiquitin. We solved their
three-dimensional crystal structures, analyzed the structures, and characterized the role

of the key residues of the interface in each structure.

In Chapter I, USPL1 is a distant member of the family with the canonical right-hand
scaffold of a ubiquitin USP catalytic domain, but exposing key surface elements unique

for SUMO binding, a low-identity UbL in comparison to ubiquitin.

All members of the human USP family of DUBs show specificity towards ubiquitinated
substrates, with the exception of USP18, which is specific towards I1SG15, a double-
headed UbL modifier similar to ubiquitin, and USPL1, which shows specificity towards
SUMO, a different UbL modifier. USPs are multidomain proteins that utilize different
strategies to ensure their specific functions in the cell. In some cases the presence of
additional domains adjacent to the USP catalytic domain enhances substrate binding or
provides specificity towards a particular type of polyubiquitin chain. Commonly, in all
members of the USP family, the structural fold of the catalytic domain, formed by the
characteristic palm, thumb and fingers subdomains reminiscent of a human right hand,
is maintained, exposing all the key surface elements necessary for interaction with

ubiquitin.

hUSP2

<
hUSPL1

FigureD 1. Comparison of the C-terminal tails of SUMO2 and ubiquitin. A. Electrostatic potential surface representation
for the USPL1 in complex with SUMO?2 (red line). The C-terminal tail of SUMO (QQQTGG) is labeled and shown in stick
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representation. Main interface contacts of thumb and fingers subdomains are labeled. B. Electrostatic potential surface
representation for the USP28 (PDB code 6HEK) in complex with ubiquitin (green lines) from complexes with USP2 (PDB
code 2hd5), USP7 (PDB code 5JTV), and USP30 (PDB code 50HK) [61,65,155,166]. The C-terminal tail of ubiquitin
(LRLRGG) is labeled and shown in stick representation.

Possibly, a major difference between USPL1 and the other USP members can be found in
the interface formed by the dissimilar C-terminal tail of ubiquitin (LRLRGG) and SUMO
(QQQTGG) (FigureD 1). In addition to different hydrogen bond contacts engaged by the
backbone, the presence of two arginines and two leucines in opposite sides of the
ubiquitin tail generates unique interactions with acidic and hydrophobic surface patches
in all ubiquitin USPs (FigureD 1), including USP18, in which ISG15 has a similar tail as
ubiquitin. Interestingly, such hydrophobic patch in all ubiquitin-specific USPs is formed by
the so-called blocking loops, which are structurally rearranged upon binding to the
ubiquitin substrate. Interestingly, in all USPL1 orthologs the two blocking loops sequences
have been deleted and are absent in the structure. Thus, in contrast to the high number
of specific contacts engaged by the -LRLR- motif of the ubiquitin C-terminal tail, in the
USPL1-SUMO2 structure only the GIn90 side chain of the equivalent -QQQT- motif forms
specific interactions with USPL1, and all other contacts in the C-terminal tail of SUMO are

established by backbone atoms (Figure Chapterl 4).

In this chapter we want to emphasize the plasticity of the conserved catalytic domain of
USPs, which despite being designed to bind ubiquitin with high specificity, has evolved to
interact with SUMO in USPL1. SUMO and ubiquitin share a 16% sequence identity,
basically observed in the structural elements of the globular domain. However, the non-
conserved residues in their surface participate in unique and specific protein-protein
interactions with USP family members. USPL1 is a paradigmatic example of divergent
evolution in the USP family, in which the aforementioned surface substitutions facilitate
the interaction with SUMO, but maintain the right hand-like subdomain scaffold of the

catalytic domain.

The catalytic domain of USPL1 is embedded in the middle of a structurally disordered full-
length protein, which does not appear to have any other obvious well-folded domain in
the sequence, as seen in the predicted model from Alphafold-2 [152]. This type of domain

organization of the full-length protein is often present in the SENP/ULP protease family,
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in which long disordered protein extensions are usually found adjacent to the catalytic
domain [97]. As for the SENP/ULP family, we cannot rule out a functional role for these
long non-catalytic disordered extensions of the full-length USPL1, such as in the
recruitment of SUMO substrates or in the regulation of the proteolytic activity of the
catalytic domain, perhaps by internal protein-protein interactions. USPL1 has been
reported to be involved in the regulation of the RNA polymerase-ll-mediated snRNA
transcription in the Cajal Bodies (CBs), a membrane-less compartment in the nucleus
where USPL1 has been localized. However, the essential function of USPL1 in the CBs
biology seems to be independent of the SUMO protease activity, perhaps the long
disordered extensions of USPL1 participate in protein-protein interactions of this
membrane-less compartment. In any case, the relevance of the SUMO protease activity

of USPL1 in the cellular context still needs to be disclosed.

We have unraveled the structural determinants for the unique specificity of USPL1 for
SUMO?2 in Chapter |, a paradigmatic example of divergent evolution in the ubiquitin USP

family to interact with a distant UbL family member.

In Chapter Il, the structure of the complex between SENP7 and SUMO2 reveals all the
contacts in the extended quilt-like interface between SENP7 catalytic domain and the

chemically-modified SUMO?2 suicide substrate (SUMO2-PA).

SENP6 and SENP7 are the most divergent members of the human SENP/ULP SUMO
protease family, structurally containing long insertions in the middle of the catalytic
domain, and showing a isoform preference for SUMO2/3, in contrast to SENP1 and SENP2
that are equally active for SUMO1 and SUMO2/3 conjugates. Furthermore, the catalytic
domain of SENP7 (and SENP6) cleaves preferentially isopeptidic bonds in conjugated
substrates, and it is particularly active in the disassembly of polySUMO?2 chains, over the

cleavage of the a-peptide during the maturation process of SUMO precursors [114,116].

The full-length of all SENP/ULP family members contain long extensions structurally
disordered before the conserved catalytic domain that displays a regular globular
structure belonging to the C48 cysteine protease class. SENP6 and SENP7 are the longest

members of the SENP/ULP family, with 1112 and 984 residues, respectively, with the
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catalytic domain located in the terminal part of the polypeptidic chain. SENP6 and SENP7
also contain a long disordered insertion in the middle of the catalytic domain, namely
Loop3, with 150 and 50 residues long, respectively. It has been speculated on the role of
the disordered extensions in the SENP/ULP family, which probably may be involved in
substrate regulation activities inside the cell. However, in all conducted in vitro
experiments the presence of the catalytic domain, without the disordered extensions,
suffices for a full proteolytic activity against standard substrates, either for the cleavage

of single SUMO2 conjugates or in the dismantling of polySUMO?2 chains.

Interestingly, examples of cellular functions attributed to the disordered extensions in
the SENP6 and SENP7 members have been reported in the recent years. In SENP7 seven
potential SIM motifs (SUMO-Interacting motifs), located in the disordered region outside
the catalytic domain, have been involved in homologous recombination by providing
specific regions for the recruitment of polySUMOylated KAP1 (Karyopherin 1) to be
further deSUMOylated [121]. In SENP6 eight SIM motifs are responsible to recruit
chromatin proteins through the polySUMO?2 chain to be subsequently cleaved off by the
peptidase [192]. Also in ULP2, an equivalent member of the family in yeast with higher
affinity for polySUMOylated substrates, SIM motifs are also involved in the recruitment
of specific substrates [193]. In all cases there seems to be a common role of SIM motifs
located in the disordered protein regions to provide an specific anchor to recruit
polySUMO?2 chain substrates. Nevertheless, as mentioned before, such long disordered
regions are dispensable for the catalytic activity of all SENP/ULP family members in vitro,
even for the dismantling of polySUMO?2 chains, a property that resides exclusively in the

globular catalytic domain of the SENP/ULP family members.

The major role of Loopl in the function of SENP6 and SENP7 for cleaving off SUMO2
conjugated substrates has been verified [114,158]. Here we can disclose the details of
the contact interface between SENP7 Loopl with the globular domain of SUMO2, being
able to visualize the direct contacts of SUMO2 Asn68 and Pro66 in the binding interface
with Loop1 [115]. In contrast, the corresponding region in SENP1 and SENP2, formed only
by a short B1-B2 hairpin loop (Figure Chapterll 4), does not play any relevant role in their
proteolytic activity for SUMO substrates. On the opposite side of the SUMO interface,
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most contacts between SENP7 and SUMO2 are mostly conserved in the other members
of the SENP/ULP family, including the contacts engaged by the C-terminal tail, and by
Asp712, Phe741, Trp773 and Arg775, most of them proven to be essential in the
deSUMOylating activity [151,181].

Thus we hypothesized that the Loop1 insertion observed in SENP6 and SENP7 might be a
consequence of an ultimate adaption of these peptidases to provide a particular
specificity for the SUMO2/3 isoforms. SENP7 (and SENP6) are essentially deSUMOylating
peptidases of conjugated substrates, showing very little proteolytic activity in the
maturation process of the three human SUMO precursors (in clear contrast to SENP1 and
SENP2). In the particular case of SENP6, the in vitro deconjugation activity dismantling
polySUMO2 chains is quite remarkable [114,194]. SENP7 (and SENP6) have been
essentially localized throughout the nucleoplasm inside the cell and have been proposed
to exert a major role in the regulation of the levels of polySUMO?2 chains. The regulation
of polySUMO?2 chains levels has been demonstrated in experiments with SENP6-depleted
mammalian cell cultures, where the accumulation of polySUMO2/3 conjugated in

substrates led to a reduced cell survival and mitotic progression problems [195,196].

Figure 2. Interface between SENP7 and SUMO2. Cartoon representations of the SENP7-SUMO2 complex structure.
SENP7 catalytic domain and SUMO?2 precursor are shown in yellow and blue, respectively. SENP7 interface regions are
colored in red. The catalytic residues are labelled and depicted in stick representation. Loop 1, Loop2 are labelled. N-
and C-terminal are marked.
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In summary, the specificity of the different members of the human SENP/ULP
deSUMOylating family for the SUMO isoforms can be attributed to a few regions in the
interface with the SUMO globular domain (Figure 2 & Chapter Il Sup 1): in the N-terminal
region in one side of the interface, with residues emerging from the B1-f2 loop (Loopl
in SENP7) and from the a2 helix; and in the opposite side of the interface, with residues
from a3 and a4 (connected by the Loop2 in SENP7) and from the B4-B5 hairpin loop.
Probably, in addition to single residue changes during evolution, loop insertions between
conserved secondary structure elements has been a common feature in the adaptation
of the deSUMOylase family towards particular activities. Such as the Loopl insertion
between B1-B2 in SENP6 and SENP7, which confers specificity for SUMO2/3 isoforms; or
the loop insertion between B4-B5 in SENP8/DEN1/NEDP1, which confers specificity for
the C-terminal tail of a different Ubl modifier, Nedd8 [104,191]. Interestingly, low
homology members of the same CE protease clan present in pathogenic bacteria have
evolved to act as bacterial effector proteases by developing specific insertions in the
binding interface elements to provide particular activities, in this instance towards
ubiquitin substrates, instead of SUMO [148], thus highlighting the high adaptability of the

SENP/ULP proteolytic fold to cope with particular functions.

In Chapter Ill, we crystallized and solved the structures of the NopD- AtSUMO2 and NopD-
ubiquitin complexes, and analyzed the crystal structures and study the interface residues

involved in each of NopD complexes.

The CE protease clan in humans, the SENP/ULP family, consists of six SUMO-specific and
one Nedd8-specific members. In human the conserved catalytic domain has evolved to
distinguish between SUMO isoforms and it has also been adapted for a different UbL
modifier, Nedd8, but interestingly not for ubiquitin despite the high identity with Nedd8.
Secreted effector proteins in infectious bacteria also contain CE proteases to perturb the
host response processes. However in bacteria, in addition to a deSUMOylase activity, the
CE protease clan has evolved to acquire deubiquitinating, or even an unusual
acetyltransferase activities, such as in Yersinia pestis YopJ [197]. Thus, it seems that the
conserved catalytic fold of the CE protease family can evolve in different scenarios to

cleave off different types of UbL modifiers.
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It is interesting how in bacteria, the CE catalytic fold has adopted distinct structural
features to cleave off host-cell ubiquitin, compared to the known human SUMO-specific
proteases. Also, so far all infectious human pathogens show a preference for targeting
K63-linkage ubiquitin chains, which are involved in inflammatory signaling cascades. In
contrast, the plant pathogen XopD, from Xanthomonas campestris, prefers the K48-
linkage ubiquitin chains over K63- and K6-linkages, indicating that the versatility of the CE
fold is also able to modulate the cleavage of different types of ubiquitin chains. XopD has
also the unusual property to possess a dual activity for both SUMO and ubiquitin
simultaneously. Structural analysis revealed that the XopD activity for ubiquitin was
acquired by the formation of a novel protein-protein interface, conducted by an N-
terminal extension that interacts with the ubiquitin C-terminal Arg72 and with the
promiscuous |44 ubiquitin patch. In contrast, the XopD binding to plant SUMO was

conducted through the standard SENP/ULP interface.

In this Chapter we reveal that NopD, an effector protease from Rhizobium involved in
symbiotic plant nodulation, possesses also unusual dual deubiquitinating and
deSUMOylating activities. Like XopD, NopD also prefers the cleavage of K48-linkage
ubiquitin, in contrast to K63-linkage preference of animal pathogens, probably indicating
the use of the different ubiquitin linkages in signaling defense pathways between plants
and animals. Curiously, the structure/functional analysis of NopD in complex with
ubiquitin reveals a different binding mechanism compared to XopD, serving as a clear
example of convergent evolution to cleave off ubiquitin by using different protein-protein
interface. NopD interacts with ubiquitin and SUMO through the same protein interface,
in contrast to XopD, which absolutely relied on the presence of an N-terminal extension

to bind ubiquitin.

A notable structural characteristic of NopD, absent in XopD, is the presence of a Loop
insert between 33 and 4 strands in the catalytic domain that fixes the C-terminal tail of
both SUMO and ubiquitin. This evolutive trait in NopD resembles an analogous insert in
SENP8/NEDP1, which contributed to the specificity for Nedd8 over ubiquitin or SUMO. In
NopD, in vitro functional analysis reveals the essential role of this Loop insert for both

SUMO and ubiquitin activities. A second unique characteristic of NopD to favor ubiquitin
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binding, not present in XopD, is the electrostatic interaction between Glu840 and Arg72
of the C-terminal tail of ubiquitin. In XopD, Arg72 interacts with a glutamic acid from the
N-terminal extension, however in NopD, Arg72 is engaged with Glu840 (glycine in XopD).
The ubiquitin C-terminal tail Arg72 has usually been employed as a major binding point
signature in different families of deubiquitinases, such asin USPs, OTUs [69,153,198,199].
Interestingly, in our functional analysis of the NopD-SUMO2 complex the E840A point
mutant did not play any role in the deSUMOylating activity, in contrast to its major role
in ubiquitin binding, underling Glu840 as an evolutive trait in Rhizobium NopD to be able

to bind ubiquitin.

Whereas XopD forms a different interface to bind ubiquitin, NopD uses the same
interface to bind both SUMO and ubiquitin, only presenting a few number of different
contacts between both interfaces. This cross-reactivity of NopD for SUMO and ubiquitin
using a similar interface is quite unusual in the CE clan. Only in some other human
pathogen effectors, such as ChlaDUB1 and RickCE, cross-reactivity can be found for
ubiquitin and Nedd8 using a similar interface, but in this case both modifiers share a 58%

sequence identity.
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Chapter |. Structural basis for the SUMO protease activity of the atypical ubiquitin-specific
protease USPL1.

- The USPL1-SUMO2 crystal structure reveals that USPL1 is a distant member of the family
with the canonical right-hand scaffold of a ubiquitin USP catalytic domain, but exposes

key surface elements unique for SUMO binding.

- In all USPL1 orthologs the two blocking Loops are absent in the structure, which are

responsible for forming the hydrophobic patch in all ubiquitin-specific USPs.

- All contacts in the C-terminal tail of SUMO are established by backbone atoms, only the
GIn90 side chain of the -QQQT- motif of SUMO2 forms specific interactions with USPL1.

- Inall three USPL1 subdomains, palm, fingers and thumb, the key residues for the specific
interaction with ubiquitin have been deleted or, in some cases, replaced by residues

specific for interacting with SUMO2.

Structural basis for the SUMO2 isoform specificity of SENP7.

- The crystal structure of SENP7-SUMO2 has been solved at 1.74 A resolution and reveals

that the active site catalytictriad is already formed in the absence of the SUMO substrate.

- The details of all interface contacts between SENP7 and SUMO2 are disclosed. The
SUMO2 C-terminal tail interface is basically formed by mainchain hydrogen bonds with

SENP7.

- The interface analysis of the globular part of SUMO2 with SENP7 reveals the contacts of
the insertion Loop1 in SENP7, which confers isopeptidase specificity for human SUMO2/3

isoforms.
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Chapter IIl. Structural analysis of bradyrhizobium NopD provides insights into the dual

protease activity for ubiquitin and SUMO.

- In addition to plant SUMO, the rhizobium NopD effector has also activity for ubiquitin.

- The crystal structure of the NopD-AtSUMO?2 and NopD-Ubiquitin complexes reveal the

interface details for the unusual dual activity of NopD.

- The ubiquitin-binding mechanism differs from the homolog X. campestris XopD, where
the N-terminal extension is very important. In NopD, a unique Loop insertion is essential

for its binding ability and activities for both substrates, SUMO and ubiquitin.

- Mutagenesis and activity assays confirm the role of key interface residues in the dual
NopD activities for SUMO and ubiquitin, such as the crucial role of Glu840 in NopD to fix

the C-terminal Arg72 of ubiquitin.
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GENERAL EXPERIMENTAL METHOD

Plasmid and cloning

We designed the constructs by other papers and prediction program Phyre2 or Alpha-
fold program. We obteined the protein gene by Addgene
(http://n2t.net/addgene:85760) or ThermoFisher

(https://www.thermofisher.com/order/gene-design/index.html).

All primers were designed by SnapGene. Normally Primers length are around 40bp per
primer. There are some ways to get the construct. After Amplification PCR, the target
gene can be amplified by PCR using Phusion polymerase and cloned into the restriction
enzymes sites (e.g. BamHI/Notl) of pET28a vector using ligation. Or constructs can be
generated by Restriction Enzyme Free PCR. The point mutats constructs were designed
by different primers and were created by the QuickChange site-directed mutagenesis kit
(Stratagene). Here, we used Restriction Enzyme Free PCR method to generate most

constructs.

Amplification PCR is the first PCR that we need to carry out when we get the primers from
the company. After that, the PCR resluts are loaded in an 1% agarose gel (w/v), then cut
the target gene band and purify the gene fragment by GenelJET PCR Purification Kit
(Thermo Scientific). All procedures are carried in Prime Thermal Cycler. The specific steps

and required materials are as follows.
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Cycle Step Compotent
Amplifiaiton PCR | TEMP TIME 10ul 10X Buffer
Initial Denauration | 98°C 30 seconds lul 10mM dNTPs
0.5ul Forward primer
98°C 10 seconds
0.5ul Reverse primer
30 cycles
55°C 30 seconds 100ng Plasmid vector
72°C 30 seconds per kb 0.5ul Phusion
Final Extension 72°C 10 minutes
H,O added to 50ul
Hold 10°C hold

Restriction Enzyme Free PCR (RF-PCR) is a very simple method that can insert DNA
fragment into any location in a plasmid without restriction enzyme [159]. Procedure is
simple and only run two different PCR. After two round RF-PCR, there is no unwanted
extra residues in the circular plasmid. The primers can be designed in URL:

https://www.rf-cloning.org/.

Restriction Enzyme Free PCR 1/ STEP Amplifiaiton PCR
Cycle Step Compotent
Restriction
Enzyme Free PCR | TEMP TIME Sul 5X Buffer
2/ STEP
Initial Denauration | 98°C 2 minutes 0.5ul 10mM dNTPs
250ng Gene fragment
98°C 30 seconds
25ng Plasmid vector
35 cycles
55°C 1 mimutes 0.75ul DMSO
72°C 6 mimutes (whole | )5, Phusion
plasmid)
Final Extension 72°C 10 minutes
H,O added to 25ul
Hold 10°C hold
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Mutagenesis PCR were constructed by QuikChange mutagenesis kit (Stratagene) and

Phusion High-Fidelity DNA Polymerase.

Cycle Step Compotent
Mutagenic PCR TEMP TIME 10ul 10X Buffer
.. ) 98°C 30 seconds lul 10mM dNTPs
Initial Denauration
0.1ul Forward primer
98°C 10 seconds
0.1ul Reverse primer
16 cycles 50°C 30 seconds 30ng Plasmid vector
0.5ul Phusion
72°C 30 seconds per kb
1.5ul DMSO
Final Extensi 72°C 10 minutes
1na’ bxtension H20 added to 50ul
Hold 10°C hold

Transformation to XL1-Blue strain competent cells

Take the XL1B competent cells (E.coli ) and place them in an ice bath. The recommended
dosage for one transformation of competent cells is 50-100 ul, which can be adjusted
according to the actual situation. After the competent cells are thawed, add the target
DNA plasmid to the competent cell suspension. The plasmid volume cannot exceed 10%
of competent cells volume. Gently mix and ice bath for 20 minutes. Heat shock at 42°C
for 90 seconds in water bath, quickly transfer the centrifuge tube to an ice bath, and let
stand onice for 2-3 minutes. Add 1 mL LB medium (without antibiotics) to each centrifuge
tube, mix well and place at 37°C shaker at 250 rpm for 1 hour to recover the bacteria.
Centrifige the cell in 4°C at 3000rpm for 5min. On the agar medium (warm a little bit in
37°C before using ), spread the cells evenly with a sterile spreading rod, and place the
plate on the table until the liquid is absorbed. Invert the plate and incubate at 37°C for
12-16 hours.
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Colony PCR and plasmid sequencing

Colony PCRis aregular amplification PCR by using Tag DNA Polymeras but instead of using
plasmid, 2ul colony is needed. According to the plasmid, we use T7 oligonucleotides
primer to carry colony PCR. After PCR, load the sample to 1% agarose gel (w/v) to check

the DNA band size before sending to sequencing.

Cycle Step Compotent
Mutagenic PCR TEMP TIME lul 10X Buffer
o . 95°C 5 mimutes 0.2ul 10mM dNTPs
Initial Denauration
0.1ul Forward primer
94°C 30 seconds
0.1ul Reverse primer
28 cycles
50°C 30 seconds 2ul colony
72°C 1 mimutes per kb 0.5ul Taq DNA Polymeras
Final Extension 72°C 10 minutes
H,O added to 10ul
Hold 94°C hold

Incubate the positive colonies in 10mL LB at 37°C shaker at 250 rpm for O/N. we use
GenelET Plasmid Miniprep Kit (Thermo Fisher) to extract plasmid. And then check the
concentration of the plasmid by NanoDrop, and send the plasmid to the Servei de
Genomica Bioinformatica (UAB) to check the DNA sequence by Sanger sequencing
reactions. To compare the sequence of plasmid and Genebank, ExPASy-translate tool and

Protein- Blast of NCBI is used for confirming the DNA sequence.

Transformation to Rosetta2 or BL21 competent cells

The procedure is same as the method of transformation to XL1-Blue strain competent
cells (E.coli ). Rosetta 2 or BL21 competent cells are better for protein expression than
XL1B. The Rosetta series strains are derived from the BL21 series host bacteria, and
Rosetta2 (DE3) is derived from Rosetta (DE3). This strain contains a pRARE2 plasmid. In
addition to providing tRNA with six rare codons of AUA, AGG, AGA, CUA, CCC, and GGA

contained in the original Rosetta(DE3) host, The tRNA for the seventh rare codon CGG is
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also provided. At the same time, the pRARE2 plasmid is chloramphenicol resistant. By
providing rare codons, the Rosetta2 (DE3) vector enables the host bacteria to provide
more "universal" protein expression compared to other E. coli, thereby improving the

expression level of the target protein.

Protein Expression Test

After obtaining colonies from Rosetta 2 or BL21. Incubate the colonies at 37 °Cin 5mL LB
at 37°C shakers at 250 rpm for O/N. Take 2mL E.coli culture to 15mL LB (with antibiotic),
cells grow at 37 °C 250 rpm until OD= 0.6- 0.8, then add 0.5mM IPTG. Incubate cultures
at 250 rpm at 30°C 5h or 20°C O/N, and centrifuge at 4°C at 3000rpm to harvest cells.
Suspend pellet in ImL 20% sucrose, 50mM Tris 8 buffer. Add lysis buffer: 150 ul NaCl, 15
ul 10% IGEPAL, 7.5 ul 2M Imidazole, and 1mM BME or DTT. Cells were broken by sonicator
at 35% amplitude for 1min (2s on/ 3s off ) at 22°C. Centrifuge the samples at 4°C
10000rpm for 15min to get the supernatant. Most proteins here have a histidine tag.
Incubate the supernatant with Ni Sepharose 6 Fast Flow (GE Healthcare) for 20min at
4°C. Imidazole and Histidine-tag compete for Nickle, and as the concentration of
imidazole increases, the protein bound to Nickle will be eluted. To achieve fractional
elution of proteins, the purpose of protein separation is achieved. 1mL Buffer A (350mM
NaCl, 20mM Tris 8, 10mM Imidazole, ImM BME) was added to elute other proteins or
proteins that were not bound to the nickel column and centrifuge at 6000rpm for 1min.
Repeat the above steps twice. Then 70 ul Buffer B (350mM NaCl, 20mM Tris 8, 300mM
Imidazole, ImM BME) was added, gently mixed, and centrifuged at 6000rpm for 1min.
Check the protein expression status by loading samples on a 12.5% SDS-PAGE gel, and

stained by Coomassie brilliant blue.

Protein expression and purification

To get more protein for crystallization, prepare 8 liters of LB by sterilization. Bacteria were
grown at 37 °C to OD600=0.6~0.8, and IPTG was added to a final concentration of 0.5
mM. Bacteria were grown in the good condition that gets from the expression test and
harvested by centrifugation at 4°C at 5000rpm for 15min. Cell suspensions were
equilibrated in 350 mM NaCl, 20 mM Tris-HCl (pH 8.0), 10 mM imidazole, 20% sucrose, 1
mM DTT, and 0.1% IGEPAL CA-630, and cells were broken by sonication. After removing
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cell debris by centrifugation, proteins were separated from the lysate by nickel affinity
chromatography using Ni Sepharose 6 Fast Flow and eluted with lysis buffer including 20
mM Tris-HCI (pH 8.0), 350 mM NaCl, 300 mM imidazole, and 1 mM DTT. Fractions
containing the target protein were collected, diluted to 50 mM NaCl, applied to an anion
exchange resin (Resource Q; GE Healthcare), and eluted with a 0-1 M NaCl gradient from

0to 35% in 20 mM Tris-HCl (pH 8.0) and 3 mM DTT.

Protein concentration and Crystallization

Concentrated the protein using Amicon Ultra-30K ultrafiltration device (Millipore),
change the protein buffer to lower buffer concentration, for example, 50mM NaCl, 5mM
Tris 8. To obtain the crystal structure of the protein, it is necessary to prepare a large
amount of purified protein (around 10 mg), the concentration of which is usually above

10 mg/ml and based on this, the crystallization conditions are screened.

After obtaining a high-purity protein solution, the next step is the cultivation of crystals.
Similar to the formation of crystals of other compounds, protein crystals are formed
slowly in saturated solutions. The conditions for growing crystals of each protein are
different, and many variables affect the formation of crystals, including pH, ion

concentration, protein concentration, temperature, metal ions, isoelectric point, etc.

There are two methods for crystallization here: sitting drop and hanging drop. The sitting
drop method is usually used to complete protein crystallization by a robot. Using the
Phoenix instrument, the protein and screen solution (1:1) can be quickly added to a 96-
well plate, and the plate is covered with a film to form a closed environment for protein
crystal. In the hanging drop method, droplets are prepared on a siliconized microscope
coverslip by mixing 0.5-2 ul of protein solution and an equal amount of precipitant
solution. The coverslip is placed over the groove of a plate, and a portion of the groove is
filled with about 500 ml of the desired precipitant solution. Before the coverslip was
placed, the chamber was sealed with grease around the groove. In the hanging drop
method, if the surface tension of the protein solution is small, it will spread on the surface
of the coverslip. At this time, the sitting drop method is more advantageous. Normally
crystals are obtained by the sitting drop method first, and then more and larger crystals

are obtained in batches by the pendant drop method. The rest protein is snap-frozen in
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liquid nitrogen before storage at -80 °C.

Protein crystals contain an average of 50 percent solvent, they are easy to dry and break
down if exposed to air. To protect protein crystals and prevent the formation of ice
crystals, usually prepare cryo-protectants such as ethylene glycol, and glycerol when
picking crystals. Crystals are typically mounted on 50-100 um nylon rings, soaking in cryo-
protectant 15% ethylene glycol for 5-15 seconds and then snap-frozen by immersion in

liquid nitrogen.

Data Collection

Diffraction data were collected to a good resolution at beamline ID30B at the ESRF
(Grenoble, France) or beamline BL13-XALOC at the ALBA synchrotron (Barcelona, Spain).
Data processing was conducted by AutoProcesing with MxCUBE [160,161]. The structure
was solved by molecular replacement with the Alphafold2 model as a search mode [152].
Following rounds of model building and refinement were carried out with Coot and
Phenix [162,163]. Then the structure has been deposited in the Protein Data Bank under

specific PDB codes to wait for the release.
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