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General Introduction






The Ubiquitin System: Ubiquitin and Ubiquitin-like Proteins

Introduction to Ubiquitin

Ubiquitin, named thusly for its “ubiquitous” presence in all eukaryotic
living organisms, is a post-translational modifier that was discovered in 1975 as
an 8.5kDa protein of unknown function (Schlesinger et al, 1975). Two years later
it was isolated as part of A24 protein found in chromatin in conjunction with
histone (Hunt et al, 1977). Ubiquitin was linked to histone via an isopeptidic
bond between the C-terminal tail of ubiquitin and the e-amino lysine of Lys119 of
histone and thus the first function of ubiquitin was elucidated - as a protein
modifier (Goldknoph and Busch, 1977). In the following years, ubiquitin’s role in
intracellular proteolysis was uncovered and eventually it was identified as a
protein tag that targets proteins for the proteasome, a large protein complex that
degrades and recycles extraneous proteins (Ciechanover et al 1978; Herschko et al
1980). The Nobel Prize was awarded in 2004 to Aaron Ciechanover, Avram
Hershko and Irwim Rose for their role in the “discovery of ubiquitin-mediated
protein degradation” (www.nobelprize.org). Protein degradation was believed
to occur in lysozomes but in 1977 non-lysozomal protein degradation was
observed in rabbit reticulocytes, precursors of erythryocyes, which lack
lysosomes (Etlinger and Goldberg, 1977). Further research revealed a cytosolic

protein that, in an ATP-dependent manner, was responsible for the destruction



of abnormal rabbit reticulocytes and this protein was later revealed to be
ubiquitin (Etlinger and Goldberg, 1997; Wilkinson et al, 1980). Glycine 67 in the
C-terminal tail of ubiquitin was subsequently identified as the residue

conjugated to substrate lysine residues (Chau et al, 1989)

Ubiquitin is a small protein consisting of 76 amino acids with a molecular
mass of 8433 Da. Key characteristics of ubiquitin include a C-terminal tail and 7
lysine residues. It is highly conserved among eukaryotes, with yeast and human
ubiquitin sharing 96% sequence identity. @While ubiquitin and ubiquitin-
associated machinery have not been found in prokaryotes it is believed to have
been descended from prokaryotic proteins similar to ThiS (Wang et al, 2001).
ThiS is a sulfur carrier protein involved in thiamine biosynthesis in Escherichia
coli and while it shares only 14% sequence identity with ubiquitin, it contains the
ubiquitin fold. In the case of ThiS, this fold is employed as a sulfur carrier in the
ATP-dependent sulfurylation of cofactors while in ubiquitin it is employed as a

covalent modification in ATP-dependent protein conjugation (Wang et al, 2001).

Ubiquitin is a very stable protein whose structure has been shown to
withstand extreme values of pH, temperature and proteolysis (Ramage et al, 1975
Ibarr-Molero et al, 1999). Its globular structure contains no disulfide bonds,
coordinated metal ions or binding cofactors lending its stability to mostly
hydrogen bonds (Briggs and Roder, 1992; Khorasanizadeh et al, 1993). Ubiquitin
has a compact secondary structure which contains three and one-half turns of a-

helix, a 310 helix (a helix with three residues per turn instead of 3.6 for a-helices),



a mixed fB-sheet that contains five strands and seven reverse turns (Vijay-Kuman

et al, 1987). This fold is commonly referred to as the ubiquitin-like fold.

Mechanism and enzyme cascade

Ubiquitination occurs when the C-terminal glycine of ubiquitin is
conjugated to the recipient epsilon lysine of a substrate protein, resulting in an
isopeptide bond. This enzymatic process involves a series of steps, the first of
which is the ATP-driven activation of Gly76 to the active site cysteine residue of
El enzyme, forming a high-energy thioester bond and releasing PP; and AMP
(Figure 1). Once activated, the ubiquitin is transferred to the sulphydryl cysteine
residue of ubiquitin-conjugating enzyme E2, producing a thioester bond between
E2 and ubiquitin and releasing E1 enzyme. The last step involves E3 enzyme,
which is known as ubiquitin-ligase. It essentially modulates the interaction
between ubiquitin and the substrate molecule by recognizing the target protein
and facilitating the transfer of ubiquitin from the cysteine in E2 to the receptor
lysine in the substrate. The end result of this cascade can result in either the
proteasome-mediated degradation of the ubiquitinated protein or alteration of

the proteins signaling pathway.

Ubiquitin conjugation machinery

The human genome comprises eight genes encoding ubiquitin E1 and

ubiquitin-like activating enzymes. The E1 activity represents an essential step



during the ubiquitnation pathway and the reaction is well established due to
early work with the ubiquitin-E1 or Ub-E1 complex (Hass and Rose, 1982; Hass et
al, 1982; Herschko et al, 1983). The E1 for ubiquitin is a 110-120 kDa monomeric
protein and Ub-E1 consists of four domains. There are crystal structures of the
intact ubiquitin E1 catalytic domain, the individual domains and various
complexes of the domains in complex with other proteins (Lee and Schindelin,
2008; Huang et al, 2004; Huang et al, 2005; Huang et al, 2007; Lake et al, 2001;
Walden et al, 2003; Lois and Lima, 2005). While ubiquitin Els do not have much
variability due to the fact they only interact with ubiquitin, both E2 and E3
encompass large families of proteins, each enzyme specific to a different

substrate protein.
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Figure 1. The ubiquitin conjugation pathway. Immature ubiquitin is activated by ubiquitin-specific proteases
or de-ubiquitinating proteases to reveal a C-terminal double Gly-Gly motif (1). Once cleaved ubiquitin is activated by the
adenylation of the C-terminal glycine residue by the E1 activating enzyme in an ATP*Mg?*-dependent step. This results
in the relaease of PPi and ADP. The resultant E1-AMP is then attacked by an activated sulfhydryl residue on E1 and
forms a high-energy thioester bond (2). Following activation ubiquitin is then transferred to a recipient cysteine residue
on ubiquitin-conjugating enzyme or E2 (3). E2 then catalyzes ubiquitin conjugation in an E3-dependent manner through
substrate recognition and conjugation to a receptor lysine residue (4). Ubiquitin can be removed from conjugated
substrates through the action of DUBs (5). Alternatively a poly-ubiquitin chain can form through repeated
ubiquitinations to form a multi-ubiquitin chain (6). Poly-ubiquitinated chains serve as a recognition signal for

degradation by the 26S proteasome (7).

Once ubiquitin is covalently attached to an E1 active site cysteine, E2s are
then recruited to transfer the E1-Ub thioester adduct to the conserved E2 cysteine

to form an E2-Ub thioester adduct. The mammalian genome consists of 35



enzymes of this class and following conjugation to E2, ubiquitin can either be
transferred directly to the epsilon lysine of an acceptor substrate or allocate an E3
ligase to faciliate transfer to the substrate protein. E2s share a conserved ~150
residue catalytic domain (UBC), which contains the main interfaces for E1 and E3
and the catalytic cleft, which accommodates the thioester bond with ubiquitin.
There are currently ~100 structures of E2 enzymes in the PDB, over half of which
are human E2s. While most of the structures are of the catalytic domain of E2,
there are structures of E1-E2 complexes, E2-E3 complexes, E2 in complex with
ubiquitin enzyme variants and E2 non-covalently bound to Ub proteins
(Khorasanizadeh et al, 1993; Huang et al, 2004, Huang et al, 1999; Zheng et al,
2000; Moraes et al, 2001; Sundquist et al, 2004; Capili and Lima, 2007; Duda et al,
2007).

E3 ubiquitin ligase works in conjunction with E2 conjugating enzyme to
direct ubiquitin to one or more lysines of a target protein. The overall chemical

reaction of an ubiquitin-protein ligase is the following:

ATP + ubiquitin + protein lysine T AMP + diphosphate + protein N-
ubiquityllysine
The substrates in this reaction are ATP, ubiquitin and a substrate lysine while the
products are AMP, a diphosphate molecule and an N-ubiquitinnated protein
lysine.

The anaphase-promoting complex (APC) and the SCF complex (Skpl-

Cullin-F-box protein complex) provide two examples of the common scaffold E3s



use to both recognize and ubiquitinate target proteins (Figure 2). Each complex

contains an E2 binding domain and a substrate recognition and binding domain.

As E3s direct the specificity of the ubiquitination system, an organism would
normally contain a large amount of E3s in comparison with Els and E2s. The
human genome, for example, is estimated to encode over 600 E3s (Li et al, 2008).
Two types of E3s are commonly found: The RING (Really Interesting New Gene)
type and the HECT type. Most human E3s are of the RING types (~95%), while
only 28 belong to the HECT types (Li et al, 2008), though smaller families (U-box,

plant homology domain and zinc finger) have been described.

A SHP] (F.peow pratsing
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Figure 2. Structure of the SCF complex. Top panel, A, the crystal structure of the yeast SCFSkP2complex
(Zheng et al, 2002; Hao et al, 2005; assembled from Protein Data Bank files 1ILKD and 2ASS). Bottom panel, B, cartoon of
the SCF complex. The N-termianl half of the C-terminal half of CUL1 intersts with SKP1 and RBX1 respectively. RBX1
serves as a docking site for an E2 enzyme. An F-box protein interacts with SKp1 via its F-box domain and recruits the

target protein to the ubiquitin ligase complex (Magori and Citovsky, 2011)
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RING finger domains are protein structural domains of the zinc finger type
containing a CyszHisCyss amino acid motif, which binds two zinc ions. This
domain contains from 40-60 amino acids and contains the consensus sequence:
C-X2-C-X[9-39-C-X[1-3]-H-X[2.3]-C-X2-C-X[4-45-C-X2-C
where C is a conserved cysteine residue involved in zinc coordination, H is a
conserved histidine residue involved in zinc coordination, Zn is a zinc atom and
X is any amino acid residue (Borden and Freemont, 1996). RING fingers are
subcategorized into RING-HC and RING-H2 depending on whether a Cys or His
occupies the fifth coordination site, respectively. In contrast to the tandem
arrangement of zinc binding sites characteristic of zinc fingers, RING-HC fingers
show interweaved zinc binding sites (Freemont, 2000). Some RING-type E3s are
known to form heterodimers, such as BRCA1-BARD1, while others such as RNF4
act as homodimers (Brzovic et al, 2001; Liew et al, 2010). While the mechanism of
RING-type E3 ligase activity is still under investigation due to the sheer numbers
of RING-type E3s and E2s and all the possible chemical strategies, their ligase
activity lies in their ability to directly bind E2s that are thioesterified with
ubiquitin and activate these E2s to unload their ubiquitin cargo to substrate

proteins.

A HECT or Homologous to the E6-AP Carboxyl Terminus domain, is a
~350 amino acid domain found at the C-terminal of proteins. This type of E3
ligase accepts ubiquitin from E2 conjugating enzyme in the form of a thioester

bond to a conserved cysteine residue within the HECT domain. HECT E3s can
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be divided into 3 groups based on the N-terminal architecture: the Nedd4 family
(9 members), the HERC family (6 members) and the other HECTs (13
members)(Rotin and Kumar, 2009). The Nedd4 family members contain an N-
terminal C2 domain, two to four WW domains and a C-terminal HECT domain.
Members of the HERC family contain one or more regulator of chromosome
condensation 1 (RCC1)-like domains plus a HECT domain. Members of the last
group contain a HECT domain along with one or more of several architecturally
distinct domains (Rotin and Kumar, 2009). Despite a common HECT domain,

the various HECT family members are functionally distinct.
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Introduction to SUMO

Since the discovery of ubiquitin in the mid-1970s an entire family of small
ubigiutin-related proteins have emerged, with new members still being added.
These ubiquitin-like proteins (UBLs), while functionally distinct, all share the
ubiquitin or pB-grasp fold and target cellular targets in a pathway parallel to that
of ubiquitin (Figure 3). These include, but are not limited to, small ubiquitin-like
modifier ~ (SUMO),  neuronal-precursor-cell-expressed  developmentally
downregulated protein-8 (NEDDS), fau ubiquitin-like protein (FUB1) and
ubiquitin-related modifier-1 (URM1). Of those protein systems, the SUMO

pathway has been studied the most.

\t?(\

oh
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»

4

Ubiquitin

Figure 3. Structural comparison of Ub and Ubls. SUMO1 and NEDDS share the hallmark $-grasp fold of ubiquitin-like

proteins. Images modified from pdblubq, pdb2uyz and pdblndd taken from Protein Data Bank.
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SUMO proteins are small, most around 100 amino acids in length and
around 12 kDa in mass. SUMO shares only 18% sequence homology with
ubiquitin and was discovered in mammals covalently linked to GTPase
activating protein RanGAP1 (Matunis et al, 1996; Mahajan et al, 1997). The
number of SUMO isoforms is species-specific, with lower eukaryotes such as
yeast and insects encoding one SUMO gene while Arabidopsis contains genes
encoding for eight SUMO isoforms (Kurepa et al, 2003). In humans there are four
SUMO paralogs: SUMOI1 (also known as Smt3c, PIC1, GMP1, sentrin and Ubl1),
SUMO?2 (also known as Smt3a and Sentrin3); SUMO3 (also known as Smt3b and
Sentrin2); and SUMO4. SUMO2 and -3 share 95% sequence identity and are
commonly referred to as SUMO2/3, while SUMO1 shares only 50% sequence
identity with either of the two. SUMO4 shares 87% sequence identity with
SUMO2 but it still remains unknown whether SUMOA4 is processed or conjugated

to cellular proteins (Owerbach et al, 2005).

As previously mentioned the SUMO pathway is analogous to that of
ubiquitin, represented by an enzyme cascade resulting in the conjugation of
SUMO to the epsilon lysine of a target protein (Johnson, 2004)(Figure 4). SUMO
is first activated by a SUMO-specific protease to expose a C-terminal di-glycine
residue. Once activated the mature SUMO is adenylated by SUMO E1 enzyme
and the SUMO adenylate is then attacked by the E1 cysteine to form an E1-
SUMO thioester. SUMO is then transferred to a conserved Cys on SUMO E2

enzyme generating an E2-SUMO thioester. This E2-SUMO moiety can interact

14



directly with the substrate or recruit an E3 ligase to facilitate transfer of SUMO to
the substrate lysine. In contrast to ubiquitin, SUMO utilizes only one E1 enzyme,
the heterodimer Sael/Sae2 in humans, one E2 enzyme, Ubc9 in humans, and
only a few E3 ligases. While the SUMO conjugation reactions can be replicated in
vitro using only E1, Ubc9, SUMO and ATP, E3 is virtually indispensible in yeast
SUMOylation reactions and SUMO E3 factors have been identified that facilitate

conjugation in vivo and in vitro in humans (Johnson, 2004; Stelter and Ulrich,

2003; Tatham et al 2001).
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Figure 4. The SUMO conjugation pathway. Immature SUMO is activated by SUMO-specific proteases or SENP
proteases to reveal a C-terminal double Gly-Gly motif (1). Once cleaved SUMO is activated by the adenylation of the C-
terminal glycine residue by the SAE1 subunit of the SAE1/SAE2 heterodimer in an ATP*Mg?*-dependent step. This
results in the release of PPi and ADP. The resultant E1-AMP is then attacked by an activated sulfhydryl residue on the

SAE2 subunit of E1 and forms a high-energy thioester bond (2). Following activation SUMO is then transferred to a

15



recipient cysteine residue on SUMO-conjugating enzyme 9 (Ubc9) or E2 (3). E2 can then catalyze SUMO conjugation in
an E3-independent manner through the recognition of the SUMO consensus motifs ((KXE) that contain a receptor lysine
residue (4). Substrates modified by SUMO can contact SUMO-binding partners through their interaction with SUMO-
Interacting-Motifs or SIMs (5). Alternatively the E2~SUMO thioester can interact with a SUMO E3 ligase which can
coordinate SUMO conjugation to the target substrate either through indirect (as is the case for RanBP2) or direct (as is the
case for Siz and PIAS E3 ligases) contact with the substrate (6). Deconjugation is performed by SENP proteases and free

SUMO can then be recycled for another round of conjugation (7).

SUMO conjugation machinery

While ubiquitin E1 exists as a monomer, SUMO El exists is a heterodimer,
though both individual components are related to the ubiquitin enzyme; the Sael
subunit (also called Aosl) of SUMO E1 resembles the N-terminal of ubiquitin E1
while the Sae2 subunit (also called Uab2), where the catalytic cysteine is located,
resembles the C-terminal (Azuma et al 2001).  Structural analysis of El
heterodimer revealed that SUMO interacts exclusively with subunit Sae2, and
Ubl recognition may be dependent on conserved residues within this subunit
(Tong et al 1997). Though SUMOI1 E1 enzyme exists as two distinct subunits, the
individual components are only found as part of the heterodimer within the cell.

The SUMO E2, Ubc9, also shares sequence similarity with its ubiquitin
counterpart and the two enzymes share essentially the same folded structure

(Rodriguez et al, 2001). Ubc9 also shows a strong, unique overall electrostatic

16



dipole, which might contribute to its ability to recognize and conjugate SUMO to
its substrates without the help of E3 ligases. SUMO E2 specifically recognizes
substrates containing the motif YKxE/D, where | is a large hydrophobic
residue, K is the acceptor lysine and x is any amino acid (Rodriguez et al, 2001).
SUMO E2 makes direct contact with this motif and structural analyses of the E2
in complex with SUMO substrates have revealed a hydrophobic pocket on E2
that accommodates the acceptor lysine, with residues immediately flanking this
lysine also facilitating substrate recognition via hydrogen bonding and
electrostatic interactions with the surface of E2 (Bernier-Villamor et al, 2002;

Sampson et al, 2001).

In general there are three types of E3 SUMO ligases: those belonging to
the Siz/PIAS (protein inhibitor of activated STAT) family; those containing a
domain in the large vertebrate nuclear protein RanBP2/Nup358; and the
polycomb group protein Pc2 (Jackson, 2001; Hochstrasser, 2001; Shuai, 2000;
Kagey et al, 2003; Kalman et al, 2002). The members PIAS family of proteins all
share a ~400 residue N-terminal domain that contains smaller regions of
similarity but more importantly it contains a SP-RING domain thought to
function in a manner analogous to the ubiquitin RING E3 ligases by providing a
scaffold for conjugation by bringing Ubc9 and the substrate together.  This
family includes Siz1, Siz2 and methyl methanesulphonate-sensivity protein 21
(Mms21) in yeast and PIASxa, PIASxf, PIASy and Nse2 in humans (Kotaja et al,

2002; Andrews et al, 2005).

17



The RanBP2 ligase consists of a ~300 residue domain called the IR
(internal repeat) and can be found in the core protein RanBP2 (Kalman et al,
2002). This domain contains two internal repeats of a ~50 residue sequence
which not only function as SUMO ligases but are also responsible for localizing
RanGAP1-SUMO to the nuclear pore (Matunis et al, 1998). While the RanBP2
and PIAS seem to have non-redundant cellular functions with some substrates
are only SUMOylated exclusively by one ligase or the other there have been
cases where SUMOylation can be induced by both (Kannouch et al, 2004, Sobko

et al, 2002; Miyauchi et al , 2002).

The polycomb group (PcG) protein Pc2 is the last group of reported
SUMO E3 enzymes. In humans, these proteins form large multimeric complexes
(PcG bodies), which are involved in the stable maintenance of transcriptional
repression and Pc2 has been shown to induce SUMOylation of various types of
proteins within this pathway (Schuettengruber et al, 2007; Ringrose, 2007; Satijn
et al, 1997; Jacobs et al, 2002). Moreover over expression of Pc2 in cells causes
SUMO and Ubc9 to localize to PcG bodies, suggesting that PcG bodies may be

major sites of SUMOylation.

In addition to the aforementioned SUMO consensus motifs, the SUMO
conjugation machinery also makes use of SIMs or Sumo Interaction Motifs, to
help recognize SUMO. SIMs are generally characterized by a hydrophobic core
(V/DX(V/D)(V/]), flanked at either its N or C terminus by acidic amino acids

(Hecker et al, 2006). When in complex with SUMO, the SIM adopts a parallel or

18



anti-parallel -strand conformation, which allows the hydrophobic side chains of
the SIM to occupy a hydrophobic pocket on the SUMO surface (Reverter and
Lima, 2005). SUMO E3s, such as those containing the Ran-binding protein 2
(RanBP2) domain and those belonging to the Siz/PIAS family of E3 ligases, are
known to have both E3 ligase elements as well as SIMs (Rytinki et al, 2009;
Pichler et al, 2004). Of the SIM-containing E3 ligases that have been
characterized, some display substrate preferences, such as those mentioned
above, while others show preference for specific SUMO isoforms, such as in the
case of ubiquitin-specific protease 25 (USP25) and transcriptional regulator
COREST1, which both exhibit a preference for SUMO2/3ylation (Meulmeester et

al, 2008; Ouyang et al, 2009).

SUMO isoforms

Although SUMOI1 and SUMO2/3 share the same overall structure and
essentially the same conjugation machinery, the different SUMO isoforms seem
functionally distinct; some substrates can be exclusively modified by SUMOL1 or
SUMO?2/3 whereas others can be modified by both SUMO isoforms (Vertegaal et
al, 2006; Ayaydin and Dasso, 2004). Another important difference between

SUMO1 and SUMO2/3 is that SUMO2/3 has the ability to form polymeric chains
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due to an N-terminal lysine residue while SUMO1 cannot (Tatham et al, 2001).
SUMOY4, on the other hand, is both structurally and functionally distinct than
either SUMO1 or SUMO2/3. In contrast to SUMO1 and SUMOZ2/3, SUMOA4 is
only expressed in limited tissues, and SUMO4 mRNA was mainly detected in
kidney and human embryonic kidney (HEK) cells (Kurt et al, 2004). In SUMO4
there is also a polymorphism, SUMO4-M55V, which is not reported in any other
human SUMO member and has been shown to be associated with type-1
diabetes (Guo et al, 2004). This methionine is conserved not only within the
SUMO family but also across species, so it could hypothesized that the M55V
polymorphism, with an allelic frequency of 0.51 in a Caucasian test population,

could provide a biologically relevant function in this molecule (Kurt et al, 2004).

Cellular Functions

In vertebrate cells SUMO localizes to the nucleus and concentrates at
nuclear pore complexes and PMLs (Johnson, 2004). While the vast majority of
SUMOI1 exists in conjugated species, there is usually a free pool of SUMO2/3
species in cells (Saitoh and Hinchey, 2000). SUMO2/3 is strongly induced in
response to in vivo heat shock and oxidative stress and is thought to provide cells
with a SUMO reservoir in response to cellular stresses (Bossis and Melchior,
2006). Due to the fact that SUMOylation is both a dynamic and reversible
process, it has been hard to follow in vivo and relies mostly on identification of

SUMO substrates; since its discovery in 1996, more than three hundred SUMO
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substrates have been identified and it has been implicated in a wide range of
cellular processes including but not limited to: nuclear transport, DNA repair,

DNA transcription and the cell-cycle.

SUMO was originally discovered as a post-translational modifier when it
was isolated while conjugated to RanGAP1, the most abundant SUMO1 substrate
in vertebrates (Matunis et al, 1996, Mahajan et al, 1997). Ran GTPase-activating
protein RanGAP1 is highly associated near the nuclear pore complex (and,
consequently, so is SUMO), where it associates with the 358kDa protein RanGTP-
binding protein RanBP2. RanGAP1 modification by SUMOI1 sequesters the
cytosolic RanGAP1 to the filaments protruding from the nuclear pore complex.
Here the RanGAP1-SUMOI1 complex interacts with RanBP2, forming a complex
that is essential for nuclear protein import (Mahajan et al, 1997). Aside
RanGAP1, SUMO also modulates the nuclear trafficking of a proteins implicated
in a variety of cellular processes such as transcriptional regulation (CREB,
HIPK?2), signaling transmission (IGF-1R, DAMER1) and tumor suppression (p53,
VHL) (Comerford et al, 2003; Kim et al, 1999; Sehat et al, 2010; Sobko et al, 2002;

Nakamura et al, 2002; Cia and Robertson, 2010).

In the context of DNA repair SUMO has been shown act antagonistically,
able to both recruit and repel various binding factors. For example,
SUMOylation of Lys 164 on proliferating cell nuclear antigen (PCNA) results in
the recruitment of Srs2, a helicase-like enzyme, which prevents unwanted

recombination at the replication fork (Papouli et al, 2005, Pfander et al, 2005).
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When SUMO binds to Lys 127 on PCNA, which lies in the proteins PIP-box
(PCNA interacting proteins-box), it occupies the binding pocket also reserved for
other proteins, such as Ecol, a protein that establishes sister-chromatin cohesion
in S-phase, and thus inhibits their binding (Hoege et al, 2002; Moldavan et al,

2006; Armstrong et al, 2011).

In regard to gene expression, the general trend for SUMO has been that it,
in conjunction with various transcription factors, acts as an overall repressor of
DNA transcription. Mutational analysis that prevents SUMO binding to such
transcription factors as Sp3, to the androgen receptor and the co activator p300
show an overall increase in transcription, thus confirming the negative role of
SUMO in gene transcription (Sapetschnig et al, 2002; Poukka et al, 2000;
Girdwood et al, 2003). SUMO binding to Sp3 regulates transcription by
establishing formation of localized heterochromatin-like silenced states through
the recruitment of various heterochromatin-related proteins and the
establishment of repressive histone modifications (Sapetschnig et al, 2002).
SUMOylation of androgen receptor (AR), a ligand-activated transcription factor
belonging to the steroid family receptor superfamily, at the N-terminal region,
which is involved in interactions with the hormone-bound and ligand-binding
domain, obstructs this domain and is thus likely to perturb the ability of AR to
make intramoleculer interactions which might otherwise lead to DNA
transcription (Poukka et al, 2000). P300 is a transcriptional coactivator which,

when SUMO-bound, recruits histone deacetylase (HDAC) to set of promoters
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that are susceptible to p300-mediated transcription and this subsequent
deacetylation of core histones which strengthens the association of DNA with

histones, making DNA less susceptible to transcription (Girdwood et al, 2003).

Another way SUMO effects transcription is through the formation of PML
nuclear bodies. PML bodies or promyelocytic leukemia nuclear bodies are
subnuclear structures that harbor both transient and permanent proteins, also
referred to as “nuclear dots”, “nuclear bodies” or “nuclear domains” due to the
fact they were first identified as prominent interchromatin structures in the
nuclei (Negorev and Maul, 2001; Brasch and Ohs, 1992). At the core of these
nuclear bodies is the promyelocytic leukemia protein, a member of the TRIM
family of proteins implicated in tumor suppression and DNA transcription
(Salomoni and Pandolfi, 2002; Bernardi et al, 2006). PML is SUMOylated at three
locations, Lys65, Lys 160 and Lys490 and nuclear body formation requires both
the covalent conjugation of SUMO as well as interaction with SUMO through a
SUMO binding domain (Shen et al, 2006). Patients with promyelocytic leukemia
present a mutated version of this protein, a fusion protein with PML protein
fused to retinoic-acid receptor . Retinoic-acid receptor o obstructs the
SUMOylation sites on PML and thus disrupts the normal formation of PML
nuclear bodies (Duprez et al, 1999). SUMOyation is crucial to maintaining the
structural and functional integrity of PML nuclear bodies and therefore is

integral to the myriad of protein interactions that rely on stability of PML nuclear

bodies.
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SUMO also plays a role in the structural maintenance of higher-order
cellular structures such as kinetechores. Kinetechores are proteinaceous
structures located on chromatin which attach mitotic spindle fibers during
mitosis and meiosis. Mitosis-dependent SUMOylation has been detected on
outer kinetochore proteins, such as CENP-E, whose translocation to kinetechores
is dependent on the non-covalent binding of SUMO2/3 (Azuma et al, 2003).
SUMOylated proteins were also detected in the inner centromeric region, the
region that lies between the centrome and the kinetechore. Topoisomerase II
(Topll) is one such protein that's SUMO2/3ylation regulates its ability to attach
to chromatin during the metaphase-anaphase transition (Zauma et al, 2003). S.
cerevisizge strains lacking the SUMO isopeptidase Ulp2 exhibit premature
separation of a section of the chromosome near the centromere prior to mitosis
and mutation of the SUMOylation sites in Topll to prevent SUMOylation restore
the normal separation phenotype, suggesting that excess SUMOylation is

responsible for the erroneous phenotype.

Lysine-liked Chains

Mono-ubiquitination and -SUMOylation result in the formation of an
isopeptide bond between a substrate lysine and the C-terminal tail of a single
ubiquitin or SUMO moiety, respectively. The existence of multiple lysine
residues in both ubiquitin and SUMO, however, gives way to the possibility of

poly-ubiquitin and poly-SUMO chains. Ubiquitin has seven lysine residues,

24



which could potentially serve as polyubiquitination sites, K48, K63, K6, K11, K27,
K29 and K33. While polyubiquitin chain formation leading to proteasomal
degradradation mainly occurs at K48, polyubiquitin chain formation at the other
lysine residues have various, non-proteolytic effects. K63-linked ubiquitin
chains, the second most characterized of the ubiquitin-linked chains, have been
implicated in four signaling pathways: DNA damage tolerance, the
inflammatory response, proteins trafficking and ribosomal protein synthesis
(Ulrich, 2002; Spench et al, 2000; Stelter and Ulrich, 2003; Kannouche et al, 2004).
The proteasome has been shown to recognize K6-linked polyubiquitin chains but
seem to process them differently from K48-linked chains; chains are dismantled
but the conjugated protein is not degraded, as is the case for the breast and
ovarian cancer-specific tumor suppressor BRCA1 (Nichikawa, 2004). K11-linked
chains. While the other lysine-linked chains is less understood novel chain
formation in vitro is shedding light on the structure and function of the poly-

ubiquitin moieties (Saeki et al, 2004; Baboshina and Haas, 1996).

Aside from ubiquitin, SUMO is the most characterized Ubl known to
participate in polychain formation. Interestingly the major SUMOylation site,
Lys11, is located in the N-terminal extension of SUMO not present in ubiquitin
(Tatham et al, 2001)(Figure 5). This lysine is only found in SUMO?2 and -3 and is
located within the SUMO consensus motif PKxE, present in both human SUMO
and the yeast SUMO paralog, Smt3, which has also exhibited chain formation in

vivo (Bylebyl et al, 2003; Johnson and Gupta, 2001). Interestingly the Smt3
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consensus site lysines are all flanked at their C-terminal by proline residues,
suggesting substrate-binding interface unique to those of Smt3 family. SUMOI1
is also able to form poly-SUMO chains in vitro, though much less efficiently than
SUMO?2/3, via N-terminal non-consensus SUMOylation sites (Pichler et al, 2002).
In vivo poly-SUMO chains containing SUMO1 mixed with SUMO2 and/or -3
have been observed, with chain formation occurring at internal lysine residues

(Matic et al, 2008).
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Figure 5. Sequence alignment of the ubiquitin, budding yeast Smt3 and the N-termini of human SUMO isoforms.

Ubiquitin/SUMOylation motifs are highlighted and acceptor lysines are shown in red.

The mechanism for the formation of polySUMO chains has yet to be fully
elucidated Capili and Lima have proposed a model suggesting that the
formation of polySUMO chains relies in part on the ability of the E2-SUMO2
thioester to make non-covalent interactions with SIMs on incoming SUMOs
(Capili and Lima, 2007). Mutation of Ubc9 surface residues that abrogated the
ability of Ubs9 to interact through this non-covalent binding site showed stunted
poly-SUMO chain growth, though it should be noted this could be attributed to

disruptions between E1-SUMO2 binding interface due to the fact that the non-
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covalent binding site partially overlaps with their tentative SUMO1 E1
interaction surface. The non-covalent SUMO binding interface is too far from the
E2 active site to facilitate diSUMO formation through the N-terminal extension of
SUMO?2/3 but once formed the binding interface could serve as a dock for

additional E2s thus permitting chain elongation.

SUMO E3s have an overall tendency to enhance polySUMO chains in
vivo, but their promiscuity has been shown to lead to SUMOylation of non-
consensus lysines (Bylebyl et al, 2003). Reactions containing a mutated version of
Smt3 where the three N-terminal consensus lysines (K11, K15 and K19) were
changed to arginine still resulted in the accumulation of high molecular weight
species corresponding with polySUMO chains, meaning SUMOylation occurred
at one or multiple non-consensus lysines. Under these reaction conditions, the S.
Cerevisein E3 Sizl was required for chain formation, but other groups have
demonstrated that polySUMOylation can also occur when only E1 and E2 are

present (Kalman et al, 2002; Takahashi et al, 2003).

Previously it was difficult to identify endogenous polySUMOylated
substrates due to the inability to distinguish between polySUMO chains and
multi-mono-SUMOylated substrates or to unanchored SUMO chains. So far
transcriptional regulator HIF1a, PARP1, Top2, proliferating cell nuclear antigen
(PCNA) and PML protein have been identified as polySUMO conjugates (Matic
et al, 2008; Martin et al, 2009; Takahashi et al, 2003; Yeh et al, 2000). Recently

however Bruderer and associates developed a method involving an inactive form
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of the E3 ligase RNF4 to identify potential polySUMO substrates (Bruderer et al,
2011). An RNF4 fragment (residues 32-133) containing four SIMs that show low
affinity for mono-SUMOylated substrates but high affinity for polySUMO chains
was used as bait in an affinity chromatography column (Bruderer et al, 2011).
Using this truncated version RNF4 they were able trap over 300 putative heat
shock-induced polySUMO}ylated substrates. Their results indicate that proteins
involved in the transcription and transcription regulation do no seem to be
polySUMOylated upon heat shock whereas proteins involved in checkpoint

response and DNA repair do.

Interestingly recent papers have suggested a role for polySUMO chains in
the ubiquitin-mediated degradation pathway. SLX5 (synthetic lethal of
unknown function) and SLX8 are genes in yeast that code for SIx5 and SIx8,
respectively, two proteins that form a heterodimer and together function as an
ubiquitin E3 ligase of the RING-type (Li et al, 2007). Inactivation of the genes
associated with these proteins or blocking of ubiquitin-mediated proteolysis led
to cells with an accumulation of SUMOylated proteins that corresponded to high
molecular weight SUMO conjugates (Uzunova et al, 2007; Xie et al, 2007; Wang et
al, 2006). These theories purport that this accumulation occurs due to the
inability of these SUMO-substrate specific E3 ligases to ubiquitinate target
proteins and hence target them for ubiquitin-mediated proteolysis. This theory
is further exemplified by the fact that in their N-terminal domains they contain at

least one SIM, which could modulate interactions between SUMO and SIx5-SIx8
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(Prudde et al, 2007). RNF4 is the vertebrate homologue of SIx5 and SIx8 cells
depleted of RNF4 show similar accumulations of high molecular weight SUMO
conjugates (Bruderer et al, 2011). As mentioned before it contains multiple SIMs
and in vitro studies show that it can ubiquitylate SUMO chains in a SIM-
dependent manner thus proving it is a ubiquitin E3 ligase with a specificity for

SUMO chains.

Introduction to Ubiquitin and SUMO Isopeptidases

The challenge of identifying polyUb or -Ubl substrates is exacerbated by
the action of endogenous isopeptidases, which perpetually recycle the chains
into their constituent molecules. These isopeptidases include but are not limited
to DUBs (DeUBiquitinating) proteases, Ulps (Ubiquitin-Like Protein) proteases
and SENPs (SENtrin Proteases). Each isopeptidase has two functions within the
cell: the first is the activation of the Ub or Ubl through cleavage of its C-terminal
tail to expose a di-glycine motif. It is this mature version of the protein that can
then be conjugated to the acceptor lysine of a substrate protein; the second is the
deconjugation of Ub or Ubl from conjugated substrate.

Deubiquitinating enzymes present the largest group of these enzymes,
with over a hundred known proteases involved in regulation of ubiquitin-
dependent pathways in humans and roughly twenty in S. cerevisiae (Amerik et al,
2004; Nijman et al, 2005). These proteases can be subdivided into two classes,

cysteine proteases and metalloproteases. Within the class of cysteine proteases
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there are four main superfamilies including: the ubiquitin-specific processing
protease (USP/UBP) superfamily; the C-terminal hydrolyase (UCH superfamily);
the ovarian tumor (OUT) superfamily; and the Machado-Josephin domain (M]JD)

superfamily.

The activity of cysteine proteases is dependent on the reactivity of an
active site thiol group of a cysteine, together with histidine and aspartate, form
the catalytic triad characteristic of cysteine proteases. Proteolysis is initiated
when the aspartate residue polarizes an adjacent histidine, causing
deprotonation of the active site cysteine. This activated thiol can then perform a
nucleophilic attack on the carbonyl bond between a target and ubiquitin. This
results in the release of the target and the formation an intermediate covalent
bond between the protease and ubiquitin, which, when reacted with water,
leaves free protease and ubiquitin. Ubiquitin-specific metalloproteases, the
second class of DUBs, rely on active site coordination of conserved hisitdine and
aspartate residues with a zinc ion. These proteases belong to the JAMM domain
superfamily of proteins, bear a characteristic MPN+/JAMM motif and are
associated with the 26S proteasome (Yao and Cohe, 2002; Guterman and

Glickman, 2004).
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Figure 6. Catalytic functions of SENPs. Top panel, A, SUMO activation by removal of C-terminal tail to reveal di-
glycine motif by SENP isopeptidase activity. Top panel, B, SUMO deconjugation from target by SENP endopeptidase
activity. Bottom panel, C, model of SENP dismantling of polySUMO chains to constituent SUMO molecules. SUMO is
shown in green in cartoon representation. Recipient lysine and C-terminal glycine residues and are shown in red and stick

configuration and labeled. Images were modified and modeled by PyMOL structure PDB2IY1.

The enzymes associated with SUMO activation and deconjugation are
called SENPs in humans and Ulps in yeast (Figure 6). There are only six human
deSUMOylating enzymes, SENP1, SENP2, SENP3, SENP5, SENP6 and SENP?7.
Originally there were believed to be seven SENPs in humans, labeled according
to their sequences in a database search but it was later discovered that SENP3
and SENP4 shared the same sequence (Yeh et al, 2000). SENP8 was originally

thought to be a SUMO protease until it was subsequently discovered that it
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showed a unique specificity for NEDDS, the closest Ubl related to ubiquitin (Wu
et al, 2003; Mukhopadhyay and Dass, 2007; Gan-Erdene et al, 2008). Human
SENPs, as well as yeast Ulps, share a ~220 amino acid protease fold, the defining
characteristic of C48 cysteine proteases and within this core lies the characteristic
His-Asp-Cys catalytic triad (Mukhopadhyay and Dasso, 2007). SENPs and Upls
both belong to the CE clan of cysteine proteases while their mechanistic relatives,
the deubiquitylating enzymes (DUBs) belong to the CA clan of proteases (Drag
and Salvesen, 2008). Interestingly a new class of protease has recently been
identified which is specific for SUMOylated but not ubiquitylated substrates that
bears the papain-like fold characteristic of the DUBs (Mukhopadhyay et al, 2006).
The protein, called DeSI-1, belongs to the PPPDE superfamily and, unlike the
SENPs, seems to show little to no processing ability and restricted deconjugation
ability. The fact that it is unable to deconjugate known SENP substrates suggests
that the two types proteases likely have non-re dundant cellular functions in

regard to SUMO deconjugation from substrates.
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Figure 7. Evolutionary relationship of Ulp/SENP family members. An early branch separates the Denl-like (NEDDS-
specific) proteases. The SUMO proteases have diverged into two main branches, Ulpl-like (SENP1, SENP2, SENP3 and

SENP5) and Ulp2-like, (SENP6 and SENP7). Image taken from (121).

Sequence comparisons of the SENPs/Ulps reveal that they diverged from
DUB:s early in evolution (Barrett and Rawlings, 2001). Presently the six human
SENPs can be divided into two groups: one containing Ulpl (SENP1, SENP2,
SENP3 and SENP5); and one containing Ulp2 (SENP6 and SENP7)(Xu and Au,
2005; Gong et al, 2000) (Figure 7). In most cases the catalytic domain is localized
to the C-terminal of the protein but there have been cases, such as in Ulp2 and
two Ulp2-like proteins (NP_195088 and NP_17444), where the catalytic domain
lies within the center of the protein (Li and Hochstrasser, 2003; Novatchkova et
al, 2004). It is interesting to note that within the catalytic domain of SENP6 and
SENP7 there are inserts of 150 and 50 residues, respectively (Figure 8). In vitro
deconjugation assays with both wild type and SENP6 and -7 constructs lacking

these inserts show functional protease activity, leaving the relevance of these
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large insertions to be elucidated (Lima and Reverter, 2008; Alegre and Reverter,
2011). While the C-48 catalytic domain persists through all of the SENP/Ulps the
N-termini are non-conserved and vary between each protease. The N-terminal
domains of both Ulps and SENPs have been shown to direct sub-cellular
localization and substrate specificity but their full function within the cell has yet

to be determined (Mukhopadhyay et al, 2006; Li and Hochstrasser, 2003).
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Figure 8. Primary structure of the SENPs. Non-conserved catalytic domains are shown in black. Conserved

catalytic domains are blocked in blue. Loop3 insertions in SENP6 and SENP? are shown in light blue.

Ulpl and Ulp2 have distinct substrates and non-redundant functions.
Over-expression of processed Smt3p weakly rescues [Julpl cells, but full-length
Smt3p does not, indicating that Ulp1 plays a role in Smt3p processing. The Ubl1-
like proteases SENP1, SENP2, SENP3 and SENP5 show similar processing
activity but act more specifically; each SENP seems to have a SUMO isoform
preference. SENP1 processes SUMO1 precursor more efficiently than SUMO?2,
SENP2 processes SUMO?2 precursor better than SUMO1 but neither SENP1 nor
SENP2 show appreciable activity toward SUMO3 (Reverter and Lima, 2004; Xu
and Au, 2005). SENP3 and SENP5 show isoform specificity toward SUMO2/3

but essentially no activity against SUMO1, in contrast to SENP1 and SENP2
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which have been shown to be able to deconjugate all three all isoforms in vivo

(Gong et al, 2000; Zhang et al, 2002; Hang and Dasso, 2002).

In regard to deconjugation, over expression of Ulpl showed strong
activity against a wide range of substrates and over expression of both
catalytically active and inactive forms of the enzyme can, at least partially,
suppress the temperature-sensitive growth defects some of the [Julpl cells,
suggesting an overlap between Ulpl and Ulp2 substrates, which is consistent
with in vitro studies (Li and Hochstrasser, 2003). SENP1 is able to efficiently
deconjugate substrates with isoform preferences reminiscent of the processing
reaction; it can cleave SUMO1 and SUMO2 more efficiently than SUMO3 from
target substrates (Yukita et al, 2004). SENP2 is able to deconjugate all three
SUMO isoforms with similar efficiency and SENP3 and SENP5 both show
isopeptidase activity against SUMO?2 and -3 conjugated substrates but not ones
conjugated to SUMOL1 (Lima and Reverter, 2008; Gong and Yeh, 2006; Di Bacco et

al, 2006).

In contrast to Ulp1l Ulp2 may mainly be implicated in the deconjugation of
Smt3p from conjugated substrates and from polySmt3 chains. Ulp2 can
dismantle polySmt3 chains in vitro and [Julp2 strains have been shown to
accumulate high molecular weight polySmt3 species (Takahashi and Strunnikov,
2008). Furthermore expression of Smt3 branch site mutants which aren’t capable
of forming polymeric chains were able to suppress several of the [Julp2

phenotypes, further suggesting that said defects were due to high molecular
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weight chain accumulation (Takahashi and Strunnikov, 2008). Similar to Ulp2,
SENP6 and SENP7 show little to no activity in processing SUMO precursors
(Lima and Reverter, 2008; Alegre and Reverter, 2011). Both enzymes, however,
have demonstrated activity in deconjugating SUMO conjugated substrates, more
specifically polySUMO chains and show isoform specificity for SUMO2/3 over

SUMOI1 (Lima and Reverter, 2008; Alegre and Reverter, 2011; Nagamalleswari et

al, 2010).
Table 1. Ulp/SENP localization and substrate specificity
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The SENPs
SENP1 and SENP2

Each human SENP contains a non-conserved N-terminal extension
thought to be involved in sub-cellular localization and substrate specificity of
each enzyme. SENPI contains as nuclear export signal (NES) in its C-terminal as
well as a nuclear localization signal (NLS) in its N-terminal but it is mainly

localized in the nucleoplasm (Gong et al, 2000; Nagamalleswari et al, 2010; Bailey
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and O’Hare, 2004). Human SENP1 is expressed in a tissue-specific manner with
increased expression in the testis and detectable expression levels in the thymus,
pancreas, spleen, liver, ovary and small intestine (Xu and Au, 2005). Xenopus
laevis SENP1 (xXSENP1) is also regulated during development in a stage- and
tissue-specific manner but in this case it shows prominent expression patterns in
the central nervous system (Yukita et al, 2004). SENP1 activity has been shown to
regulate transcription through interaction with histone deacetylase 1 (HDAC1);
SUMO deconjugation by SENP1 reduces the deacetylase activity of HDAC1
thereby allowing increased transcription of the androgen receptor (AR) (Cheng et
al, 2004). Aberrant SENP1 expression has also been implicated in prostate cancer
through disruption of the positive feedback loop with AR transcriptional
activity, which causes androgen-driven prostate cell proliferation (Bawa-Khalfe
et al, 2007). SENP1 has been shown to regulate another deacetylase, the
mammalian NAD+-dependent histone deacetylase SIRT1, but in this case
deSUMOylation results in loss of deacetylase activity and subsequent activation
of apoptotic proteins (Yang et al, 2007). Additioanlly SENP1 knockout mice
show developemental abnormalities as a result of deficient production of Epo
protein, which is essential for the growth and survival of erythroid progentiors

during differentiation into red cells (Cheng et al, 2007; Wu et al 1995).

Similar to SENP1, SENP2 is a nucleoplasmic shuttling protein, but SENP2
is predominantly found associated with the nuclear pore complex (NPC) though

cases of its dispersion into nuclear bodies have been reported (Zhang et al, 2002;
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Hang and Dasso, 2002; Ross et al, 2002). SENP2 also contains non-conserved
nuclear export and nuclear localization signals and akin to SENP1 its nuclear
export signal functions through the CRM1-dependent nuclear pathway (Kim et
al, 2005; Itahana et al, 2006).  Cytoplasmic SENP2 is polyubiquitinated and
degraded through the 26S proteolysis pathway and mRNA splice variants have
produced SENP2 isoforms with distinct cellular localization thus highlighting the
importance of sub cellular localization in protease regulation and substrate
specificity (Zhang et al, 2002; Itahana et al, 2006; Nishida et al, 2001; Best et al,
2002). SENP2 is mainly expressed in tissues of epithelial origin and previous
works have shown that SENP2 is essential in the embryonic development of mice
(Kang et al, 2010). Like SENP1 SENP2 isopeptidase activity plays a role in
transcriptional regulation. SUMOI1-bound Sp3 represses transcriptional activity
but removal of SUMO1 by SENP2 results in augmented activity as well as
relocation of the Sp3 protein. SENP2 has also been implicated in p53-depenedent
stress responses as a negative regulator; deSUMOylation of Mdm?2, a ubiquitin
E3 ligase, permits Mdm?2 binding to p53 thereby initiating proteosomal
degradation, suggesting a role for SENP2 in regulating genome integrity (Jiang et
al, 2011). It is also a negative regulator of NF-kB-dependent cell survival
responses; deSUMOylation of NEMO (NF-«xB essential modulator) blunts DNA
damage-induced NF-xB activation thus suggesting a role for the SENP2/NF-«xB

feedback mechanism in oncogenesis and cancer resistance (Lee et al, 2011).

38



The catalytic domains of SENP1 and SENP2 have been characterized alone and
in complex with pre-SUMO1 and -2 and RanGAP1-SUMO1 (Lima and Reverter,
2008; Reverter and Lima, 2004; Shen et al, 2006; Zheng et al, 2006; Shen et al, 2006;
Reverter and Lima, 2006). Additionally SENP2 has been crystallized in complex
with pre-SUMO3 and RanGAP-SUMO?2 (Lima and Reverter, 2008). Both
proteases adopt a fold that identifies them as part of the cysteine protease
superfamily and they harbor the characteristic catalytic triad, Cys602, His 533
and Asp 550 for SENP1 and Cys 548, His 478 and Asp495 for SENP2, within their
C-terminal domains (Reverter and Lima, 2004; Shen et al, 2006). The structures of
SENP1 and SENP2 can be subdivided into two domains; a predominantly a-
helical N-terminal domain containing the catalytic cysteine (Cys602 for SENP1
and Cys548 for SENP2) and a C-terminal region with a five-stranded mixed f-
sheet ensconced by two a-helices and the other two residues of the catalytic triad
(Reverter and Lima, 2004; Shen et al, 2006)(Figure 9 and 10). Their catalytic
domains share 60% sequence similarity and their structures can be aligned with

an r.m.s.d. of 0.8A over 224 residues (Reverter and Lima, 2004).
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Figure 9. Sequence alignments of SENP1, -2, -3, -5, -6 and -7. Alignment is based on structure of SENP2 and SENP6 and
-7 loop insertions are indicated below sequences. Gaps are shown as dots and Loop3 of SENP6 and SENP7 is denoted by
// to denote that the sequence is missing from the alignment. For SENP2 a-helices are represented by arrows, f-sheets by

blocks, conserved residues are highlighted, and catalytic residues are red.
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Figure 10.Sequence of SENP2 and SENP2-SUMO1. Top panel, A, secondary structure of the human SENP2 catalytic
domain shown in ribbon represenation. Catalytic residues are numbered and shown in bond representation. Bottom panel,
B, secondary structure of the human SENP2 catalytic domain shown in ribbon representation and dark blue with human

SUMOY1, shown in brown).  strands are numbered and o helices are lettered. (Reverter and Lima, 2004)

The SENP1 and SENP2 complexes have provided insights into the
mechanisms by which these proteases cleave SUMO isopeptides and SUMO-
conjugated species (Lima and Reverter, 2008; Reverter and Lima, 2004; Shen et al,
2006; Reverter and Lima, 2006). For example both SENP1 and SENP2 have
conserved surface residues essential for SUMO recognition. Both enzymes also
tunnel SUMO precursors through a hydrophobic core and undergo local
structural rearrangements upon binding the inactive SUMO. Individually active
site characterization reveals different modes of substrate recognition, which can
be attributed to different interactions between the C-terminal tails of SUMO and

the residues harbored in the active site of each protease. The active site of SENP1
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for example is stabilized through an aspartic acid forming a hydrogen bond with
a water molecule, which in turn forms a hydrogen bond with a serine residue
immediately flanking the Gly-Gly motif of SUMO1 (Shen et al, 2006). The
SENP1/SUMOIL interaction is additionally reinforced by an active site glycine
forming a hydrogen bond with a histidine residue just C-terminal to the SUMO1
Gly-Gly motif. This histidine is not present in SUMO2/3 and the SENP1 isoform
preference for SUMO1 might be attributable to stabilization by this histidine. C-
terminal residues also contribute substrate specificity for SENP2; in fact Reverter
and Lima studied the effects of switching the C-terminal tails of SUMO1, SUMO2
and SUMO3 and showed that the activity (both iso- and endopeptidase) of
SENP2 was dependent upon the C-terminal tail present on each SUMO (Reverter
and Lima, 2004). By swapping the residues just C-terminal to the Gly-Gly motif
of SUMOL for those of SUMO2 or SUMO3, the enzyme was able to process the

SUMO precursor more or less efficiently, respectively.

In regard to deconjugation, the SENP1/RanGAP1SUMO1 complex reveals
a lack of specific active site interactions, thus providing an explanation as to why
SENP1 is rather promiscuous in deconjugation SUMO isoforms from conjugated
substrates (Shen et al, 2006). The SENP2/RanGAP1SUMO?2 complex sheds light
onto why SENP2 shows poor processing activity in comparison to the
deconjugation activity; less sterical hindrance near the active site lysine in
conjugated substrates allows for more efficient catalysis (Reverter and Lima,

2006). In both cases there was minimal interaction of the protease with RanGAP1
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apart, from the region near the active site which functions as a substrate exit
tunnel which, as is the case with the processing reaction, could serve as a means

for substrate recognition.
SENP3 and SENP5

Both SENP3 and SENP are nucleolar Ulpl-like proteases that are more or
less expressed throughout the human body (Mukhopadhyay and Dasso, 2007;
Gong and Yeh, 2006; Di Bacco et al, 2006). Localization signals have been
mapped in the N-termini of both SENP3 and SENP5 in mice but the mechanism
for their localization in the nucleolus has yet to be determined (Gong and Yeh,
2006; Nishida et al, 2000). Ulpl localizes to nuclear pores and has been
implicated in ribosome biogenesis and its human counterparts SENP3 and
SENP5 have also been found to interact with B23/nucleophosmin, a 37-kD
shuttling phosphoprotein involved in ribosome biogenesis and export (Di Bacco
et al, 2006; Borer et al, 1989; Yun et al, 2008). In a work done by Yun and
associates co-depletion of both proteases resulted in SUMO protein accumulation
within nucleoli and defects in ribosome biogenesis. Elevated SUMO2/3 levels
were only found when both species were depleted, suggesting at least somewhat
non-redundant functions for SENP3 and SENP5 in this context. Individually
depletion of SENP3 interferes with ribosomal RNA processing and prevents
maturation of 32S rRNA into the mature 285 form while depletion of SENP5
results in failure of cells to pass through the cell cycle which is consistent with

defective ribosome biogenesis (Di Bacco et al, 2006, Haindl et al, 2008). While
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SENP3 and SENP5 have predominantly behaved as dedicated SUMO2/3
proteases, in vivo and in vitro studies have shown minimal activity toward
SUMOl1ylated substrates so further investigation is required to show the true

endogenous substrates of these proteases (Gong and Yeh, 2006; Nishida et al,

2000).

As previously mentioned, SENP3 is predominantly located within
nucleoli but in response to cellular stresses nucleoplasmic redistribution has been
observed (Huang et al, 2009). SENP3 is another SUMO protease that is a target
for ubiquitin-mediated proteosomal degradation but cellular exposure to reactive
oxygen species (ROS) H202 inhibits SENP3 degradation and causes relocation of
SENP3 to the nucleoplasm where the protease is exposed to a different set of
SUMO substrates (Huang et al, 2009; Kuo et al, 2008). Increased reactive oxygen
species have been detected in human prostate tumors and not surprisingly
elevated SENP3 levels have been detected in prostate cancer as well as ovarian,

lung, rectum and colon carcinomas (Lim et al, 2005).

Similar to SENP1 and SENP2, SENP3 has been implicated in transcription,
though its cellular interactions have been studied with less scrutiny. While
SENP1 has been known to interact directly with HIFla through deSUMOylation
resulting in subsequent up regulation of HIFlo-dependent genes, SENP3
indirectly influences HIFla transcription through interaction with the

coregulator p300, whose deSUMOyation by SENP3 results in enhanced binding
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of p300 to HIF1a and similar up regulation of HIFla-dependent genes (Huang et
al, 2009).

SENP5 sub-cellular redistribution is cell cycle dependent and results in
migration of nucleolytic and cytosolic SENP5 to the surface of mitochondriae at
G2/M transition prior to the breakdown of the nuclear envelope (Zunino et al,
2009). This transition and subsequent deSUMOylation leads to an increase in
free DRP1, a protein involved in mitochondrial division, and subsequent
polymerization of DRP1, which, in turn, promotes mitochondrial fission during
mitosis.  SENP5-silenced cells showed an increase in free radicals and
fragmented mitochondria, implicating a role for SENP5 in metabolism and
mitochondrial morphology. Knockdown of SENP5 also leads to an increase in
SUMOylated proteins and a dramatic decrease in cell proliferation, with cells
displaying abnormal nuclear morphology (Di Bacco et al, 2006). SENP5 could

therefore be instigated in more than one pathway in cell division.

SENP6 and SENP7

SENP6, also called known as SUmo-1-Specific Protease or SUSP1, is the
largest of SENP proteases, with the entire protein encompassing 1112 amino
acids and a C-terminal domain of 447 amino acids. It is highly expressed in
reproductive organs, primarily the testis, ovary and prostate (Kim et al, 2000).
Originally thought to be localized to the cytoplasm, it was later designated a

nuclear protein, with an N-terminal localization signal between residues 84 and
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448 (Mukhopadhyay et al, 2006; Kim et al, 2000; Cheng et al, 2006). SENP®6 also
contains four putative SUMO binding domains, dispersed throughout the entire
length of the protein, though the utility of these domains has yet to be elucidated.
SENP6 is involved in dismantling high molecular weight SUMO2/3 moieties and
depletion of SENP6 results in redistribution of SUMO2/3 into PML nuclear
bodies and a subsequent increase in PML NB size (Mukhopadhyay et al, 2006;
Lima and Reverter, 2008; Alegre and Reverter, 2011; Hattersley et al, 2011). A
SENP6 cysteine to serine active site mutant shows an accumulation at PML NBs,
in contrast to wild-type SENP6, which shows no accumulation due to its likely
dissociation from these structures following its protealytic role (Hattersley et al,
2011). Though it has mainly been implicated in the deconjugation of
SUMO?2/3ylated species, SENP6 has demonstrated deconjugation activity
toward monoSUMO1ylated nuclear receptor RXRalpha and
polySUMO2/3ylated chains terminating in SUMOL1 (Choi et al, 2006; Hattersley
et al, 2011). Depletion of SENP6 also causes spindle assembly deformations as
well as defects in mitotic progression, with some cells persisting in interphase
and some showing prolonged mitotic delays and chromosome misalignment
(Mukhopadhyay et al, 2010). This phenotype has also been demonstrated in cells
lacking outer kinetechore components CENP-H/I/K and SENP6-depleted cells

resulted in an RNF4-dependent proteasome-mediated proteolysis.

SENP7, like SENP6, is a nuclear protein though the mechanism of this

sub-cellular localization remains unknown (Mukhopadhyay et al, 2006; Cheng et
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al, 2006). siRNA-mediated depletion of SENP7 results in accumulation of high
molecular weight SUMO2/3ylated but not SUMO1ylated species within PML
nuclear bodies and SENP7 has been shown to dismantle polySUMO2/3 chains in
vitro (Lima and Reverter, 2008; Alegre and Reverter, 2011; Shen et al, 2006). Thus
SENP7, like SENP6, is probably a modulator of polySUMO2/3ylated species in
vivo. Very recently it was discovered that both wild type and a C979S active site
mutant SENP7 co-immunoprepcipitated with heterochromatin protein alpha
(HPla) and that it co localized with HPla at pericentric heterochromatin
(Maison et al, 2012). It was also shown that SENP7 was able to deconjugate
SUMO1-modified HPla in vivo, altogether proving that SUMO1lylated HPla in

an endogenous substrate of SENP7.

In 2008 Lima and Reverter characterized the catalytic domain of SENP7
(Lima and Reverter, 2008). In this structure the relationship between SENP7 and
other Cys-48 cysteine family proteases as well as the other characterized SENP
family members could be seen (Figure 11). While SENP7 doesn’t align well with
either SENP1 (r.m.s.d. of 2.0 A over 182 residues) or SENP2 (r.ms.d. of 2.0 A over
187 residues) several similar structural elements can be seen in the overlay of
SENP2 and SENP7, such as an N-terminal rich with a-helices and a C-terminal
domain containing a mixed p-sheet. The arrangement of the active site residues
is also similar in both structures, with the catalytic cysteine (Cys926) residing in
the N-terminal and the catalytic histidine (His794) and aspartic acid (Asp873)

located in the C-terminal. Notable differences between the structures of SENP2
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and SENP7 are the lack of an N-terminal helix within SENP7 which is in the
structures of both SENP1 and SENP2 and four loop insertions (Loopl, -2, -3 and -

4) in the structure of SENP7 that are not present in either SENP1 or SENP2.

Laapd

Figure 11. Structure of the catalytic domain of SENP7. A, superposition of the structures of SENP7 (PDB3eay)
and SENP2 (PDB1THO) in ribbon representation with SENP7 shown in yellow and SENP2 shown in cyan. Catalytic
residues are shown in stick and colored red and the catalytic cysteine is labeled C926. B, SENP7 catalytic domain shown in
ribbon representation. Loop insertions are labeled Loopl, Loop2, Loop3 and Loop4 and dashed lines represent elements

that were unstructured within the crystal and not characterized. Graphics were prepared with PYMOL.
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Objectives I

Objectives II

Objectives III

Use known complex structures to model SENP7
interactions and identify and characterize putative
SUMO interaction surfaces

Obtain SUMO1 and SUMO2 mutants to
characterize putative interactions with SENP6 and
SENP7 Loopl

Obtain SENP6 loop deletions and characterize
activity against SUMO substrates

Identify key SENP7 Loopl residues in putative
SUMO interacting site

Obtain and characterize SENP7 Loopl mutants to
reinforce putative characterization of SENP7 with
SUMO1 and SUMO?2

Insert SENP6 Loop1 into SENP2 and determine
functionality in context of diSUMO2 conjugation

Obtain and purify wild type and active site mutant
catalytic domains of SENP6 and SENP7

Obtain and purify SUMO substrates for use in
complex formation
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Identify substrates that form stable complexes with
SENP6 and SENP7
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Experimental Procedures
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Experimental Procedures

Protein Purification

Proteins were amplified by PCR and cloned into pET28b vecotor to encode a
polypeptide fused to a thrombin-cleavable N-terminal hexa-histidine tag.
Expression constructs were used to transform Escherichia coli BL21(DE3) codon
plus cells (Novagen). Bacterial cultures were grown by fermentation at 37 °C to
A600=0.8, and isopropyl-p-D-thioga-lactopyranoside (IPTG) was added to a final
concentration of 0.5 mM. Cultures were incubated for 3- 4 h at 30 °C and
harvested by centrifugation (6500 g), and the supernatant was discarded. Cell
suspensions were equilibrated in 20% sucrose, 20 mM Tris-HCl (pH 8.0), 1 mM f-
mercaptoethanol, 350 mM NaCl, 20 mM imidazole, 0.1% IGEPAL CA-630 and
10mM MgCl2, and cells were disrupted by sonication. Cell debris was removed
by centrifugation (40,000g). Protein was separated from lysate by metal affinity
chromatography using nickel-nitrilotriacetic acid-agarose resin (Qiagen) and
eluted with 25 mM Tris-HCI (pH 8.0), 350 mM NaCl, 300 mM imidazole, and 2
mM B-mercaptoethanol and dialyzed against buffer containing 25 mM Tris-HCl
(pH 8.0), 100 mM NaCl, and 2 mM p-mercaptoethanol with thrombin (Sigma) at
a 1:1000 ratio. After thrombin cleavage, fractions containing SENP6 and SENP7
were separated by gel filtration (Superdex 200; GE Healthcare). Fractions
containing the protein of interest were pooled, diluted to 50 mM NaCl, applied to
anion exchange resin (Mono Q; GE Healthcare), and eluted with a NaCl gradient

from 0 to 50% of a buffer containing 25 mM Tris-HCI (pH 8.0), 1 M NaCl, and 2
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mM B-mercaptoethanol in 12 column volumes. Fractions containing the protein
of interest were pooled, concentrated to 10 mg/ml, and snap-frozen in liquid

nitrogen prior to storage at 80 °C.

Protein Constructs

SENP7

SENP7 catalytic domain- SENP7-(662-982) was amplified by PCR using human
lung and brain PCR-ready cDNA (Ambion) and subsequently cloned into
PET28b vector. SENP7 catalytic domain was produced in E. coli and purified by

the procedure mentioned above.

SENP7 mutants- Single point mutations were introduced into the SENP7 (K691E,
K691A) coding regions using QuikChange mutagenesis kit (Stratagene). The
SENP7 four mutant construct P686G/P687G/P688G/P689G was constructed by
PCR, treated with DPN1, purified by agarose gel and subsequently left with PNK
and T4 DNA ligase to produce the circular plasmid (Table 1). SENP7[]1 was
constructed by David Reverter at the Sloan-Kettering Institute in New York and
was made by fusing amino acids 680-692 (Loopl SENP7-[]681-691)(Lima and
Reverter, 2008). All SENP7 isoforms were produced in E. coli and purified by the

procedure mentioned above.

SENP2
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SENP2 catalytic domain- The catalytic domain of SENP2 was amplified from
human testes cDNA library (Clontech) by PCR and the sequence was found to be
identical to the reported sequence for SENP2 (GenBank number AF151679).
SENP2-(364-489) was amplified and cloned into pET28b vector with a hexa-
histadine tag fused at the N-terminal (Reverter and Lima, 2004). SENP2 catalytic

domain was produced in E. coli and purified by the procedure mentioned above.

SENP2 ative site mutant- pET28b- SENP2-(364-489) was amplified by PCR using
primers introducing a cysteine to serine mutant at position 548 in the SENP6
catalytic domain and the DNA was subsequently transformed in XL1-Blu super
competent cells. SENP6C548S was produced in E. coli and purified by the

procedure mentioned above.

SENP2ins- SENP6 Loopl residues 658-666 (PPPPAKGG) were inserted into
SENP2 by inserting PPPP C-terminal to residue 392 of SENP2 and AKGG N-
terminal to residue 395 of SENP2 to give the following sequence:
EILSSAPPPPAKGGLRIT, where inserted amino acids are underlined. The mutant
was amplified by PCR, treated with DPN1, purified by agarose gel and
subsequently left with PNK and T4 DNA ligase to produce the circular plasmid
(Table 1). SENP2ins was produced in E. coli and purified similarly to the native

proteins.
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SENP6

SENP6 catalytic domain- SENP6-(637-1112) was amplified by PCR using human
lung and brain PCR-ready cDNA (Ambion) and subsequently cloned into
PET28b vector. SENP6 catalytic domain was produced in E. coli and purified by

the procedure mentioned above.

SENP6 ative site mutant- pET28b-SENP6-(637-1112) was amplified by PCR using
primers introducing a cysteine to serine mutant at position 1030 in the SENP6
catalytic domain and the DNA was subsequently transformed in XL1-Blu super
competent cells. SENP6C1030S was produced in E. coli and purified by the

procedure mentioned above.

SENP6/[]I, SENP6[]2, SENP6[3, SENP6[]2[/3- PCR was used to construct SENP6
deletion mutants by fusing amino acids 656-664 (Loopl SENP6-[]657-663), by
substituting two glycine residues for the loop between residues 720 and 735
(Loop2 SENP6-[]721-734), and by fusing amino acids 874 to 973 (Loop3 SENP6-
[1875-972)(Tablel). The deletion mutant DNA was subsequently left with DPN1
at 37°C for 3 hours to remove circular mother DNA, purified from 0.8% agarose
gel using Real Clean Spin Kit, left with PNK for 30 minutes at 37°C then ligated at
room temperature for two hours. Circular DNA was then transformed into XL1-

Blue super competent cells. Colonies were grown 4ml cultures overnight and
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DNA was purified using FastPlasmid Mini Kit (Fermentas), checked via
restriction enzyme analysis and sent for sequencing. Plasmids bearing the
correct deletion sequences were then transformed into BL21(DE3) codon plus
cells (Novagen). Active site mutants were introduced into the SENP6(C1030)
coding region using Quick-Change mutagenesis kit (Stratagene). DNA was
treated with DPN1 for 3 hours at 37°C then transformed into XL1-Blue super
competent cells. Colonies were checked via restriction enzyme and sent for
sequencing. Positive clones were sent for sequencing and plasmids bearing the
correct mutation were transferred into BL21(DE3) codon plus cells (Novagen).
SENP6/2[B was produced by PCR with pET28b-SENP6/BCS as template DNA
and a substitution of two glycine residues for the loop between residues 720 and
735 (Loop-2 SENP6-[]721-734). All mutant SENP6 isoforms were produced in E.

coli and purified by the method mentioned above.

SUMO

SUMO constructs- Plasmids containing full-length SUMO1, SUMO2, SUMOG;G;i
and SUMO2GG;,with an insertion of two additional glycine residues after the
Gly-Gly motif were constructed at the Sloan-Kettering Institute in New York by
David Reverter (Reverter and Lima, 2006). Plasmids were expressed from
pET28b in E. coli BI21(DE3) codon plus cells (Novagen) and purified by
excluding the native stop codon and fusing a C-terminal hexa-hisitidine tag C-

terminal to the native polypeptide. SUMO1 and SUMO?2 were purified by Ni-
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NTA-affinity chromatography (Qiagen) and separated by gel filtration (Superdex
200; GE Healthcare). Fractions containing the protein of interest were pooled,
concentrated to 10 mg/ml, and snap-frozen in liquid nitrogen prior to storage

at 80 °C.

SUMO Loopl interacting mutants- Single point mutations were introduced into
the SUMO1 (A68N, H71D), SUMO1 GiGi (A68N, H71D), SUMO?2 (N68A, D71H)
and SUMO2 GiGi (N68A, D71H) coding regions using the Quick-Change
mutagenesis kit (Stratagene). Insertion of two additional glycine residues after
the Gly-Gly motif of SUMO1 and SUMO2 were generated by PCR using the

QuikChange Sit-Directed Mutagenesis Kit (Stratagene).

SUMO N-terminal deletion mutants- [J18SUMO1 was made by PCR by amplifying
between residues 18 and 101 of full-length SUMO1. []J14SUMO?2 was made by
PCR by amplifying between residues 15 and 95 of full-length SUMO2.
[J18SUMOT1 and []14 SUMO?2 proteins were activated by cleavage with SENP2 to
expose two C-terminal glycine residues. Proteins were purified in the same
manner as wild type proteins but in addition were dialyzed and further purified

by anion exchange to removal residual SENP2.

SUMO C-terminal deletion mutants- SUMO2[]JGG was made by PCR by

amplifying between residues 1 and 91 of full length SUMO2 and cloning this
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region into pET28b vector with an N-terminal hexa-histidine tag. The protein

was purified by Ni-NTA-agarose resin (Qiagen) and dialyzed in a buffer

containing 25 mM Tris-HCl (pH 8.0), 100 mM NaCl, and 2 mM @-

mercaptoethanol in the presence of thrombin (Sigma) at a 1:1000 ratio.

SUMO2[JGG was then purified by gel filtration, concentrated to 10mg/ml and

snap-frozen in liquid nitrogen prior to storage at 80 °C.

RanGAP1

RanGAPI- RanGAP1 residues 418-587 (RanGAPl41s.557) were subcloned into

pET28b, expressed in E. coli BL21 (DE3) and subsequently purified by the

methods mentioned above (Shen et al, 2006).

Table 1. Primers used in SENP6 and SENP7 - SUMO interaction studies

SENP6loop1for
SENP6loop2rev
SENPG6loop2for
SENP6loop2rev
SENP6loop3for
SENP6loop3rev
SENP6C1030Sfor
SENP6C1030Srev
SENP7K691Afor
SENP7K691Arev
SENP7K691Efor
SENP7K691Erev
SENP74P_Gfor
SENP2ins_for
SENP2ins_rev
SENP74P-Grev

GGAGGCATCTCTGTTACCAATGAG
ATATACTATCAACTTTTCTACTGG
GGGGGACATGGGAGAGTAAAAACATGGACC
CTGATTAAGGCGTTTATAGAAAAA
CCTACTATCTGTAAACAACCTTGT
TTCATACTTTGGTTTTTCCAAACC
CAAAACAACTTCAGTGACTCTGGTGTATATGTATTGCAG
CTGCAATACATATACACCAGAGTCACTGAAGTTGTTTTG
CCTCCACCACCTACTGCGGGGGGATTAGGAGTAAC
GTTACTCCTAATCCCCCCGCAGTAGGTGGTGGAGG
CCTCCACCACCTACTGAGGGGGGATTAGGAGTAAC
GTTACTCCTAATCCCCCCTCAGTAGGTGGTGGAGG
GGAGGTACTAAGGGGGGATTAGGAGTAAC
GCTAAGGGAGGCTTGCGAATTACTCGAAGG
TGGAGGTGGTGGAGCACTACTTAGGATTTC
TCCACCATATACAATCAACTTCTGAACAAGTCC
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SENP6Loop3for AACAGGATCCCATTACCATGAAAATGCTGTC

SENP6Loop3rev AACTCTCGAGTTACTTTAAATGCCACTGTCCTATTTC
SUMO1_A72N_H75D_for GAGGGTCAGAGAATTAATGATAATGATACTCCAAAAGAACTG
SUMO1_A72N_H75D_rev CAGTTCTTTTGGAGTATCATTATCATTAATTCTCTGACCCTC
SUMO2_N68A_D71H_for GACGGGCAACCAATCGCTGAAACACACACACCTGCACAGTTG
SUMO2_N68A_D71H_rev CAACTGTGCAGGTGTGTGTGTTTCAGCCATTGGTTGCCCGTC

Conjugation Reaction

RanGAP1-SUMO

RanGAP1-SUMO1 and RanGAP1-SUMO2- RanGAP1-SUMO1 and RanGAP-
SUMO?2 were formed in a reaction mixture containing 20mM Hepes pH7.5, 5mM
MgCl2, 0.1% Tween, 50mM NaCl, ITmM dithiothreitol, 2mM ATP, 150nM
SAFE1/SAE2 (E1)), 100nM Ubc9 (E2), 16mM N[]419RanGAP1 and 32mM

[114SUMO2 or [J18SUMO1 in MilliQ) water.

diSUMO

diSUMO?2 and diSUMO1/2- DiSUMO2 was formed in a reaction mixture
containing 20mM Hepes pH7.5, 5mM MgCl2, 0.1% Tween, 50mM NaCl, ImM
dithiothreitol, 2mM ATP, 150nM SAE1/SAE2 (E1)), 100nM Ubc9 (E2), IR1 (E3),
32mM []J14SUMO2 and 16mM SUMO2[GG in MilliQ water. DiSUMO1/2
chimera was produced using [J18SUMO1 and SUMO2[JGG in the same reaction
conditions as the diSUMO?2 reaction above. Products were verified by SDS-page,
purified by gel filtration (Superdex 200 or 75), concentrated to 10mg/ml and and

snap-frozen in liquid nitrogen prior to storage at 80 °C.
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Biochemical Assays

Processing

Activity Assays- Titration of carboxyl-terminal hydrolase activity (processing) was
measured by incubating preSUMO1GGGiGi-X,  preSUMO1GGGGi-X
(A72N/H75D), preSUMO2GGGiGi-X and preSUMO2GGGGi-X (N68A/D71H) (-
X represents the natural C-terminal tail sequence for each SUMO isoform and G;
represents the glycine insertions) precursor proteins (5uM) with purified SENP6,
SENP7 and SENP?2 at three different enzyme concentrations (0.5, 5, and 50 nM) at
37 °C in a buffer containing 25 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.1% Tween
20, and 2 mM dithiothreitol. Reactions were stopped after 25 min with SDS
loading buffer and analyzed by gel electrophoresis (PAGE). Proteins were

detected by staining with SYPRO (Bio-Rad).

Time course assays- SENPWT, SENP6[]J1 and SENP6[] were run against
preSUMO1GGGGi-X, preSUMO1GGGIGi-X (A72N/H75D), preSUMO2GGGGi-
X and preSUMO2GGGGi-X (N68A/D71H) at substrates at 3 uM. Reactions were
run at 37 C and stopped at 5, 20, 40 and 80 minutes with SDS loading buffer and
analyzed by PAGE. The same buffer conditions were used for the time course
reactions using di-SUMO?2 and di-SUMO2 (N68A/D71H) mutant with SENP2,
SENP6 and SENP7 at 0.5nM and diSUMO2 and diSUMO2(D71K) with SENP7,
SENP7-ALoopl, SENP7(K691E), SENP7(K691A) and SENP7(P686to689G) at

0.5nM with reactions stopped at 15, 30, 60 and 120 minutes.
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Deconjugation

Activity Assays- SENP2, SENP6 wild type and deletion mutants, and SENP7 at
05, 5 50 nM were run against RanGAP1SUMO1, RanGAP1SUMOI1
(A72N/H75D), RanGAP1SUMO2, and RanGAP1SUMO2 (N68A/D71H)
substrates at 3mM in a buffer containing 25 mM Tris-HCI (pH 8.0), 150 mM
NadCl, 0.1% Tween 20, and 2 mM dithiothreitol. Deconjugation activities using di-
SUMO2 substrates at 3 uM were performed using enzyme concentrations at 0.05,
0.5 and 50 nM. The reactions were stopped after 25 min with SDS loading buffer
and analyzed by PAGE. Proteins were detected by staining with SYPRO (Bio-
Rad). Products were quantified by detecting fluorescence under UV illumination

using a Gel-Doc apparatus with associated integration software (Quantity-One;

Bio-Rad).

Time course assays- SENP6 and SENP2, at 5 nM and 1 nM respectively, were
incubated  with RanGAP1SUMO1, RanGAP1SUMO1 (A72N/H75D),
RanGAP1SUMO2, and RanGAP1SUMO2 (N68A/D71H) substrates at 3 pM.
Reactions were run at 37 C and stopped at 5, 20, 40 and 80 minutes with SDS
loading buffer and analyzed by PAGE. The same buffer conditions were used for
the time course reactions using di-SUMO2 and di-SUMO2 (N68A/D71H) mutant
with SENP2, SENP6 and SENP7 at 0.5nM and diSUMO2 and diSUMO2(D71K)

with  SENP7, SENP7-ALoopl, @ SENP7(K691E), SENP7(K691A) and
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SENP7(P686to689G) at 0.5nM with reactions stopped at 15, 30, 60 and 120

minutes.

Kinetic Analysis

Initial rate velocities- Initial reaction velocities were measured for SENP6-Aloop3
at InM and SENP7 and associated mutants at 0.5nM in a buffer containing 25
mM Tris-HCI (pH 8.0), 150 mM NaCl, 0.1% Tween-20, and 2 mM dithiothreitol at
37 C. Substrates used for the processing and deconjugation reactions were
prepared at 5 uM. Reactions were stopped at indicated time intervals with SDS
loading buffer and analyzed by PAGE. Products were quantified by detecting
fluorescence using a Gel-Doc apparatus with associated integration software
(Quantity-One; Bio-Rad). All data points were fitted to a hyperbolic curve. All

assays were conducted in triplicate. Error bars indicate +1 standard deviation.

Steady=state kinetics- Michaelis-Menten steady-state kinetics was performed for
SENP6 by introduction of S9C and C52A point mutants into SUMO1 and
SUMO1 (A68NH71D) to allow for fluorophore addition. SUMO1(S9C/C52C) and
SUMO1 (59C/C52C/ A68N/H71D) were used for labeling with Alexa-Fluor-488
fluorophore (Invitrogen), and were subsequently conjugated to RanGAP1. Initial
deconjugation velocities were measured at eight different substrate-labeled
concentrations (0, 0.25, 1, 2, 6, 20, 50 and 100[]M) for a SENP6 concentration at

25nM. Reactions were stopped after 0, 5, 15, 40 and 80 minutes with SDS loading
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buffer and analyzed by SDS gel electrophoresis. Fluorescence signal was
followed and measured by using Versadoc apparatus with associated integration
software (Quantity One, Bio-Rad). Kinetic constants were obtained from the
graph representation substrate concentration ([JM) vs. initial velocity (JMmin-1).

All assays were conducted in triplicate.

Loop3 Characterization

1H 1D NMR

1Img of SENP6 Loop3 was dissolved in 600[]l of TrisHCl at pH 7. The sample
was run on 1D-1H NMR on a complete scale and expanded vertically 512 times
and the spectrum was measured. The sample was additionally run on 1D-1H
NMR at 300K, heated to 350K and again at 300K. Analysis was performed at the
Servei de Ressonancia Magnetica Nuclear at the Universidad Autonoma de

Barcelona.

Cicular dichroism

Samples for CD spectroscopy were prepared by dissolving SENP6 Loop3 to a
final concentration of 0.2 mg/ml in 20mM sodium phosphate buffer at pH 7.4.
CD analyses were conducted in a JASCO J-715 spectrometer at 20, 60 and 90°C
using a cell of 0.5mm path length. Analysis was performed at the Servicio de

Analysis Quimico at the Universidad Autonoma de Barcelona.
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Fourier Transform Inrared Spectrum

Protein samples for FTIR analysis were prepared by lyophilizing a sample of
protein in a buffer containing 20mM Tris, pH 8.0 and 1 mM p-mercaptoethanol to
obtain 2mg. The dried protein was then dissolved in D20 and the sample sent for
analysis. Analysis was performed at the Servicio de Analysis Quimico at the

Universidad Autonoma de Barcelona.

Limited Proteolysis

Samples for limited proteolysis were prepared by diluting SENP6 Loop3 in a
buffer containing 150mM NaCl, 20mM Tris, pH 8.0 and 20mM CaCl2 with
prepared dilutions of trypsin, chymotrypsin and elastase at concentrations of 10-
1 to 10-5. The reactions mixture were run at 37°C for one hour and subsequently
analyzed by SDS-page. Once a stable fraction was established (chymotrypsin,
C=10-3), the gel was transferred to a nitrocellulose membrane, excised and sent

for N-terminal sequencing.

Mass spectrometry

The reaction mixtures for mass spectrometry were incubated at the same enzyme
concentration for time intervals T=0, 10, 20, 40 and 60 minutes at 37°C and one
half of the sample was stopped using SDS loading buffer and the other half with

TFA. The samples with SDS were then analyzed by gel electrophoresis (PAGE)
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for determination of fragment size and the samples containing TFA were sent for
Mass Spectrometry (MALDI-TOF) analysis. Analysis was performed at the
Servei de Proteomica I Bioinformatica (SePBio) at the Institut de Biomedicina i de

Biotecnologia.

Complex Preparation

Complex Preparation

The catalytic domain of SENP2 (SENP2C548S) and SENP6 (C1030S) along with
deletion mutants []2-, []3- and [J2[]3SENP6CS were concentrated to >10mg/ml
and added to a reaction mixture containing 5mM NaCl, 20mM Tris, pH 8.0 and
1mM B-mercaptoethanol. Complexes were attempted by adding a 2:1 dilution of
protease to substrate, using the following substrates: preSUMO2GG, RanGAP1-
SUMO1, RamGAP1-SUMO2 and diSUMO?2. The mixtures were purified by gel
filtration (Superdex 200; GE Healthcare) and fractions containing the complex
were verified by SDS-PAGE and pooled to a final protein concentration of

>10mg/ml.

Crystallization

Both individual protease and protease-substrate complexes (100nl-200nl) were
sprayed into 96-well sitting drop plates using an Art Robbing Instruments
Phoenix protein crystallization robot, mixed with purchased screen conditions

(100nl1-200nl) and stored at either 4 or at 18°C in a Crystal Motion crystal farm.
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Optimized plates were made by mixing 0.5-1[JL of protein/complex with
corresponding buffer and adding to either sitting or hanging drop plates and

stored at either 4 or 18°C.
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Swapping the SUMO Isoform Specificity of SENP6/7

SENP6 is SUMO2/3 specific and inefficient at SUMO processing

SENP2 was previously shown, via biochemical studies and structural
characterization, to have an isoformal bias toward the processing of SUMO1, -2
and -3 (Reverter and Lima; 2004 and 2006). This bias was first based on the
resolved structure of SENP2 with SUMO1, which shed light on the fact that the
amino acid tails C-terminal to the conserved Gly-Gly motifs determined
processing efficacy. This study was corroborated with the resolution of the
structure of SENP2 in complex with pre-SUMO3, and additional biochemical
studies rendering SENP2 more protealytically active toward substrates bearing
an e-linkage or an e-like linkage just C-terminal to the Gly-Gly (e-like linkage
referring to the insertion of an additional two glycines directly adjacent to the

conserved Gly-Gly, which mimics the ¢-linkage found between SUMO and the
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lysine of a given SUMO conjugate). Most recently, similar experiments were
carried out with SENP6 and SENP7 against identical substrates and the same
trends were noticed; more specifically both proteases showed more activity
toward SUMO-conjugated substrates than toward SUMO precursors, but in
either case there was an overwhelming tendency for SENP6 and -7 to act against
SUMO?2/3 substrates (Reverter and Lima; 2008, Alegre and Reverter, 2011). As
previously mentioned, both of these proteases contain loop insertions not present

in any of the other SENPs.
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Figure 1. Structural models for interactions between SENP7 and SUMO. Top panel, A, structure of SENP2 in complex
with SUMO2 with tentative SENP7 Loopl1 interface site shown as a yellow circle (PDB2io0). Lower panels, B and C, close-
up of tentative SENP7 Loopl-SUMO interaction site shown by superposition of SENP7 catalytic domain structure with
SENP2-SUMO2 complex (PDB3eay). SENP2 is shown in cyan, SUMO2 is shown in green and SENP7 is shown in yellow.
SENP7 Loopl is shown in stick configuration. The location of the catalytic cysteine (in this complex serine) is shown in

red. All images were modified and represented using the respective PDB files in PyMOL (DeLano, W.L., 2002).
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In previous biochemical experiments, loop deletions were performed on
SENP7 and subsequently run in both processing and deconjugation reactions.
Loss of Loopl reduced rates not only in the processing reactions compared to
wild-type SENP7 but also dramatically reduced the ability of SENP7 to

deconjugate both diSUMO and polySUMO substrates (Reverter and Lima; 2008).

Model for SENP6/7 Interaction with SUMO2/3 and Identification of Interface
Residues

Using this information, similar deletions were performed on SENP6 and
in addition residues were shown to interact with Loopl in the overlay of
SUMO1/2-SENP2 and SENP7 were identified and targeted for mutagenesis.
The first of these residues, His 71 on SUMOI, produces a net positive charge,
which would theoretically not be conducive in the polar, slightly positive cleft
formed by Loopl on SENP6/7. The corresponding residue on SUMO?2 is an
aspartic acid and the negative charge on this residue would be more suitable in
the given environment. The second residue is Ala68 on SUMO1 and Asn68 on
SUMO?2, and the advantage of SUMO2 here is that the polar asparagine, as
opposed to nonpolar alanine group, would be more accommodated polarly in

the Loop1l environment.
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Figure 2. Structural models for interactions between SENP7 Loopl and SUMO1/2 interface residues. Top panel, A,
overlay of SENP2-SUMO1 and SENP7 to show tentative interaction between N68 and H71 of SUMO1 and SENP7 Loopl
(PDB1tgz and PDB3eay). Top panel, B, electrostatic potential surface representation of SUMO1 with key residues labeled.
Bottom panel, C, overlay of SENP2-SUMO?2 and SENP7 to show tentative interaction between A68 and N71 of SUMO2
and SENP7 Loop1 (PDB2io0 and PDB3eay) Bottom panel, D, electrostatic potential surface representation of SUMO2 with
key residues labeled. All proteins are shown in cartoon representation and SENP2 is shown in cyan, SUMO?2 is shown in
green and SENP?7 is shown in yellow. SENP7 Loopl and SUMO1/2 interface residues are shown in stick configuration. All

images were modified and represented using the respective PDB files in PyMOL (DeLano, W.L., 2002).
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Swapping SUMO1/SUMO?2 in the Processing Reaction

Two mutant SUMOs were produced, SUMO1A68NH71D-GG and
SUMO2N68AD71H-GG that exchanged the identified residues of SUMO1 for
those of SUMO2 and vice versus (Fig 3). As expected, the processing of both

wild-type SUMOs by SENP6 and SENP7 was lower than that of SENP2, but they
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did show a slight preference for SUMO2. The SUMOlmutant (SUMO2-like) was
processed at a higher rate than SUMO1 by SENP6 and SENP7 and the
SUMO2mutant (SUMOI1-like) was processed at a lower rate, confirming our
hypothesis that residues A68 and H71 are at least somewhat responsible for the
isoform specificity of SENP6 and -7 (Fig 3, A). In order to look at the more
gradual changes involved in the processing reaction, a time course assay was run
with SENP6, [J1 and []3 (which shows similar activity to []2) at 5nM and
substrates at 5[JM. The same trend was seen here as in the titration assay;
processing of SUMO1 enhances with the mutant form and that of SUMO2
diminishes with the SUMO-1 like form (Fig 3, C). In this assay however, the

preference of SENP6 for SUMO2 over SUMOT1 is more distinguishable.

[ LR Rl bel]
SN GG

L LS Gk
LRSS L

e WD
TUAOIGL

Figure 3. Processing of SUMO1/2 and associated mutants by SENP2/6. Top panel, A, activity assay of SENP2 and -6
wild type against pPSUMO1GG, pSUMO1GGN68AH71D, pSUMO2GG and pSUMO2GGA68ND71H. Assays were run at

0.5, 5 and 50nM enzyme concentrations and 5[]M substrate concentration at 37°C and stopped after 15 minutes with SDS
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loading buffer and analyzed with PAGE. Top panel, B, time course assays using SENP6 wild type and SENP6A1 and -A3
against pPSUMO1GG, pSUMO1GGN68AH71D, pSUMO2GG and pSUMO2GGA68ND71H. Reactions were run at 0.5nM
enzyme concentration and time intervals are indicated above each lane in minutes. Reactions were stopped at each
respective interval with SDS loading buffer and analyzed by PAGE. Proteins in both assays were detected by staining

with SYPRO (Bio-Rad).

Swapping RanGAP1-SUMO1/SUMO?2 in the Deconjugation Reaction

The mammalian guanosine triphosphate (GTP)-ase-activating protein
RanGAP1 was the first example of a protein covalently linked to SUMO-1 and its
modification results in the transfer of the protein from the cytoplasm to the
nuclear pore complex (Mahajan et al; 1997 and 1998). RanGAP-SUMO moieties
were previously used to test the deconjugation activities of SENP2, -6 and -7 by
Reverter and Lima (2008). In these experiments it was shown that SENP6 and -7
were able to deconjugate RanGAP1 from SUMO2 at rates comparable to that of
SENP2 but as expected, were less proficient at deconjugating RanGAP1 from
SUMO1. We constructed novel substrates using SUMO1A68NH71D and
SUMONG68AD71H conjugated to RanGAP1 to determine whether the mutated
amino acids had an effect on the deconjugation abilities SENP6. Wild type
SENP2 and SENP6 were run in activity assays against RanGAP-SUMOI1,
RanGAP-SUMOI1 mutant, RanGAP-SUMO2 and RanGAP-SUMO?2 mutant (Fig.
4, A). SENP2 was universally active against all conjugates and as expected
SENP6 was almost inactive against the RanGAP-SUMO1 moiety and
considerably more active against the RanGAP-SUMO?2 substrate. SENP6 showed

the same increase and decrease against the mutant substrates (Fig 4, A and B). A
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time course reaction was run with SENP2, -6 and []3Senp6 and in this assay the
comparable activities of the loop deletion mutant and SENP2 become more
apparent (Fig 4, C). SENP6 wild type followed the same trend seen in the
activity assay and interestingly the protease was able to achieve the same activity
against RanGAP1-SUMO?2 at a concentration only five times less than that of

SENP2.
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Figure 4. Deconjugation of SUMO1/2 and associated mutants from RanGAP1 by SENP2/6. Top panel, A, activity assay
of SENP2 and -6 wild type against RanGAP-SUMO1, RanGAP-SUMOIN68AH71D, RanGAP-SUMO2 and RanGAP-
SUMO2GGA68ND71H. Assays were run at 0.05, 0.5 and 5nM enzyme concentrations and 5[]JM substrate concentration at
37°C and stopped after 15 minutes with SDS loading buffer and analyzed with PAGE. Top panel, B, time course assays
using SENP2 and -6 wild type and B3 against RanGAP-SUMO1, RanGAP-SUMO1A68NH71D, RanGAP-SUMO2 and
RanGAP-SUMO2GGN68AD71H. Reactions were run at enzyme concentrations indicated next to each enzyme and time
intervals are indicated above each lane in minutes. Reactions were stopped at each respective interval with SDS loading

buffer and analyzed by PAGE. Protein in both assays were detected by staining with SYPRO (Bio-Rad)

Swapping SUMO1/SUMO?2 in diSUMO Deconjugation Reaction
In an experiment run by Mukhopadhyay et al., a tagged construct of
RanGAP1 was incubated with E1 and E2 enzymes and SUMO and subsequent

high molecular weight SUMO species were run in activity assays to test whether
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SENP6 (SUSP1 using their nomenclature) was more active in the deconjugation
of mono- versus multiple-SUMOYylated species (Mukhopadhyay et al.; 2006). By
immunoprecipiation of the SENP6 fraction, it was found that SENP6 was in fact
able to deconjugate species containing multiple SUMO2s more than those
containing single SUMO2 or any SUMO1-containing substrates. Reverter and
Lima further demonstrated this phenomenon in a similar experiment

implementing diSUMO?2 or -3 and poly-SUMOylated constructs (2008).

Two mutant SUMO substrates were constructed to confirm not only the
preferential substrate cleavage of SENP6 but also the proficiency of SENP6 at
dismantling substrates containing two or more SUMO moieties. The first
substrate was a chimera of SUMO1 and SUMO2 and was formed by using
[J18SUMOT as the donor (or species containing the exposed C-terminal -GG) and
SUMO2[JGG as the acceptor (which contains the internal Lys11). For the second
mutant we created a merged diSUMO2 hybrid using [[14SUMO?2 as the donor
and SUMO1-like SUMO2D71HNG68A as the acceptor. Deconjugation assays were
run against both mutants as well as diSUMO?2 at protease concentrations of 0.05,
0.5 and 5nm (Fig 5, A, B and C). In the deconjugation of SUMO2 from diSUMO2
we see for the first time comparable activities between SENP2 and SENP6 and
again we see the greatest activity from the SENP6 Loop3 deletion mutant. When
the SUMO1-SUMO2 chimera is used as a substrate the activity of all SENP2,
SENP6 and SENP6 []3 is substantially reduced to levels comparable to when

RanGAP1-SUMO1 was used as a substrate and when the SUMO2-SUMO1-like
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substrate was implemented an activity immediately between those of the

diSUMO2 and diSUMO1/2 was observed.
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Figure 5. Deconjugation of multi-SUMOylated, isoform-specific moieties by SENP2/7/6. Top panel, A, activity assay of
SENP2 and -6 wild type and SENP6@3 against diSUMO2, diSUMO2/1 and diSUMO2/2A68ND71H(m). Assays were run
at 0.05, 0.5 and 5nM enzyme concentrations and 0.5[JM substrate concentration at 37°C and stopped after 15 minutes with
SDS loading buffer and analyzed with PAGE. Top panel, B, time course assays using SENP2 and -6 wild type and @3
against diSUMO2 and diSUMO2m. Reactions were run at enzyme concentrations indicated next to each enzyme and time
intervals are indicated above each lane in minutes. Reactions were stopped at each respective interval with SDS loading

buffer and analyzed by PAGE. Protein in both assays were detected by staining with SYPRO (Bio-Rad)

SENP6 Loop Deletion Mutants

Mutational analysis of SENP7 by Reverter and Lima (2008) revealed
residues critical to the dismantling of diSUMO2 and poly-SUMO chains. Loop
deletions of SENP7 provided further insight into key characteristics of the
protease; over the assayed one hundred and twenty minutes, Loopl removal
resulted in significant rate reductions both in the deconjugation of diSUMO2 and
of poly-SUMO chains. While removal of Loop2 and -3 didn’t produce noticeable
differences in the initial rate kinetics, over the one hundred and twenty minute

assay, the [JLoop2 mutant did show slightly decreased activity compared to the
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wild type and the [JLoop3 mutant showed a slight increase in activity. In order
to see if SENP6 loop deletions shared the same change in activity, we constructed
a []1, [J2 and [J3SENP6 and ran assays against diSUMO?2 and associated mutants
(Figure 6). As expected, removal of Loopl resulted in the diminishment of all
activity against diSUMO?2 (as anticipated [JISENP6 activity did not vary over any
of the mutated substrates given that the mutations made were on the SUMO-
Loopl interface) and removal of Loop2 was comparable to wild-type SENP6.
Interestingly removal of Loop3 resulted in an increase in the activity of the
protease against all substrates. Overall SENP6[]3 activity shows no deviation
from the trends observed for SENP6 and a summary of reaction kinetics is shown
in Figure 7 (deconjugation vs. processing; SUMO2 vs. SUMOL1). It was formerly
postulated that this loop (due to its location and size) might play a role in
recognition or serve a scaffold for interaction with di- or poly-SUMOs. Given
that there is an increase in the activity of enzyme once this loop is removed, it is
more likely that this loop insertion is hindering the interaction of SENP6 and

multi-SUMO conjugates, rather than encouraging it
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Figure 6. Processing and deconjugation of deletion mutants SENP6[]1, -[12 and -[]3. Top panel, A, activity assay of
SENP6[]1, -[12 and -[J3 against pSUMO1GG, pSUMO1GGN68AH71D, pSUMO2GG and pSUMO2GGA68ND71H. Top
panel, B, activity assay of SENP6[]1, -[12 and -[]3 against RanGAP-SUMO1, RanGAP-SUMO1N68AH71D, RanGAP-
SUMO2 and RanGAP-SUMO2GGA68ND71H . Bottom panel, C, activity assay of SENP6[J1, -[12 and -[]3 against
diSUMO2, diSUMO2/1 and diSUMO2/2A68ND71H(m). All assays were run at 0.05, 0.5 and 5nM enzyme concentrations
and 0.5[JM substrate concentration at 37°C and stopped after 15 minutes with SDS loading buffer and analyzed with

PAGE. Protein in all assays were detected by staining with SYPRO (Bio-Rad)
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Figure 7. Kinetic analysis for processing and deconjugation of []3SENP6. Top panel, A and B, processing and
deconjugation activities of [[3SENP6, respectively taken at T=0, 10, 20, 40 and 80min. Middle panel, C and D, processing
and deconjugation initial rate activities of [[3SENP6 taken at T=0, 5, 10, 15 and 20min. Bottom panel, E and F, bar
representation for initial rate velocities for processing and deconjugation of [[3SENP6 determined within a linear range

from data obtained from C and D. Axes are labeled, and error bars were obtained by conducting assays in triplicate.
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Steady-State Kinetic Analysis of SUMO1 Mutants

To estimate the kinetic parameters of the contribution of this novel surface
of SUMO to the proteolytic activity of SENP6 and SENP7 subclass, we have
developed a more quantitative activity assay using deconjugation substrates that
are chemically modified with a fluorophore (Alexa Fluor-488). The maleimide
group of Alexa-fluor-488 reacts covalently with cysteine residues. To develop
this reagent we have produced a double mutant of SUMO1 with the
substitutions of Ser9 for cysteine and Cys52 for alanine. SUMO1 (S9C/C52A) is
modified with the fluorophore at the flexible N-terminal tail at position 9, which
is not essential for activity. Although SUMOI1 contains a cysteine residue buried
in the hydrophobic core (Cys52), it has been replaced by alanine to avoid a
potential modification by the fluorophore that could affect the catalytic
properties of the SUMO proteases. SUMO1 (S9C/C52A) was tested in
conjugation assays and compared with SUMOL1 wild type to assess that they both
have similar catalytic properties (data not shown).

Deconjugation time-course reactions were run using fluorogenic
RanGAP1-SUMO1 and RanGAP1-SUMO1 (A72N/H75D) substrates with SENP2
and SENP6 at InM and 25 nM, respectively (Figure 8). As shown in previous
results (Figures3, 4 and 5), there is a clear gain of proteolytic activity for SUMO1
(A72N/H75D) double point mutant compared to SUMO1 wild type for SENP6,

in contrast to SENP2 where both substrates display almost similar catalytic
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properties. Michaelis-Menten representation of the initial velocities measured for
a range of substrate concentration varying from 0.25 uM to 100 uM, displayed
hyperbolic curves that allowed us to estimate the catalytic constants of the
reaction (figures 7B & 7C). Michaelis-Menten constants Km were 41.6 and 13.16
uM for SUMO1 and SUMO1 (A72N/H75D) substrates, respectively; whereas the
catalytic constant kcat were 0.075 and 0.294 s! for SUMO1 and SUMOI1
(A72N/H75D) substrates, respectively. The total gain of proteolytic activity by
the SUMO1 double point mutant is approximately 12.5-fold, as estimated by the
Keat/Km catalytic efficiency of the enzyme. Based on these results, this novel
interface between Loopl of SENP6 and SENP7 and SUMO affects both the

binding and the catalytic properties of the enzyme.
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Fig 8. Steady-state kinetics of the deconjugation reaction for RanGAP1-SUMO1 and SUMO1mut by SENP6. Top panel,

a, deconjugation activity of SENP6 against RGS1 and RGS1A68NH71D. S9C and C52S were introduced in SUMOI1 and
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SUMO1A68NH71D to allow for flurophore addition and proteins were subsequently conjugated to RanGAP1. Activity
was measured at five different substrate concentrations (0, 5, 20, 50 and 100mM) and at 25nM enzyme concentration.
Reactions were stopped after intervals indicated above each lane in minutes with SDS loading buffer and analyzed by gel
electrophoresis. Top panel, b, graphic representation of substrate concentration (M) vs. velocity (OM min?) at time
intervals 0, 5, 15, 40 and 80 minutes. Bottom panel, ¢, kinetic coefficients Km, kcat and kecar/ Km obtained from data in b for

RGS1 and RGS1mut.

Loopl SENP6/7 Is Responsible For SUMO Specificity

Structure of Loopl

In a previous work by Lima and Reverter the proteolytic activity of the
four sequence insertions located in the catalytic domain of SENP7 (named Loopl
to Loop4) was partially characterized and we have recapitulated this with
SENP6. Of special interest was the Loopl insertion, which is composed of 8
residues including four prolines, two glycines and a lysine residue in the center
of the loop. Loopl is structured in the crystal structure of SENP7 and its deletion
produced important defects in the proteolytic activity of SENP7. Loopl1 is unique
to the SENP6 and SENP7 subclass, and sequence alignment displays a high
degree of sequence identity with respect to SENP6, with only one single amino
acid substitution (Thr690 for Ala) (Figure 89). A structural feature of Loopl is the
presence of a short stretch of four proline residues, forming a poly-proline helix
structure. A poly-proline helix is a type of secondary structure that restrains
conformational flexibility of Loopl, despite its lack of interactions with the core

of the protease.
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Figure 9. Sequence alignment of the SENPS at Loop1 region. Residues in Loop1 are highlighted and SENP6/7 amino

alanine for threonine substitution is shown in red.

Mutagenic Analysis of SENP7 Loopl

To determine the structural basis for the Loopl role in the proteolytic
activity, we designed several mutant constructs of Loopl of SENP7 (Figure 10).
The first construct contained the substitution of the four consecutive prolines
residues by glycines. The SENP7 (4Pto4G) mutant will assess the role of Loop1 in
the activity of the protease by disrupting its spatial conformation. The
introduction of four glycines increases the flexibility of the main chain of Loopl
and could lead to a non-productive interaction with the SUMO substrates in
activity assays. Loopl contains only one prominent charge residue at the center
of it, Lys691, which could be relevant by establishing polar interactions with
SUMO substrates. We have designed two single point mutants, Lys691 to Glu, in
order to invert its charged properties, and Lys691 to Ala, which removes both the

basic e-amino group and the aliphatic side chain.
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Figure 10. Summary of Loopl mutations. Top panel, A, structure of SENP7Loopl. Residues are labeled and shown in

stick configuration. Top panel, B, table of wild type and mutated residues in SENP7Loop1 and presumed effect on charge

and structure.

SENP7 Loopl mutants were tested against diSUMO2 and polySUMO?2
chains substrates by using time course deconjugation analysis (Figure 11A and
B). Deletion of Loopl1 seriously compromises the proteolytic activity of SENP7, as
previously described. The SENP7 Loopl mutant construct of four prolines to
glycines (SENP7 4Pto4A in Figure 10), which would increase the flexibility of
Loopl, reduces the proteolytic activity of SENP7 as much as deletion of the
whole Loopl does. SENP7 single point mutant of lysine 691 to glutamic acid
(SENP7 K691E in Figure 10) also dramatically reduces the proteolytic activity of
the protease. Finally, the SENP7 single point mutant of lysine 691 to alanine
(SENP7 K691A in Figure 10) has a reduction of the proteolytic activity to a lesser
degree compared to the other constructs. In order to estimate the differences in
the activity, initial rate velocities were measured for the diSUMO2 deconjugation

reaction at 0.5nM of final enzyme concentration (Figure 10C & D). Deconjugation
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rates for SENP7 wild type are approximately 10 to 20-fold faster than SENP7-
ALoop1l, SENP7 (K691E) and SENP7 (4Pto4G), whereas for SENP7 (K691A) the

activity reduction is not so marked compared to the other mutant constructs.

These biochemical analyses with the SENP7 mutant constructs reveal that
both the spatial conformation of Loopl and the charge properties of Lys691 are
important for a productive interaction of SENP7 with SUMO?2, and thus for the
correct cleavage of SUMO substrates. It is worth noting that Loopl only
represents a small region of the total interface of SENP7 with SUMO and that it is
not present in the other members of the mammalian SENP family. Loopl
interaction with SUMO has not been described before and our data indicate that
it can enhance the proteolytic activity for SENP6 and SENP7. Our next step was
to figure out the putative surface region in SUMO that directly interacts with

Loop1 of SENP6 and SENP?7.
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Figure 11. Deconjugation of diSUMO2 and polySUMO2 chains by SENP7 and associated mutants (next page). Top
panel, A, time-course assay of SENP7WT, SENP7[]1, SENP74PG, SENP7K691A and SENP7K691E against diSUMO2. Top
panel, B, time-course assay of SENP7WT, SENP7[]1, SENP74PG, SENP7K691A and SENP7K691E against polySUMO?2.
Reactions were run at 0.5nM enzyme concentration and time intervals are indicated above each lane in minutes.
Reactions were stopped at each respective interval with SDS loading buffer and analyzed by PAGE. Proteins in both
assays were detected by staining with SYPRO (Bio-Rad). Bottom panel, C, bar representation of approximate initial rate
velocities for deconjugation of diSUMO2 determined within a linear range from data obtained from D. Bottom panel, D,
kinetic analysis of deconjugation of diSUMO2 by SENP7 and associated mutants taken at 0, 15, 30, 60 and 120 min. Axes

are labeled and error bars were obtained by conducting assays in triplicate.

Loopl SENP7 Interaction with SUMO2
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Based on previous structures of the complexes of SENP2 with either
SUMO1 or SUMO2 we have predicted a region on the SUMO surface that is
located close to Loopl of SENP6 and SENP7 (Reverter and Lima, 2006; Shen et al
2006). Crystal structures of the complex between SENP1, SENP2 or ULP1 with
SUMO indicate that the main residues involved in the interface and in the
catalysis are conserved for all members of the SENP/ULP protease family. Thus,
despite the lack of a crystal structure of the complex, we assume that the
extended quilt-like interface observed between SUMO and SENP2 is going to be
conserved for the SENP6 and SENP7 complexes. Our structural model indicates
that a slight conformational move can place Loopl close to a SUMO surface
region. This surface seems to be more negatively charged for the SUMO?2 isoform
compared to SUMO1 (Figure2A and B). Thus, the disruption of this interface

would be responsible for the SENP7 proteolytic defects described in Figure 10.

In order to investigate this region we have produced a single point
mutation in SUMO2 of Asp71 for lysine, which could interfere with the positive
charge created by the side chain of Lys691 of Loopl of SENP7. D71 is one of the
residues proposed to confer SUMO2/3 specificity in the previous swapping
experiments. We were able to synthesize diSUMO2 with SUMO2 (D71K) as a
substrate for deconjugation assays. Time-course proteolytic cleavage of
diSUMO?2 (D71K) substrate shows a decrease in the proteolytic activity for all
SENP7 constructs tested, including the wild type form (Figure 12A). Time course

deconjugation reactions were run at 5 nM final enzyme concentrations, one order
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of magnitude higher than the experiments in Figure 11A. Particularly interesting
is the loss of proteolytic activity in SENP7 wild type that becomes as defective as
all Loopl mutant constructs (Figure 11A & B). It is worthwhile to mention that
just a single change of charge, Asp71 for lysine, on the surface of SUMO?2 distant
from the cleavage site can produce marked defects in the proteolytic activity of
SENP7, with an approximate 20-fold loss with respect to the diSUMO?2 wild type
reaction (compare to Figure 11). These results support the formation of this novel

and more extended interface between Loopl and SUMO?2.
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Figure 12. Deconjugation of diSUMO2(D71K) by SENP7 and associated mutants. Top panel, A, time-course assay of
SENP7WT, SENP7[]1, SENP74PG, SENP7K691A and SENP7K691E against diSUMO2 (D71K). Reactions were run at 5nM
enzyme concentration and time intervals are indicated above each lane in minutes. Reactions were stopped at each
respective interval with SDS loading buffer and analyzed by PAGE. Proteins in both assays were detected by staining

with SYPRO (Bio-Rad). Bottom panel, C, kinetic analysis of deconjugation of diSUMO2 by SENP7 and associated
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mutants taken at 0, 15, 30, 60 and 120 min. Bottom panel, B, bar representation of approximate initial rate velocities for
deconjugation of diSUMO2(D71K) determined within a linear range from data obtained from C. Bottom panel, C, merge
of initial rate velocities for deconjugation of diSUMO2 and diSUMO2(D71K) determined within a linear range from data

obtained from Figure 10A and 11A). Axes are labeled and error bars were obtained by conducting assays in triplicate.

SENP2 Loopl insertion is highly reactive against diSUMO2

Based on the aforementioned biochemical studies it can be concluded that
SENP6/7 Loopl is utile especially in the deconjugation of SUMO2 from diSUMO
or multiSUMOylated species. We showed that complete removal of Loop1 from
either SENP6 or SENP7 resulted in complete ablation of activity of either enzyme
against diSUMO2 and mutation of Loopl residues that compromised the
structural and/or charge integrity of Loopl affected the ability of SENP6 and
SENP7 to deconjugate diSUMO2. In order to prove that Loopl in and of itself if
at least somewhat responsible for the ability of these enzymes to effectually
cleave diSUMO2 we introduced Loopl into the catalytic domain of SENP2 and
studied the effects the insertion had on diSUMO?2 deconjugation. We used
sequence and structure-based comparisons between SENP7 catalytic domain and
SENP2 in complex with RanGAP1-SUMO?2 to the pinpoint the region within the
SENP2 catalytic domain that would correspond to the Loop1 insertion in SENP6
and SENP7 (Figure 8 and 9). Residues 658-665 (PPPPAKGG) of SENP6, which
differ from the SENP7 sequence by only one amino acid substitution were

substituted C-terminal to residue 392 of SENP2 (Figure 13).
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Figure 13. SENP6 Loopl insertion in SENP2. Sequence alignment of SENP6 and SENP2 to show Loopl insertion in
SENP2. Inserted residues are shown in red. Structural alignment to show spatial arrangement of Loopl in relation to

SENP2 can be seen in Figure 9.

Time course deconjugation assays were performed with diSUMO2 as the
substrate and the wild type SENP2 catalytic domain and the SENP2 catalytic
domain containing the Loopl insert as the enzymes (Figure 14). Reactions were

run at 0.5nM enzyme concentration.
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Figure 14. Deconjugation of diSUMO2 by SENP2 and SENP2ins. Top panel, A, time-course assay of SENP2 and
SENP2ins against diSUMO2. Reactions were run at 0.5nM enzyme concentration and time intervals are indicated above
each lane in minutes. Reactions were stopped at each respective interval with SDS loading buffer and analyzed by PAGE.
Proteins were detected by staining with SYPRO (Bio-Rad). Top panel, B, kinetic analysis of deconjugation of diSUMO2 by
SENP2 and SENP2ins taken at 0, 5, 20, 40 and 80 min. Axes are labeled and error bars were obtained by conducting assays

in triplicate.
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Similar to the time course assays performed in Figure 5, wild type SENP2
showed activity comparable to that of SENP6 and SENP7 with approximately
56% of diSUMO2 cleaved after the assayed 80 minutes. SENP2 containing the
Loopl insert however, showed an increase of 25% over the wild type with an
average of 81% of diSUMO?2 cleaved after the assayed 80 minutes. These results
indicate that the Loop1 insertion at the indicated position is able to augment the
already heightened SENP2 activity against diSUMO2 and that this increase is
most likely due to the interaction between Loopl and the tentative SUMO2

interaction surface on diSUMQO?2
Complexes With Substrates

Processing Complexes

In order to solidify the structural basis for our SENP6/7 isoform
preference for multi-SUMOYlated SUMO2/3 species milligram amounts of
active site mutants of SENP6 and various loop deletion mutants were made
along with SUMO precursors, RanGAP1-SUMO2 and diSUMO2. While we were
able to produce the entire catalytic domain of SENP6 (637-1112) in quantities
sufficient for use in activity assays producing pure milligram amounts proved
unfruitful. We opted instead to use SENP6 deletion mutants (SENP6[]3 and
SENP6[]2[]3) which were not only shown to be more active than the wild type
construct but were able to be produced in milligram amounts. Both SENP6
isoforms eluted from gel filtration as single peaks consistent with their molecular

weights (Figures 15 and 16). Due to the fact that both SENP6[]2 and SENP6[]3
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showed catalytic activities in prior assays (Results) and that both enzymes
behaved as expected it was assumed that they as well as the double deletion
mutant SENP6[]2[]3CS showed no barriers in protein folding. A cysteine to
serine mutant active site mutant was introduced into all proteases to
(SENP6[]3C1030S, SENP6[]2[]13C1030S and SENP2C548S) to render the enzymes
inactive while at the same time stabilizing the enzyme-substrate complexes.

The structure of SENP2 was resolved both in a covalent thiohemiacetal
transition-state complex and in the catalytically inert form in complex with
SUMO precursors (Reverter and Lima, 2004 and 2006). We proved in Results that
SENP6 was poor at activating SUMO precursors in vitro and when we attempted
to form a stable complex via gel filtration we saw again that the SENP6-
SUMO2GG interaction was not strong enough to elute as a single moiety and
SENP6[]3CS and SUMO22GG eluted at the elution volumes of the individual

proteins (data not shown).

Deconjugation Complex with RanGAP1

The structure of SENP2 was also resolved in deconjugation complexes
with RanGAP1-SUMO1 and RanGAP1-SUMO2 so our next step was to attempt
to form a stable complex between SENP6 and RanGAP1-SUMO?2, a substrate that
from our activity assays was deconjugated by SENP6 at a fairly elevated rate
(Reverter and Lima, 2006). This complex again did not form through gel

tiltration and SENP6[]3CS and RanGAP1-SUMO?2 eluted at their respective peaks
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showing that these two proteins do no form a stable complex in solution (data

not shown).

SENP6[]3 Deconjugation Complex with diSUMO2

The same protocol was employed to make both SENP6-diSUMO2
complexes. ~7mg of SENP6[]3CS (0.57[Jmol) and ~mg of diSUMO2 (0.57[Jmol)

to a low salt buffer and incubated the mixture at room temperature for one hour

before loading onto a HilLoad 20/60 Superdex200 column (GE Healthcare).
SENP6[]3CS has a molecular weight of ~35kDa and diSUMO2 has a molecular
weight of 21kDa and individually SENP6[]3CS elutes at around 223ml and

diSUMO2 at 236ml (Figure 15A).

The SENP6[]3CS-diSUMO2 complex elutes at 193.57ml resulting in a shift
of ~29ml for SENP6[]3CS and ~42ml for diSUMO2 (Figure 15A and B). The
individual fractions were pooled and run on SDS-page and both SENP6[]3CS and
diSUMO2? eluted in the peak fractions at a near stoichiometrical ratio (taking into
account the excess SENP6[]3CS in the load fraction). On the HilLoad
Superdex200 column a peak that elutes between 175 and 225ml corresponds to a
protein of a molecular weight between 44 and 148kD and the SENP6[]3CS-
diSUMO2 complex elution at ~193ml corresponds with this approximation with

a theoretical molecular weight of around 55kDa.
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Figure 15. Gel chromatography of SENP6[]3CS, diSUMO2 and complex. Top panel, A, chromatograms of SENP6[]3CS
(blue), diSUMO2 (green) and SENP2CS-diSUMO complex (red). Bottom panel, B, chromatogram of the merge of the
SENP6[]3CS, diSUMO2 and SENP6[]3CS-diSUMO2 complex chromatograms found in A. All samples were run on a
Superdex 200 gel filtration column (GE Healthcare) and peaks are labeled at the respective elution volumes. Bottom panel,
C, collected fractions from gel filtration of SENP6[J3CS -diSUMO?2 analyzed by SDS-page. Elution fractions are labeled

below each lane. Cleaved diSUMO?2 ([]14SUMO2 and SUMO2[]GG) from active residual SENP2 is labeled with an *.

SENP6[]2[]3CS Deconjugation Complex with diSUMO2

Approximately 7mg of SENP6[]2[]3CS was also added to roughly the same
number of milligrams of diSUMO2 and incubated for one hour at room
temperature then loaded onto a HiLoad Superdex 200 gel filtration column (GE
Healthcare). SENP6[]2[]3CS has a molecular weight of 33,250Da and elutes at
around 226ml and as mentioned before diSUMO2 has an estimated molecular
weight of 21,000Da and elutes at approximately 235ml (Figure 16A). Together
the two proteins elute at ~212ml resulting a shift of 24ml for SENP6[]2[]3CS and

22ml for diSUMO?2 (Figure 16 and B). The individual fractions were pooled and
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analyzed by SDS-page (Figure 16C). Both proteins elute in the peak fraction (200
to 230ml) in a near 1:1 ratio at a molecular weight corresponding to between
30kDa and 60kDa which is consistent with the molecular weight of a
SENP6[]2[]3CS-diSUMO2 complex which has the theoretical molecular weight of

~54.2kDa.
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Figure 16. Gel chromatography of SENP6[]2[]3CS, diSUMO2 and complex. Top panel, A, chromatograms of
SENP6[12[13CS (blue), diSUMO2 (green) and SENP6[]2[]3CS-diSUMO complex (red). Bottom panel, B, chromatogram of the
merge of the SENP6[]2[13CS, diSUMO2 and SENP6[]2[]3CS-diSUMO2 complex chromatograms found in A. All samples
were run on a Superdex 200 gel filtration column (GE Healthcare) and peaks are labeled at the respective elution volumes.
Bottom panel, C, collected fractions from gel filtration of SENP6[J3CS -diSUMO2 analyzed by SDS-page. Elution fractions

are labeled below each lane. Cleaved diSUMO2 ([J14SUMO2 and SUMO2[JGG) from active residual SENP2 is labeled with

an*.

SENP6[]2CS Deconjugation Complex with diSUMO2
A complex with SENP6[]2CS with diSUMO2 was also attempted but in

this case there was no complex formation. SENP6[]2CS is a protein of around

53kDa and elutes at 194ml when run on a Superdex200 column. When incubated
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with diSUMO?2 and loaded on the gel filtration column, both proteins eluted at
roughly their respective elution volumes (~192ml for SENP6[]2CS and 230ml for

diSUMO?2) indicating that there was no complex formation (Figure 17).
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Figure 17. Gel chromatography of SENP6[]2CS, diSUMO2 and attempted complex. Top panel, A, chromatograms of
SENP6[]2CS (blue), diSUMO2 (green) and SENP6[]12CS and complex attempted complex formation (red). Bottom panel, B,
chromatogram of the merge of the SENP6[]2CS, diSUMO2 and attempted complex complex chromatograms found in A to
show lack of complex formation. All samples were run on a Superdex 200 gel filtration column (GE Healthcare) and
peaks are labeled at the respective elution volumes. Bottom panel, C, collected fractions from gel filtration of SENP6[]2CS

and diSUMO?2 attempted complex analyzed by SDS-page. Elution fractions are labeled below each lane.

SENP2CS Deconjugation Complex with diSUMO2

SENP2 and SENP6 were shown to have comparable rates in the
deconjugation reaction against diSUMO so we tested both enzymes to see if they
formed stable complexes within a gel filtration column. Six milligrams of
SENP2CS (0.27[Jmol) and six milligrams (0.27[Jmol) of diSUMO2 were incubated

on ice in a low salt buffer (100mM) for one hour before being loaded onto a
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HiLoad 20/60 Superdex200 column (GE Healthcare), which has a molecular
weight range of 10,000 to 600,000Da. SENP2CS has a molecular weight of
approximately 19,000Da and diSUMO2 of 21,000Da. Individually SENP2CS
elutes at ~252ml on the Superdex200 column and diSUMO2 elutes at ~235ml
(Figure 14, A). SENP2CS-diSUMO?2 eluted in a single peak at ~223ml showing a
peak shift of around 29ml for SENP2 and 12ml for diSUMO2 (Figure 18). The
individual peak fractions were pooled and run on SDS-PAGE. The major part of
the complex eluted from the columns as fractions corresponding to molecular
mass 30-45,000kDa which is consistent with the formation of a stable complex of
SENP2CS-diSUMO2, which has a theoretical molecular weight of around
~40kDa. Due to the fact that SENP2CS and diSUMO2 are very similar in
molecular weight it is difficult to ascertain whether the peak fractions contained
an equimolar ratio of protease-to-substrate but what is clear is that there is a
physical interaction between the two proteins causing a significant shift in

molecular weight when loaded onto a gel filtration column.
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Figure 18. Gel chromatography of SENP2CS, diSUMO2 and complex. Top panel, A, chromatograms of SENP2CS (blue),
diSUMO2 (green) and SENP2CS-diSUMO complex (red). Bottom panel, B, chromatogram of the merge of the SENP2CS,
diSUMO2 and SENP2CS-diSUMO2 complex chromatograms found in A. All samples were run on a Superdex 200 gel
filtration column (GE Healthcare) and peaks are labeled at the respective elution volumes. Bottom panel, C, collected
fractions from gel filtration of SENP2CS-diSUMO?2 analyzed by SDS-page. Elution fractions are labeled below each lane.

Cleaved diSUMO?2 ((J14SUMO2 and SUMO2[]JGG) from active residual SENP2 is labeled with an *.

Characterization of SENP6 Loop3

In previous biochemical studies Loops 1, 2 and 3 were removed from the
catalytic domain of both SENP6 and SENP7, the activity of the enzyme was
effected in both positive and negative ways, depending on the loop. While
Loopl removal from both SENP6 and SENP7 showed stunted activity against all
substrates tested Loop2 and Loop3 removal showed an overall increase the
ability of the SENP6 and SENP7 to actively cleave both SUMO precursors and
SUMO conjugated species (Reverter and Lima, 2008; Alegre and Reverter, 2011).
As previously mentioned the structure of SENP7 catalytic domain was solved by
Lima and Reverter and 2008. Though this provided insight into the rigidness of
the poly-proline Loopl and the unstructured nature of Loops 2 and 4, the
structure of Loop3 proved elusive, presumably due to its unstructured or flimsy
nature (Figure 19). Structural prediction programs predicted a very low
percentage of secondary structural elements and no predicted tertiary structure

(data not shown).
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Figure 19. SENP6/7 Loop Insertions. Top panel, A, spatial arrangements of SENP7 Loopl, -2, -3 and -4 with respect to
catalytic domain. Loops are shown in red ribbon and labeled. Areas where the loop structures are unknown are shaded red.
Top panel, B, primary structure sequences of SENP6 Loopl, -2, -3 and -4 to compare segment sizes. Unknown structural

regions in the corresponding SENP7 structures are shaded red.

In order to test whether this loop insertion in fact contained any structural
elements we isolated and purified SENP6 Loop3 as a Smt3 fusion. Smt3 is the
yeast form of SUMO and is occasionally used as a fusion protein in order to
“chaperone” proteins, which otherwise might need help folding. The 184-
residue Loop3 protein, weighing roughly 20.5kDa, eluted at 211ml on a
Superdex200 gel filtration column (GE Healthcare), an accurate elution time for a
protein that size (Figure 20). Smt3 cleavage did not prove a barrier to protein
solubility as Loop3 was cleaved prior to addition to the gel filtration column,
there was no accumulation to indicate protein aggregation and both proteins
eluted at elution times indicative of their corresponding molecular weights. Peak
fractions were pooled and concentrated to >15mg/ml and used for

crystallography studies.
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Figure 20. Gel chromatography of SENP6 Loop3. Top panel, A, chromatograms of SENP6 Loop3 taken from a Superdex
200 gel filtration column (GE Healthcare) and peaks are labeled at the respective elution volumes. Top panel, B, collected

fractions from gel filtration of SENP6 Loop3 analyzed by SDS-page. Elution fractions are labeled below each lane.

Once we obtained milligrams amounts of SENP6 Loop3 the NMR analysis
to determine if there were any tertiary structural elements. NMR is a technique
that can utilize shifts in the inherent magnetic properties of atomic nuclei to
determine if a protein contains any structural elements. SENP6 Loop3 was
dissolved in TrisHCI and spectra were taken of the sample at 300K, 350K and
again at 300K (Figure 21A, B and C). Spectral comparisons show no appreciable
differences between 300 and 350K, which would confirm the absence of tertiary
structure. The changes that are observed are reversible and disappear upon
lowering the temperature from 350 to 300K. These changes can be explained by
the presence of a partial or total loss of secondary structure due to the addition of

heat.
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Figure 21. NMR analysis of SENP6 Loop3. Panels A, B and C 1-D 1-H NMR analysis of SENP6 Loop3 at 300, 350 and

300K, respectively.

Once we established that Loop3 contained no 3D structural elements we
wanted to see if the loop contained any individual secondary structural
elements, such as a helices or f sheets. The protein was analyzed via circular
dichroism and Fourier Transform Infrared Analysis. Circular dichroism is a
technique that can detect changes in a proteins secondary structure as a function
of temperature or the concentration of denaturing agents, such as urea. A

protein is exposed to light in the “far-UV” spectral region (190-250nm) at
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different temperatures for example. Changes to the shape and magnitude of the
CD spectra within this region with the varying temperature can be correlated
with changes in the percentage of alpha helices, beta sheets and random coil
structures within a protein. Loop3 was incubated at 20°, 60° and 90°C and
subsequently analyzed via CD spectroscopy (Figure 22). The data indicated a
decrease in molecular ellipticity at 220nm, indicative of a loss in alpha helix
population upon temperature increase. No other loss of secondary structure was

detected with this method.

Figure 22. CD analysis of SENP6 Loop3. Top panel, A, Circular Dichroism analysis of SENP6 Loop3 showing the change
in secondary structure as a function of heat. Temperatures are labeled and the wavelength depicting change in secondary

structure is denoted by an arrow.

Fourier Transform Infrared Analysis is a technique that utilizes the fact
that each protein has a unique set of absorption bands within its infrared
spectrum. Amide bands are submitted to Fourier self deconvolution and

subsequently a curve fitting procedure can be applied to estimate quantitatively

109



each component representing a type of secondary structure. The FTIR analysis
further substantiated our suspicion about the existence of secondary structure by
showing o-helical regions and some f$-sheets at 1650 and 1630cm-1, respectively

(Figure 23).

Figure 23 FTIR analysis SENP6 Loop3. Fourier Transform analysis of analysis of SENP6 Loop3 showing presence of
secondary structural elements. a-helical regions were detected at 1650cm-, B-sheets at 1630cm-1 and random coil regions

at 1640cm-1. Individual elements are labeled at corresponding wavelengths.

Thought both CD and FTIR pointed to a mainly unstructured loop, the
presence of secondary structural elements prompted us to examine the loop
further to determine where (if any) these structured regions existed. Limited
proteolysis is a procedure in which a protein is exposed to an enzyme, which is
specific for certain peptide bonds, in order to determine if there are any

fragments within that are resistant to cleavage. When a protein is structured, or
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globular, these regions will not be exposed to the enzyme and the region will be
resistant to proteolysis. Chymotrypsin is a pancreatic enzyme, which
preferentially cleaves amide bonds at tyrosine, tryptophan and phenylalanine
residues. We exposed SENP6 Loop3 to various concentrations of chymotrypsin
to determine if there was a stable region within the 184-residue loop. At a
concentration of 10-3 chymotrypsin degraded Loop3 into several fragments,

though one fragment of around 11kDa was prominent (Figure 24).
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Figure 24. FTIR analysis SENP6 Loop3. Top panel, A, limited proteolysis of SENP6 Loop3 using chymotrypsin at 10-3
concentration. Fractions were taken at 0, 10, 20, 40 and 80 minutes and visualized by SDS-page. Time points are labeled
below each fraction and fragment resistant to proteolysis is denoted by an arrow. Top panel, B, mass spectrometral

analysis of fractions from A. Mass of resistant fragment is labeled with an arrow.

The reaction mixtures for mass spectrometry were incubated at 10-3
chymotrypsin concentration for time intervals T=0, 10, 20, 40 and 60 minutes at
37°C and one half of the sample was stopped using SDS loading buffer and the
other half with TFA. The samples with SDS were then analyzed by gel
electrophoresis (PAGE) for determination of fragment size and the samples
containing TFA were sent for Mass Spectrometry (MALDI-TOF) analysis. The

fractions from time points 10, 20 and 40 minutes all contained a fragment of
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11,328 Daltons, which when exposed to this concentration of chymotrypsin,
resisted cleavage (Figure 24). This fragment presumably contains structural
elements that prevent enzyme access though whether these are individual
secondary structural elements or whether they contain some tertiary structure
elements is unknown. The decrease in the size of this fragment in the fractions
from the time points taken at 40 and 80 minutes most likely points to the protein
unfolding within solution and continued exposure to the enzyme after an
extended time period. This can be further in the relative increase in the amount

of smaller bands seen at those time points.

In order to separate and further analyze this stable fragment, we
incubated ~5mg of SENP6 Loop3 with a concentration of 10-3 of chymotrypsin
for 10 minutes and subsequently loaded the reaction mixture onto a Superdex75
column (GE Healthcare). In theory the chymotrypsin within the reaction mixture
would be separated from the Loop3 fragments on the Superdex column without
further causing any cleavage. The SENP6 Loop3 fragment eluted in a single
peak at 197ml, an elution volume accurate for a protein of this molecular weight
(Figure 25). The peak fractions were pooled and centrifuged to a final

concentration of 15mg/ml and subsequently used in crystallography studies.
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Figure 25. Gel chromatography of SENP6 Loop3 Fragment. Top panel, A, chromatogram of SENP6 Loop3 fragment
taken from a Superdex75 gel filtration column (GE Healthcare). Peaks are labeled at the respective elution volumes. Top
panel, B, collected fractions from gel filtration of SENP6 Loop3 analyzed by SDS-page. Elution fractions are labeled below

each lane.

Discussion
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As previously mentioned, the SUMO-specific SENP/Ulp family can be
divided into two distinct subsets, those containing Ulpl and those containing
Ulp2. In the context of SENP6 and -7 this is evolutionarily interesting because
the function of Ulp2 in yeast has been shown to be mechanistically equivalent to
that of the corresponding enzymes in vertebrates in maintenance and regulation
of SUMO chains (or Smt3 in the case of Ulp2)(Bylebyl et al., 2003). As SENP1
and -2 have been implicated in both the processing of immature SUMO and the
deconjugation of SUMO from conjugated species (each with their own isoform
specificity) the role of SENP6 and -7 appears to be more targeted solely toward
the latter. Reverter and Lima showed in their paper published in 2006 that
SENP6 and SENP7 were bad at processing SUMO precursors unless two glycine
residues were inserted just C-terminal to the native C-terminal glycine residues,
thus providing SENP6 and SENP7 with a homogenous set of C-terminal tails.
Our data indicate that at a 5nM enzyme concentration both SENP6 and -7 are
more active against the liberation of SUMO2 from RanGAP1 than in the
processing of SUMO2 into the mature form and again this is only by integrating
two additional C-terminal glycine residues. Both sets of data corroborate the fact
that both enzymes show an isoform specificity toward SUMO2/3; in both the
processing and deconjugation reactions, the dismantling of SUMO2 from

conjugated substrates (in this case RanGAP1, diSUMO2) proceeds at rates almost
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double (for RanGAP) and more than 20x (for diSUMO) that of the corresponding

processing reactions containing SUMO1 (Alegre and Reverter, 2011).

The most striking difference between the sequences of SENP6 and SENP7
and the rest of the SENP family of proteases is the presence of four loop
insertions within the catalytic domain that are unique to these two proteases.
SENP6 and SENP7 are also the two SENPs most implicated in the dismantling of
polySUMO?2 chains. It is attractive thus to speculate that these loop insertions
might play some role in the function of these two enzymes in this context
(Mukhopadhyay, D et al 2006; Mukhopadhyay, D et al 2007; Lima and Reverter,
2008; Alegre and Reverter, 2011). Loopl did prove integral to the function of the
enzymes, as its removal substantially decreased the ability of the enzymes to
deconjugate both diSUMO and polySUMO chains. Surprisingly however, at least
for SENP6, there was an increase in activity when Loop2 and Loop3 were
removed (Alegre and Reverter, 2011). Neither loop shows up in the crystal
structure of the SENP7 catalytic domain, which leads one to speculate that the
loops are disordered (Lima and Reverter, 2008). Structure prediction programs
predict the same disorder for both regions and subsequent CD and FTIR
experiments carried out in our lab further substantiated the claim that, at least in
the case of SENP6, Loop3 is mainly unstructured. The increase in activity of the
enzymes after removal of Loop2 and Loop3 implies that the enzymes, without
these loops, are more efficiently able to either recognize or interact with the

substrates. If these loops are indeed unstructured, reducing the entropy in the
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system by removing these loops could explain the increase in activity of both
enzymes, at least in this context. In fact, the expression of the full length SENP6
catalytic domain was so low 10L of fermentation in LB broth yielded <2mg of
protein, while half the amount of LB produced >20mg of protein for the loop
deletion mutants (SENP6[]2[]3 and SENP6[]3). This lends nicely to the idea that
removal of Loops -2 and -3 increased the solubility of the SENP6 catalytic
domain by reducing the amount of unstructured protein. Even further, our
complex formation experiments showed that SENP6[]2[]3 and SENP6[]3 were
able to form complexes with diSUMO2, while sole removal of Loop2 (SENP6[]2)
lead to no complex formation (Alegre and Reverter, 2011, data now shown).
While the removal of SENP6 Loop2 augmented the ability of the enzyme to
deconjugate diSUMO?2 in activity assays on one hand, the presence of Loop3
seemed to hinder its ability to form a stable complex with diSUMO?2 on the other
hand. Thus SENP6 Loop3, while dispensable to the enzyme in terms of its ability
to effectively deconjugate diSUMO2 in activity assays, seems to provide a
transitory means for the enzyme by preventing it from stably “docking” onto a
diSUMO2 molecule, even in the catalytically inactive form. It is attractive
therefore to speculate that Loop3 might be implicated in providing the enzyme
with some type of “shifting” mechanism, which could account for why these
enzymes (SENP6 at least) are able to move along and hydrolyze polySUMO

chains so rapidly and efficiently.
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Interestingly in a paper published this year by Pinto et al it was shown
that the catalytic domain of SENP6 was the most resistant to heat shock
treatment compared with SENP1, SENP2, SENP5 and SENP7. Experiments were
done which tested the ability of the enzymes to cleave SUMO substrates
following heat shock treatment in vivo and which characterized the thermal
stability of each SENP using fluorescence-based assays. SENP1, SENP2, SENP3,
SENP5 and SENP7 all showed heat shock-induced decreases in the activity of
their catalytic domains while SENP6 showed no deactivation. Additionally the
melting temperature of SENP6 was determined to be 55.6°C, considerably higher
than the 44.5 to 48.6°[IC-temperature range of the other SENPs. This suggests
some form of stability within the SENP6 catalytic domain, which renders the
enzyme more resistant to heat-induced denaturation. Sequence (SENP1, -2, -3, -
5, -6 and -7) and structural (SENP1, -2 and -7) alignments imply a shared core
structure for all SENP proteins, which would logically imply a similar thermal
stability for the proteases. It is therefore interesting to speculate whether the
“non-core” structures or loops of SENP6 (more specifically Loop3) might
contribute to its heightened thermal stability, perhaps by “anchoring” the protein
in the folded form or by stabilizing the core by some other unknown mechanism
we have yet to discover. Whatever its function, it will be interesting to see what
role these loop insertions play in the context of the protease. More specifically
Loop3, who in and of itself accounts for 40% and 20% of the catalytic domains of

SENP6 and SENP7 respectively.
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Structural examination of SENP7 superimposed on the previously
resolved structure of SENP2 in complex with both RanGAP-SUMO2 and pre-
SUMOZ2 revealed key residues which might be critical in the favored interaction
between Loopl of SENP6 and -7 and SUMO2/3. Mutational analysis revealed
that two residues on SUMO1, N68 and D72, are partially responsible for the low
favorability of SUMOL1 interaction with Loopl. By substitution of these residues
to the equivalent residues on SUMO?2 the activity against both the processing and
deconjugation reactions are recovered. The polar environment created by the
Loopl seems auspicious for the more polar resides on SUMO2 and -3 and it is
probable this fact, combined with the fact that the corresponding residues on
SUMOL1 are unfavorable in said environment, is responsible for the isoformal

partiality of SENP6 and -7 toward SUMO2 and -3.

Aside from providing a charge-conducive environment for SUMO?2
residues, Loop1 also seems to provide a structural element, which contributes to
the SENP7 Loopl-SUMO2 interaction. Removal of SENP7 Loopl abrogates
essentially all of the activity of the enzyme against SUMO2 substrates in
deconjuation reactions but maintaining at the least the backbone of the Loopl
recovers some of the activity. We showed that maintaining the charge integrity
of K691 on SENP7 Loopl was essential to the activity of the enzyme. Though
this residue lies C-terminal to the Loopl poly-proline loop we speculate that the
rigidity of this loop might maintain this positively charged lysine residue within

range of the aspartic acid of a recipient SUMO?2, thereby stabilizing the negative
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charge. When SENP7 was assayed against a diSUMOD71K mutant where the
mutant lysine would theoretically clash with the lysine residue of Loopl the
activity of the enzyme was seriously compromised, further proving that this
charge stability contributes at least somewhat to the activity of the enzyme.
Taken together, our results show that the activity of SENP7 is at least partially
dependent on charge stabilization by residues on both SUMO and SENP7 and
that a stable substrate-enzyme interaction is perpetuated when SUMO2 residues,

not SUMOY, lie within the SENP7 Loop1 interface.

Hattersely et al also tested the isoform specificity of SENP6 and SENP7 by
constructing diSUMO substrates containing two SUMO2s, one SUMO1 and one
SUMO?2 (both isoforms were used as both the “modifier” and the “substrate”)
and two SUMO1s. Their results coincide nicely with ours in that they showed
that the minimum concentration of SENP6 required to cleave 50% of each
substrate depended on whether SUMO1 or SUMO?2 was in the acceptor and
donor positions (Hattersly et al 2010). When SUMO2 was at both “modifier” and
“substrate” positions SENP6 showed the highest activity and the activity
gradually decreased when SUMO2 was replaced with SUMOL1 at the “substrate”
position, then at the “modifier” position and was the lowest when SUMO1 was
at both positions. SENP6 activity against our diSUMO2 and diSUMO2/1
constructs show a similar pattern and altogether these results confirm that
SENP6 is a protease specific for SUMO2/3 chains but also show that it exhibits

activity toward mixed SUMO chains. SUMO1 has been shown to “cap”
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polySUMO2/3 chains in vivo thus preventing further SUMO polymerization and
polySUMO2/3 chains have been shown to take place in RNF4-mediated
proteolysis, hence “capping” of SUMO2/3 chains by SUMO1 might modulate
chain length and therefore dictate whether a protein could be targeted for
degradation (Matic 2008). Our data suggest that though it has a preference for
binding and cleaving SUMO2/3 moieties, SENP6 can still recognize and modify
mixed SUMO1/2/3 chains and therefore could potentially influence the fate of
polySUMOylated substrates. = As previously mentioned in vivo study of
polySUMO2/3 chains is virtually impossible due to the transient nature of these
SUMO2/3 multimers. The main hypothesis thus far has attributed this
dynamicity to the rapid and incessant deconjugation by SENPs but the
possibility of polySUMO chains being sequestered to the proteasome through
RNF4-mediated SUMO recognition and subsequent protein ubiquitination might
present an additional explanation for the lack of stable polySUMO moieties

within the cell.

In vitro studies done by us and by Reverter and Lima in 2008 both show
that not only is the presence of Loopl detrimental to the activity of both SENP6
and SENP7 but that the structural integrity of the Loopl is essential for active
deconjugation of polySUMO moieties. Due to the lack of any structure that
might confirm the structure of Loopl or the interaction (if any) of Loopl with
SUMO, sequence comparisons combined with structure-based comparisons of

SENP7 and SENP2 in complex with RanGAP1-SUMO2 were the only methods
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available to try to elucidate the mechanisms by which these two proteins might
interact. =~ While biochemical methods proved fruitful in identifying possible
interactors within the Loopl-SUMO interface we wanted to further show the
utility of Loopl in recognizing and deconjugating polySUMOylated species.
Based on comparison of the aforementioned structures, a loop of eight residues
protrudes into the SUMO interaction cleft which, based on sequence
comparisons, and would correspond to the Loop1 position. We identified these
eight residues of SENP6 Loopl and inserted them directly in the SENP2
sequence at the corresponding site (SENP2ins). In all of our experiments we
used SENP2 as the control enzyme due to the fact that it shows ubiquitous
activity against all SUMO substrates, including diSUMO2 (Lima and Reverter,
2008; Alegre and Reverter; 2011). Though we tested SENP2 and SENP2ins
against RanGAP1-SUMO1, RanGAP1-SUMO?2 (data not shown) and diSUMO2
the only noticeable change in activity occurred when both enzymes were run
against diSUMO2 (Figure 13). This evidence further validates our claim that this
insertion facilitates recognition of polySUMOylated species, perhaps by

providing an additional interaction surface specific to polySUMOYylated species.

While the cellular functions of SENP6 and SENP7 have been studied in
quite some detail, the mechanism by which these two proteases recognize target
substrates remains unknown. It is an attractive theory to assume SENP6 and
SENP7 share unique interaction surfaces with SUMO2/3 (more than SUMOI at

least) that dictate their isoformal bias but the main driving force for their
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propensity for multi-SUMO2/3ylated species has yet to be elucidated. Bekes et
al delved further into this issue by designing a novel SUMO monomer with a C-
terminal proline to glycine substitution (Q90P) which could be recognized by
SUMO machinery but whose proline-induced kink could not be accommodated
by SENP proteases. They then designed an N- to C-terminal SUMO trimer
integrating this SUMO2Q90P mutant in various combinations within the chain in
order to determine the mechanism for polySUMO2 deconjugation. They
purported that rather than deconjugating chains in a processive manner (starting
at one end and moving down the chain in a stepwise fashion) SENPs were
worked in a stochastic fashion, cleaving randomly within the chain and leaving
various cleavage intermediates. SENP1 and SENP6, according to them, share
this same stochastic mechanism for deconjugating polySUMO chains, and exert
their specificity through recognition of single SUMO moieties. Our results are
consistent with this hypothesis in that in our experiments SENP2, SENP6 and
SENP7 were able to recognize and cleave all diSUMO substrates tested albeit at
different rates. By manipulating the SUMO surface residues at the tentative
Loopl interaction site however we were able to adjust the effective ability of
SENP6 and SENP7 to recognize and cleave SUMO1 and SUMO2 substrates,
while the same mutations had no effect on SENP2. Thus polySUMO chain
recognition and cleavage could additionally be regulated by the individual

characteristics of each SENP, more specifically Loopl of SENP6 and -7.
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While RanGAP-SUMO has been used as the canonical model substrate to
demonstrate SENP activity in vitro, it has not been shown to be an endogenous
substrate of SENP6 and SENP7 in vivo (Lima and Reverter, 2008; Shen and
Geoffrey, Alegre and Reverter, 2011). Due to the fact that ablation of either
SENP6 or SENP7 results in the same accumulation of high molecular weight
SUMO?2/3 chains in vivo and that they have been shown to dismantle
polySUMO2/3 chains in vitro, it seems more likely that these chains represent a
natural substrate of these proteins and hence a more viable substrate to utilize in
order to elucidate the activity and mechanism of SENP6 and -7. Our lab has
utilized both a commercial version of polySUMO2/3 and a synthetic diSUMO
substrate in order to demonstrate the deconjugation activities of SENP6 and
SENP7 and overall we have seen that these two enzymes are most active against
these two substrates compared to all the other substrates tested, including all
SUMO1-containing substrates. This further supports our claim that SENP6 and
SENP7 are SUMO?2/3-specific and further that this specificity might contribute to
their ability to recognize and regulate polySUMO?2/3 chains within the cell

(Alegre and Reverter, 2011; Lima and Reverter, 2008).

Being able to effectively model the interaction between SENP6 and -7 and
a SUMO-conjugated substrate either through NMR studies or X-ray
crystallography would solidify all the claims we have set forth here in regard to
the actual (if any) interactions taking place between these two proteins. We

were able to produce stable complexes between SENP6[]2[]3CS and SENP6[]3CS
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and diSUMO2 in milligram amounts (as well as the individual proteases) which
were eventually used in crystallography studies. After initial trials using at least
four crystal screens (each screen containing 96 different conditions), the
complexes were replicated and variables such as final protein concentration
(between 15mg/ml and 30mg/ml), final salt concentration (<20mM to 100mM
NaCl) and plate incubation temperature (between 4°C and 18°C) were
manipulated. Despite our tedious efforts we were not able to obtain any crystals
that could be taken to the synchrotron for analysis and thus our study for the
structure of the SENP6 protease and the complex of SENP6 with a SUMO

substrate proved fruitless.

It is possible that our inability to produce any crystals of the diSUMO2
complexes was due to the fact that our diSUMO construct, while conceptionally
correct, lacked the fine tuning that would produce a uniform batch of diSUMO
molecules, which would be detrimental to crystal formation. Our “donor”
molecule [J14SUMO?2 was constructed to exclude the N-terminal lysine residue
thought to be the other major SUMOylation site (K11). Be removing this lysine
we would in theory be preventing self-SUMOylation of the [J14SUMO2 and
funneling SUMOylation to the major SUMOylation site, K11, the “acceptor
molecule”, SUMO2[]JGG. This molecule is unable to act as a donor due to the fact
that it lacks the two C-terminal glycines necessary for conjugation. Our in vitro
SUMOylation reactions resulted in the formation of one predominant band

corresponding to diSUMO?2, though other bands, more specifically a band
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corresponding to lower weight diSUMO2 and a band corresponding to a tri-
SUMO moiety, were observed albeit to a lesser extent (Figure 26). While we
were able to separate the diSUMO from all other elements of the reaction mixture
for use in crystallography studies, it escaped our notice that the presence of the
tri-SUMO moiety in and of itself was proof that the reaction was capable of
SUMOylating at sites other than the expected major SUMOylation site. The self-
SUMOylated diSUMO2 (two [J14SUMO2 molecules, SUMOylated through an
internal lysine residue) proved less troublesome due to the fact it was able to be
separated from the desired diSUMO2 by application to anion exchange resin
(Resource Q; GE Healthcare). Regardless the diSUMO we observed and
purified, though technically “diSUMO” in all cases, was most likely a mixture of
K5, K7, K11 and K24-linked diSUMO (the other predicted and proven
SUMOylation sites)(Bekes et al 2011; Matic et al 2002; Pichler et al 2008). An
interesting aspect of this is that while the diSUMO we used contained a mixture
of different diSUMO molecules, this did not affect the ability of either SENP
mutant from forming a complex with these diSUMOs. SENP6[]2[]3 and
SENP6[]3, to put it more clearly, did not distinguish from any of the diSUMOs
within the mixture and equally formed stable complexes with all diSUMOs
present. This could either be because the amount of errant diSUMOs was menial
compared to the amount of the correct diSUMO moiety or because SENP6[]2[]3
and SENP6[]3 show no bias toward forming complexes with diSUMO conjugated

at different residues. In any case a new “acceptor” lysine has been constructed
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which lacks K5 and K7 and mutational analysis of internal lysines will
subsequently be carried out to prevent SUMOylation at these sites. Needless to
say until a verifiably uniform diSUMO is achieved crystallography studies

involving this molecule will be postponed.

-trisSUMO2

-SUMO2AGGE
-A145UMO2

Figure 26. diSUMO2 formation. SDS-page analysis of diSUMO2 formation using [J14SUMO2 as the donor and
SUMO2[JGG as the acceptor. Time zero and over night time points are labeled below respective lanes. []14SUMO2,
SUMO2[JGG, diSUMO2 and triSUMO two are labeled. diSUMO2* denotes diSUMO formed from two [J14SUMO2

molecules instead of using SUMO2[]GG as the acceptor.

While a SENP6 complex structure proved elusive, our attempts to recreate
the role of Loopl, more specifically in the context of SUMO2 interaction, by
inserting it into the SENP2 catalytic domain provided some hope for
crystallography studies. Reverter and Lima were able to crystallize SENP2 in
complex with SUMO2 and SUMO3 precursors in their paper published in 2006.
Assuming our loop insertion of eight amino acids would not significantly alter
the molecular packing of the crystals in the previous study it seems plausible that
our SENP2ins in complex with SUMO2 and SUMO3 precursor might form
crystals in similar conditions. Work is currently being carried out to determine if
a crystal structure can be obtained that will effectively replicate the Loopl

interaction with SUMO2.
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The characterization of Loopl in the context of SUMO?2 recognition,
though useful in understanding at least one of the mechanisms SENP6 and
SENP7 have in identifying and dismantling polySUMO chains, sheds light on
only one of the loop insertions unique to these two enzymes. If an eight residue
loop (Loop1) can play such an instrumental role in discriminating between two
SUMO isoforms it is interesting to speculate that these other loop insertions
(Loop2 being roughly twenty amino acids and Loop3 being forty amino acid in
SENP7 and around one hundred amino acids in SENP6) might be integral to
some other function of SENP6 and SENP?7, either to the catalytic domain or to the
whole protease itself. Spatially, the location of the loops suggests a mechanism
for the enzymes to recognize or interact with more than one SUMO at a time,
thus providing a scaffold for a polySUMO chain. Lima and Reverter purport in
their paper published in 2008 that though Loop3 and Loop4 are too far from the
SUMO interaction sites that correspond to both SUMO2 and RanGAP1 in the
SENP2-RanGAP1SUMO2 structure, Loopsl and -2, which flank the SUMO
binding site, could very well accommodate two adjacent SUMO molecules (Site
A and Site B) (Figure 27A and B). Loops3 and -4 could therefore interact with
additional SUMO molecules, as would be the case in a polySUMO chain (Site B
and C). This theory however does not coincide with the previously mentioned
theory by Bekes regarding SENPs use of a stochastic rather than processive
mechanism to cleave polySUMO chains because recognition or interaction with a

third SUMO moiety is not a necessary precursor for SUMO deconjugation in this
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model (Figure 27C). They found comparable deconjugation rates regardless of
the position of the accessible SUMO thus supporting their claim that the SUMO
deconjugation machinery does not move sequentially from one SUMO moiety to
the next in a chain but rather recognizes individual SUMO moieties resulting in

cleavage anywhere within the chain (Bekes et al 2011).

The lack of polySUMO deconjugation intermediates renders the discovery
to find the mechanism for the SENPs all the more difficult. While many studies
have gone into exploring the functional and cellular aspects of the SENPs, less
research has emerged regarding the structural significance of the catalytic
domains since the characterization of the SENP1, SENP2 and SENP7 catalytic
domain structures. This could be because the enzymes are assumed to be
constitutively active and the structures available represent reliable and relevant
representations of their catalytic domains. Complex structures of SENP1 and
SENP2 with SUMO substrates support this theory by showing no evidence
conformational rearrangement upon substrate binding. The structural and
functional relevance of the SENP6 and SENP7 loops therefore must rely on
speculative evidence, reinforced by molecular modeling and biochemical

substantiation, until structural evidence is provided.

129



" SUMD (C) |

Loop3

|

Figure 27. Structural models for SENP7 interaction with polySUMO. Top panel, A, the structure of SENP2 (ribbon and
mesh representation) shown in cyan in complex with RanGAP1-SUMO2 (ribbon and mesh representation) shown in magenta
and green respectively to indicate the position of sites A and B. Top panel, B, SENP7 (ribbon and mesh representation)
shown in yellow depicted in similar orientation to SENP2 in A to highlight the positions of Loop2, Loop3 and Loop4 with
respect to the putative SUMO interaction surfaces in sites A and B and site C. Bottom panel, C, a replication of Bekes et al
2011 experiment using a Q90P uncleavable by SENPs to show the “stochastic” model of SENP polySUMO cleavage.
Cleavable SUMOs are represented by green circles and uncleavable SUMOs are represented by red circles. Arrows indicate

SUMO cleavage sites.
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Conclusions

Processing vs. Deconjugation
1. SENP6 and SENP7 are both inefficient in processing preSUMO to the
mature form.

2. SENP6 and SENP7 are both efficient at deconjugating SUMO2 from

conjugated substrates.

3. SENP6 and SENP7 are both efficient at deconjugating polySUMO2/3 and

diSUMO?2 substrates.

SUMO1 vs. SUMO2
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1. SUMOI1 residues Ala68 and His 71, which lie within the tentative SENP6
and SENP7 Loopl interaction site, are not conducive to the Loopl

environment.

2. SUMO?2 residues Asn68 and Asp71 show a more favored environment to

accommodate SENP6 and SENP7 Loopl1 charges.

SENP6 and SENP7 Loopl

1. Loopl is an essential element in both the isopeptidase and endopeptidase

activities of SENP6 and SENP7.

2. The structural and charge integrity of Loopl is integral to SENP6 and

SENP7’s ability to deconjugate SUMOylated species.

3. Insertion of Loopl into SENP2 increases the activity of the protease

against diSUMO?2, in comparison to the wild type protein.

Complex Formations

1. SENP6[2[13CS, SENP6[]3CS and SENP2CS are able to form stable

complexes with diSUMO2.

2. SENP6[]2CS is not able to form a stable complex with diSUMO2.

SENP6 Loop3

1. Loop3 is a mainly unstructured element in the SENP6 catalytic domain.
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2. Removal of Loop3 enhances SENP6 performance in activity assays.

3. The presence of Loop3 prevents the formation of a stable complex with

diSUMOQO?2 in solution.
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Background: The SENP/ULP famdly of SUMO protesses display

diffierent clesvage preference for SUMO tsoforms.

Results insghts tnin the stroctaml determtnants for the preference of SENPS and SENP7? for the SUMO2/3 tsoform.
Concluston: A novel interface betwoen SENPS or SENP7 and SUMO determines the SUMO soform proference.
Significance: Thes may be the Bt tme that the desvage preference between SUMO1L and SUMO2/3 was swapped by sangle

potnt mutagencsis

SUMO proteases can regulate the amounts of SUMO-conju-
gated protetns in the cell by deaving off the tsopeptidic bond
between SUMO and the target protain. Of the six members that
constitute the human SENP/ULP protease famdly, SENP6 and
SENP7 are the most divergent members in thetr conserved cat-
alytic domatn. The SENPG and SENP7 subdass displays a clear
proteolytic cleavage preference for SUMO2/3 tsoforms. To
Imvestigate the structural determinants for such 1soform spect-
ficity, we have identified a unique sequence insertion In the
SENPS and SENP7 subdass that is essential for thetr proteolytic
activity and that forms a more extenstve iInterface with SUMO
during the proteclytic reaction. Furthermore, we bave sdentified
a region tn the SUMO surface determinant for the SUMO/3
isoform spectiicity of SENPS and SENP7. Double point amino
actd mutagenests on the SUMO surface allows us to swap the
specificity of SENP6 and SENP7 between the two SUMO 1s0-
forms. Structure-based comparisons combaned with biochemi-
cal and mmtagenests analysss have revealed Loop 1 insertion in
SENPS and SENP7 as a platform to discriminate between
SUMO1 and SUMO2/3 isoforms in thes subclass of the SUMO

protease Gamly.

The small shiquitin-Eke modsfier (SUMO)” balongs to the
&lwﬁk@)mt-nflmly which is sttachad to protein
substrates via sn isopeptidic bond between thewr C-terminal
glycine and a fysine residus an the substrate (1). After ubiguitin,
SUMO is the second best characterized member of the Ul
family (2). SUMO is sttached to target proteins by an enzymatic
cascade analogons to shiquatin (3). The SUMO pathway com.-
prises s csscade of throe enzymatic steps that keads to the for-
mation of the isopeptidac bond on the target protean (4). The
process can be reversed by the action of the SUMO proteases,

¥ This work was by Minktodo ce Educadon y Clancls Grant
MMHW -2007-200346.
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which cleave off SUMO from the target protein Thus, the
shundance of SUMO sabstrates in the cell is regulatod by a
balance of comjugation by the SUMO enxymatic cascsdo and
deconjugstion by the SENP/ULP protease family (5)

The human SUMO protein famaly consists of four members,
SUMO1, SUMO2, SUMO3, and SUMO. SUMOS does not
soom to participate in the formation of SUMO conjugates in
vive (6). After maturaton of their C-termanal tad, SUMO2 and
SUMOS are 95% identcal (thus referred as SUMO2/3 m the
text), wheress SUMO1 shares only 43% identity to SUMO?2 or
redundant in the odl; some substrates can be exclusively mod-
ified by SUMO1 ar SUMO2/73, wheress others can be modified
by both SUMO isoforms (7-9). Interastingly, in wive heat shock
or axxdstive stress experiments prodoce an sccumalstion of
SUMO2/3 in the cell, whereas SUMO1 remains unsltered (10)
Another important difference between both SUMO isoformsis
that SUMO2/3 can form 02/3 chains through an
N-termiral lysine resdue (11-13). One function of the paly-
SUMO2/3 chsins might be the stsbiliration of PML nudlear
bodies (14), which is also the signal for the sbiquitin-dependent
degradation by the recruitment of the E3 ubiguitin Egase ENFe
(liié)Armlnﬂyhsndynddndymuo‘w
tion/deconjugation of polySUMO chains, highlighting in
Schirosaccharomyces pombe the role of deconjugation for the
correct homeostasss of the cdl (17).

In humans, the SENP/ULP protesse family is comprised of
seven members; six are SUMO-specific proteases (SENPI,
SENP2, SENPz, SENP5, SENPE, and SENP7), wheress one is
mamed DEN1 or NEDP1) (3). All SENPs share 8 conserved
C-terminal domsn of —220 amino acid resdues, contasning
the catalytic triad (His- Asp-Cys) charactenistse of the cysteinyl
proteases. Seversl crystal stroctures have been reported for the
catalytic domains of some members of the family, in the apo
form or in complex with SUMO substrates (12-23). All stroc-
tures of the catalytic domains reveal & simiar three-dimen-
sional structare with conserved dements required for the coe-
rect proteolytic activity. Two different protealytic activities can
be performed by the SENP/ULP protease family, maturstion of
the SUMO precursor (processing) and hydrolysis of the isopep-
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tidic bond (deconjugation). Structursl and functional analyss
has rovesled a proferential clesvage of the isopeptidic bond over
mwdﬂnpapbdlcbondlndmm-)dm
ing reactions, (24). Recent stuches indicate that the
membaers of the SENP/ULP family show preferontial roles in the
clesvage of SUMO substrates. For example, SENP2 exhibits s
cear SUMO isoform in the processing reaction
depending on the SUMO C-termanal tail, but the decomjugation
reaction is fester and does not discriminate between SUMO1
and SUMO2/3 sobstrates (19). SENPS and SENP7 showed
lower processing activities compared with deconjugstion of
SUMO substrstes, but m all mstances, they show a clear so-
form preference for SUMO2/3 (24-27). SENP3 and SENPS
have also been reported to possess an isoform preforence for
SUMO2/3 (25, 28, 29).

SENP/ULP family members are localized in difforent regions
insde of the cell, most being noclear. Collular locakization i
contralled by the distinet N-terminal extensions of the SENP/
ULP famiy members, and it has been proposed that these
regions regulate the activity of the proteasse For example,
SENP2 s locslized to filaments of the nuclesr pore complex
(30), but differential splicng produces SENP2 variants
that can shuttle between the cytoplasm and the nudeus (31).
SENP3 and SENPS have been locslized in the nudeolus (30).
SENPS and SENP7 are localized in the nudeoplasm, and
SENPS has been recently shown to be implicated in the assem.-
bly of the inner kinetnchore during matatic progression (32).

SENPS and SENP7 are the most di members within
the SENP/ULP family (5, 25) with a catalytic domsin displsying
a lower sequence similanity snd conserved sequence msertions
in distinct Joop regions. Biochemical and structursl studies of
the SENP7 catalytic domain suggested 2 role for the Loop 1
insertion = the proteolytic sctivity of the enzyme, whereas
Loop 2 and Loop 3 insertions wore daspensable (26). In the
present study, we have further mvestigated the structural deter-
minants of Loop 1 msertion in the protealytic sctivity of SENPG
and SENP7 and hawe identified 2 novel and more extensive
interfzco betweon SUMO and thas subelass of SUMO protesses.
Furthermare, we show that the region of SUMO involved in the
interface with Loop 1 is responsibie for the isoform preference
displayed by SENPE and SENP7 for SUMO2/3. Single paint
mutagenesis on the SUMO surface allows SENPE and SENP7 to
swap their SUMO2/3 isoform specificity for SUMOL. In con-
dlusion, we disclose 3 novel and more extended substrate-en-
zyme mterface betwoen SUMO and the SENPS and SENP7 sab-
class of SUMO protesses.

EXPERIMENTAL PROCEDURES

Protein  Mutagemesis and Purification—The catalytic
domains of human SENP2-(364 -589), SENPE-(637-1112), and
SENP7-{662-984) were in Escherichia coli and pari-
fied as described (19, 26). All SUMO1 and SUMO?2 constrocts,
induding precursors, double glycine insertions at the C termi.-
nus, and mature forms, were prodaced in E cali as described
before (19, 20). Conjugation and parificstion of RanGAM-
SUMO:Mmmpmdnmdud-uibodpmﬁmﬂy(as).

Single point mutstions were mtroduced mto the SUMO1
(ATIN.R?SD $9C, and C525), SUMO2 (N&8A, D71H, and

eI
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K11C) and SENP7 (Ke91E, XE91A) coding regicns using the
QuikChange mutagenesss kit (Stratagenc). The SENP7 four
mutint construct PERSG/PEETG/PEReG/PEG was con-
structed by PCR. PCR was usod to construct SENPE ddetion
mutants by fusing amino scids 656-664 (Loop-1 SENPE-
A&37-663), substituting two glyene residoes for the Joop
betwoen residues 720 and 735 (Loop 2 SENPS-A721-734), and
fasing amino adds 874 to 973 (Loop 3 SENPE&-A875-972) of
SENPE and by fusing amino scds 683692 (Loop 1 SENP7-
A&82-£91) of SENP7. All constructs were confirmed by DNA
soquencing. SENPS ddetion matants were purified by maetal
affinity chromstography and gel fltration (as described before
for SENP7) (26) and concentratad to 1 mg/ml in 2 baffer con-
taiming 25 mu Tris-HQO (pH 20), 330 mx Ne(, and 1 mu
B-mercaptoethanol

To prepare the diSUMO2 dimer, A14-SUMOZ was
s SUMO donors, and SUMO2AGG (deletion of the C-terminal
ds-Gly motif) was produced as SUMO accoptor. Both protains
were produced and parified in £ cali as described before for the
wild type (19). DiSUMO2 was formed overnight at 37 Cin s
resction mixture contzining 20 mm HEPES (pH 75), 5 mu
Mg, 0.1% Tween, 50 ma Na(l, 1 mm dithicthreitol, 2 mw
ATP, 150 nv SAEUSAE2 (E1), 100 nm Ubeo (E2), IR1 (E3), 32
mu A14-SUMOZ, and 16 mm SUMO2AGG m MilliQ) water;
and purified by gel f[tration (Superdex7s, GE Heslthearo).
The daSUMO2(N68A/D71H) double pont mutant and
diSUMO2(D71K) were prepared as the wild type form, bat
instesd of using A14-SUMO?2 as the SUMO donor, & triple sin-
gle point matant with a deletion of the frst dght amino acid
residues, AS-SUMOZ(K11CNESA/D7IH), and  Ale-
SUMO2(D71K) were utilized

Biachemical and Kinetic Asays—Titration of the carboxyl-
terminal hydrolsse activity (processing) wes measured by incu-
bating proSUMOIGGGG-X, preSUMOIGGG,G-X(AT2N/
H75D), praSUMO2GGGGH-X and  preSUMO2GGGG-
X(NEBA/D7IH) (-X represents the natural C-terminal tail
sequonce for each SUMO isolorm, and G, represents the gly-
cine insertions) precursor proteins (S yo) with purified SENPS,
SENP7, and SENP2 at throe different enzyme concentrations
(05, 5, and 20 nw) at 37 C in 2 baffer containing 25 mm Tris-
HA (pH 2.0), 150 mam Na(J, 0.1% Tween 20, and 2 mw dithio-
threitol Reactions were stopped after 25 min with SDS loading
baffer and snalyzed by gel dectrophoresss (PAGE). Protans
were dotocted by staining with SYPRO (Bio-Rad).

Identical experimental conditions were used to assay the
decomjugation activities for SENP2, SENPS wild type and
deletion mutants, and SENP7 st 0.5, 5, 50 nw using Ran-
GAPI-SUMO1, RanGAP1-SUMO1I{A72N/H75D), Ran-
GAP1.SUMO2, and RanGAP1-SUMO2(NESA/D71H) sub-
strates 3t 3 ma Doconjugstion sctivities using diSUMO2
substrates st 3 pm were performed using enzyme concentra-
tions at 0.05, 0.5, and 30 nw. For the titration analysis, the reac-
tions were stopped after 25 min with SDS loading buffer and
analyzed by PAGE. Proteins ware detocted by staining with
SYPRO (Bio-Rad). Prodacts were quantified by detecting fluc-
rescence under UV illumination using & Gel-Doc spparatus
with associsted integration software (Quantity One; Bio-Rad).
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performed with simiar buffer conditions ss for the end paant
reactions. SENPS and SENPZ, at 5 and 1 nw respectivaly, were
incubated with RanGAP1-SUMO1, RenGAP1.SUMO1(A72N/
H75D), RanGAP1-SUMO2, and RanGAP1-SUMO2(NESA/
D71H) substrates st 3 pm. Resctions were run at 37 °C and

at 5 20, 40, and 80 min with SDS loading buffer and
analyzed by PAGE. The same baffer conditions were used for
the time course rescthons wusing diSUMO2 and
diSUMO2(NS8A/D71H) mautant with SENP2, SENP§, and
SENP7 st 0.5 nm and diSUMO2 and diS K) with
SENP7, SENF7-Aloop 1, SENP7(KE91E), SENP7(KE91A), and
SENP7. at 0.5 nm with reactions
stopped at 15, 30, 60 and 120 min.

Inital reaction vel ocities ware measured for SENPS-Alocp 3
st 1 nv and SENP7 and associated mutants st 0.5 nmin & buffer
containing 25 mu TrisHO (pH 8.0), 150 mm Na(l, 01%
Tween 20, and 2 mu dithiothreatol st 37 "C. Substrates asod for
the processing and deconjugsbion resctions were prepared st 5
e Reactions were stopped st indicated time intervals wath
SDS loading baffer snd amalyzed by PAGE Products were
quantified by detecting flucrescence using a Gal-Docapparstus
with associated integration software (Quantity One; Bio-Rad).
Al data points were fitted to 3 hyperbolac curve. All assays were
conducted in tripheste. Error hars mdicate +1SD.

Michselis-Menten steady-state kinetics was performed for
SENP6 by mtroduction of S9C and (C52A point mutants mnto
SUMO1 and SUMO1(A&N/H71D) to sllow for flucrophore
additon. SUMO1(S8C/C52C) and SUMO1 (S Cs2C7 AGRN/
H71D) ware used for lsbeling with Alexs Floor 488 flucrophore
ﬂmmqm)udmwym@udww

Initisl deconjugation velocitios were measured st cight daffor-
ent substrate-lsbeled concentrations (0, 0.25, 1, 2, 4, 20, 50, and
100 pn) for 2 SENPS concentration at 25 naw. Reactions were
stopped sfter 0, 5, 15, 44, and B0 min with SDS loading boffer
and analyzed by SDS gd electrophoresis. Foorescence signsl
was fallowed and measured by using Versadoe spparatus with
associated integration software (Quantity One, Bio-Rad).
Kinctic constants were obtained from the graph representation
substrato concentration (jem) versus initial valodty (s min 7).
Al assays were conducted in triplicate.

RESULTS

Mutagenic Amalysis of Loop 1 Insertion in SENP7—In a pro-
vious work, we partislly charscterizod the proteolytic activity of
the four insertsons located m the catalytic domain of
SENP7 (named Loop 1 to Loop 4) (26). Of special interest i the
Loop 1 insertion, which & composed of eight residoes, indud-
ing four prolines, two glycanes, and 3 lysine residue in the center
of the loop (Fig. 1). Loop 1 is structared in the arystal structure
of SENP7, and its deletion produced important defocts i the
protealytic activity of SENP7 (26). Loop 1 & unique to the
SENPS and SENP7 subdlass, and the sequence slignment dis-
plays s high degree of soquence identity with respect to SENPS,
with only one single amino acid substitation (Thr-£90 for Ala)
(Feg. 10). A structaral festure of Loop 1 is the presence of »
short stretch of foar proine residues, forming a poly-proline
helix structure. A poly-praline helix &= = type of secondary
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structure that restrains conformaticnal flexibaity of Loop 1,
despate its lack of intersctions with the care of the protease.

To determine the structural basis for the Loop 1 role in the
proteolytic activity, we desgned several mutant constructs of
Loop 1 of SENP7. Thefirst construct contsined the substitation
of the four consecutive prolines residoss by glycines The
SENP7 (P&etG/Pae7G/P6eaG/PE29G) mutant will assess the
roke of Loop 1 in the activity of the protease by desrupting its
spatial conformastion. The introduction of four i
incresses the flexbility of the main chain of Loop 1 and conld
lead to a non-productive interaction with the SUMO substrates
in sctivity assays. Loop 1 contains only one prominent charge
residue at the center of it, Lys-691, whach could be relevant by
establishing polar mteractions with SUMO substrates. Weo have
designed two single pomnt mutants, Lys-£91 to Glu, to invert its
charged properties, and Lys-£91 to Ala, which removes both
the basic <-amino group and the alipbatic side cham.

SENP7 Locp 1 mutants were tested against diSUMO?2 and
polySUMO2 chains substrates by using time course deconjuga-
ton analyss Fgl.Dde).D&bono(laplmmiy
compromsses the proteclytic activity of SENP7 as describod
previously (26). The SENP7 Loop 1 mutant construct of four
prolines to glycnes (Fig. 1, SENP7, PeasG/Pes7G/PseaG)
P&a9G), which would merease the fexibility of Loop 1, roduces
the proteclytic sctivity of SENP7 as much as deletion of the
whole Loop 1 does. SENP7 single paint mutant of Lys-691 to
glutamic add (SENP7(KE91E) in Fig 1) also dramstically
roduces the proteolytic sctivity of the protease Finslly, the
SENP? = point mutant of Lys-&91 to alsnine
(SENP7(K&91A) m Fig. 1) has a reduction of the proteclytsc
activity to 2 lesser degree compared with the other constructs,
To estimate the differences in the activity, initial rate valoabes
ware messured for the diSUMO2 decomjugation reaction at 0.5
nm of fnal enxyme concentration (Fig. 1, £ and F). Deconjuga-
tion rates for SENP7 wild type are —10-20-fold faster than
SENP7-ALoop 1, SENP7(K&91E), and SENPAPEeSG/PEETG!
P6eaG/P6e9G), whereas for SENP7(KE91A) the activity
reduction is not so marked compared with the other mutant
constructs.

These biochemical analyses with the SENP7 mutant con-
structs reveal that both the spatial conformation of Loop 1 and
the charge properties of Lys-£91 are important for & prodactive
interseton of SENP7 with SUMO2 and thus for the comrect
cleavage of SUMO substrates. It is waorth noting that Loop 1
oaly represents 2 small region of the total mterface of SENP7
and SENPS with SUMO and that it is not present in the other
members of the mammsBan SENP family. Loop 1 intersction
with SUMO has not been described provicusly, and cur data
indicate that it can enhance the proteclytic sctivity for SENPE
and SENP7. Our next stop was to Bgure out the putstive surface
region in SUMO thst directly nteracts with Loop 1 of SENPE
snd SENP7.

Loop I SENP7 Interaction with SUM 02— Based on previous
structures of the complaxes of SENP2 with eather SUMO1 or
SUMO2 (19, 20), we hawve a regon oa the SUMO
surfaco that is Jocated close to Loop 1 of SENPS and SENP7.
Crystal stroctures of the complex batween SENP1, SENP2, or
ULP1 with SUMO indicate that the main resdues involved in
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of dISUMO2(D71K) with SENP7 Loop 1 mutant constricts. o,

Mhnilnuqs-oman-m
0 initial r3to valockses for

the interface and in the catalyss are conserved foc sl members
of the SENP/ULP protesse family. Thas, despite the lack of a
crystal structure of the complex, we sssume thst the extended
quilt-like interface observad between SUMO and SENP2 =
going to be conserved for the SENPE and SENP7 complexes.
Oulrmﬂmddnmm-dighmmﬂ
move can plsce Loop 1 dese to 3 SUMO surface Thas
surface scoms to be more negatively charged for the SUMO2
isoform compared with SUMON (see Fig, 3, A and B) Thas, the
disruption of this interface would be resporsible foe the SENP7
protealytic defects described in Fig, 1.
To mvestigate this region, we have produced s single point
matstion in SUMOZ of Asp-71 for lysine, whach could interfere
with the positive charge created by the side chamn of Lys-691 of
Loop 1 of SENP7. We were sbie to synthesize SUMO2 with
SUMO2(D71K) as a substrate for deconjugstion sssays. Teme
comrse proteolytic cleswage of GSUMOQ('DTIK) substrate
shows 2 decrease in the foe all SENP7 con-
structs tested, including the wild type form (Fag 24). Time
course deconjugstion reactions were run at 3 nw fnal enzyme
concentrations, one order of magnitode higher than the exper-
iments in Fig. 10). Particularly intoresting is the Joss of proteo-
lytic activity n SENP7 wild type that bocomes as defective as ol
Loop 1 mutant constructs (Fig. 2, A and F). It is worthwhile to
mmh!mnnnjo:hngadchnp.@?ﬂoﬂymo.
on the surface of SUMO2 distant fromthndnﬂpmm
produce marked dofocts in the of SENP7,
with an spproximstely loss of 20-fold with respect to the
diSUMO?2 wild type reaction (sce supplemental Fag. 1). These
results support the formation of this novel and more extended
interface betwoen Loop 1 and SUMO2
Decormyupation Analysis of SUMO Isoform Preference for
Sﬂ%ﬂm—wmmhumdlpﬁa
entzl of SENPE snd SENP7 subclass for
SUMO?JSudom(:S—D 33). We have predacted 3 novd
interface involving Loop 1, unigque to the SENPS and SENP7
subclass, and SUMO, wath different residoss involved depend.-
ing on the SUMO isoform type. We siready showed that the
Loop 1 interaction improves the catalytic sctivity for SENP6
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==y of SENP7 and assocted mutants
concantion, and tme Intarvak o obowe aach Jane In minutes. b, bar o
Rw of ESUMOZ07TK) detormined within 2 Inaar range basad on dats obtinad hom analyss Skan
15,30, 80, and 120 min ot showm Anes are Gboled, and error bars wors obtained

snd SENP7, and oar next assessment was to check whether
Loop 1 also had 3 role for the SUMO2/3 isoform preference.
Hased on 3 model of the complex between SENP7 and SUMOZ,
wae anafyzed the chemical nsture of the residues of SUMO1T and
SUMO2/3 in contact with Loop 1 of SENP7. We obsarved that
the SUMO2/3 amino acid resdoes involved in the mtorface have
2 more palar nature when with the SUMO1
resdoss, moce specaSically, Asp-71 (His in SUMO1) and Asn-é8
(Al in SUMO) (Fig. 3, A and B). We wanted to investigate
whether these residucs coald account for the SUMO2/3 soform
proference showed by SENPE and SENP7 (26).

To test our hypothess, we first SUMO2 with twn
paint mutations, Asn-68 for Ala snd Asp-71 for His, makinga
version of SUMO2 that resembles the SUMO1 mterface with
Loop 1 of SENP7. Samilarly, we also produced SUMO1 with
equivalent single point mutsticn positions wsed for SUMO2
double point mutant to revert the trend of the proteolytic resec-
tion. Double mutant SUMOZ{NESA/D71H) and
SUMO1{A72N/H73D) behaved similarly to wild type SUMO1
or SUMQ2 daring gel filtration and snion exchange perifics-
tion, indicating that the two SUMO douchble mutants did not
sppesr o present s barrier to protein folding. We also conju-
gated SUMO2{NESA/D71H) and SUMO1(A72N/H75D) o
RanGAP1 to generate the canonical model substrate used in
owr deconjugstion assays. The conjugation of double point
SUMOnuhusbhnGM’l behaved simalarly to the conjuga-
tion of wild type SUMO1 and SUMO? (dsts not shown).

SENPE, SENP7, and SENP2 were first compared in decomju-
gation assays usng wild type and double point mutants as sub-
strates, namely RanGAP1-SUMO1, RanGAP1-SUMOZ, Ran-
GAP1-SUMO1(A72N/H75D), and RanGAP1-SUMO2(N&8A/
D71H) (Fig. 30). Three diffcrent concsmtrabons were
used in the Bitrstion assays (0.5, 5, and 50 nu) in the presence of
3 pm of each RanGAP1-SUMO substrate. As observed in Fig,
3C, SENP2 is more active and does not discriminate between
wild type and double point mutants of SUMOI and SUMO2
However, in the case of SENPS, there is a noticesble reduction
of activity for the SUMO2 doable point mutant and an incresse
of activity for SUMO1 decble point mutant. For SENP7, the
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docresse in the activity of SUMO2 double point mutant is also
appreciated, wheress for SUMO1 no activity is detectod, ==
reported proviously by different groups (28 -29, 34). These daf-
ferences sre botter in 2 time course decomjugation
reaction, where all RanGAP1-SUMO constrocts were sab-
strates in reactions with either SENP2 st 1 nmor
SENP6 at 5 nm (Fig. 20). Time course results with SENPE con-
firmed the reduction of proteclytic sctivity for RanGAP1-
SUMO2(N&2A/D71H) and the increase of sctivity for Ran-
GAP1-SUMO1(A72N/H73D). In comtrast SENP2, despate
having s proteclytic activity one order of magnitude faster than
j sesze N
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SENPE, showed basically no differences betwoen the wild type
substrates and the double point mutants. As mentionad sbove,
SENP2 does not contain the Loop 1 insertion i its sequence;
could be explained by the lack of the interface betwoen Loop 1
and SUMO.

As stated previously (25-27), SENPS shows s low degree of
proteolytic activity ageinst SUMO1 substrates, in contrast to
SUMO2/3, which is preforentislly cleaved by the SENPS and
SENF7 family members. Interestingly, a gain of the SENPS pro-
teolytic activity with RanGAP1-SUMO1(A72N/H72D) com-
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SUMO Isoform Specificity

pared with RanGAP1-SUMO! wild type & totally cpposed to
the loss of activity observed for RanGAP1-SUMO2(NGEA/
D71H) doable point mutant (Fig, 3, C and D). SENPE protoo-
lytic activity against RanGAPI-SUMOA72N/H73D) =
slmost as efficient as with RanGAPI-SUMO?2 wald type sub-
strate, a striking result for 2 protease with & reported isoform
preference for SUMO2/3 substrates Thas, in sddition to the
enhancement of the proteclytic activity in the SENP6 and
SENP7 subclass, the unsque Loop 1 insertson has 2 prominent
role in the discrimination betwoen the two SUMCO isoforms by
these protesses.

SENPS and SENP7 have beon suggested to posses a major
protealytic activity for deconjugstion of poly-SUMO2 dhain
substrates (24, 26), with an impeoved hydrolyss of the sopep-
tidic bond formed between SUMO2 Lys-11 and the C-terminal
Gly-93 from the next SUMO2. We have desgned 3 version of
diSUMO2 where the donor SUMO?2 contaans the two mats.-
tons (N&2A/D71H) and the SUMO2 contains s delo-
ton of the C-terminal di-glydne motif to keep off poly-SUMO
chain foemation. In Fig. 3E, 2 ime course deconjugation anal-
y=is has boen run using SENP2, SENPE, and SENP7 st 0.5nm. A
trend similar to the RenGAP1-SUMO substrates is observed,
and the differences between the peoteolytic activity for
diSUMO2 and diSUMO2{NE8A/D71H) sre siso noticeable,
with an sctivity redaction for the double point mutant of
diSUMO?2 for SENPS and SENF7.

Processing Amalysis of SUMO Isoform Preference for SENPE
and SENP7—Some groups have reported that the SENPS and
SENP7 subclass di poar proteolytic activites in the for-
mation of the mature form of SUMO from their procursars
(25-27). Howewer, as described previously (26), additson of two
glycine residues after the Gly-Gly motsfl improved maturation
rates substantially for SENP7, minamizing the inhibatory effect
amcmmwmuupmmm;
Thas, the substrates tested i the processing reactions
prSUMMGGGGAX, pteSlJM&GGGﬁ,-X(A?INIH?SD].
preSUMO2GGGG-X, and preSUMO2GGGG-X(NSSA/
D71H). {-X represents the natural C-terminal tzd sequence for
each SUMO isofoem, and G, represents the glydne insertions. )
Although the processing is not as afficient as the deconjugation
reaction, differences between the wild type forms and the doo-
ble point mutants can be appreciated in the titration analysis for
SENPE and SENP7 (Fig. 3F). A gain of proteclytic sctivity =
observed for the maturaton of the SUMO1 double paint
matant precarsor and & cormesponding loss of activity for the
SUMO? doable point mutant pracursce, compared with thar
wild type forms. These results support the formation of similar
enzyme-substrate complexes betwoen SENPE and SENP7 with
the precursor forms of SUMO1 snd SUMO?2, and as observed
for the deconjugation reactson, a promanent role for the Loop 1
insertion is observed. , as obsarved in the deconju-
gation resctions, the processing activity for the maturstion of
SUMO1 precarsor in SENP7 is mach lower compared with
SENPS, as proviously stated (25, 26, 34).

SENPS Loop-i iom Deletion Mutants—To further charse-
terize the catalytic domain of SENPS, we prodaced threo daffer-
ent constructs of SENPS kacking the oguivalent loop msertion
soguences observed in the crystal structure of SENP7 (26),

36148 OURNAL OF BOLOGICAL CHEMSTRY

161

ramely SENPS-AlLoop 1, SENPS-Alocp 2, and SENPE-ALoop
3 (see “Experimental Procedares” for farther sequence detsals).
The amino acid sequence of Loop 1 from SENPS is identical to
the correspondang Loop 1 from SENP7, wheress for Loop 2 and
Loop 3, the amino acid soequences botween SENPE and SENP7
are not homologows. Interestingly, SENPE Loop 3 s —150 res-
idaes long wnhSEN'P‘Ilapa.Muodyﬂlm
idaes long. In the SENP7 crystal structure, Loop 2 and Loop 3
ware disordered, and their remowel dad not produce any change
in the proteciytic sctivity for all the substrates tested, m con-
trast to the SENP7 Locp 1 (Fig. 1).

We tested all SENPE deletion mutants with our canomnical
model substrates, RanGAP1-SUMO (inclading the wild type
and the double point mutant). In the titration analysis shown in
Fig. 44 and supplementsl Fig, 2, the SENPS-Aloop 1 mutant
dasplays a loss of activity foc all substrates under these condi-
tions, whereas SENPE-ALoop 2 and SENP6-AlLoop 3 mutants
Mamiﬁtumm“&mmdﬂwﬂw
form (mpmwnh Fig 30). Particularly interesting is the
inrease in the proteolytic sctivity obsarved for the SENPE-
Alocp 3 deletion mutant, which wes not chserved for SENP7
(26). This guin of proteolytic activity by deleting Loop 3 of
SENPE might be explained by 2 decrease in the total entropy of
the system by removing an msertion of 120 amino acid residues,
which s presumably not ordered in the SENPS structure and
could mterfere in the correct binding of the substrate.

SENPE deletion mutants were also run against RanGAP-
SUMO1 and RanGAP-SUMO2 double poent mutant substrates
(Fig. 44). SENP&-Alocp 2 and SENPS-Aloop 3 ddetion
mutants show the same trend i the protealytic sctivity with the
SUMO double point mutant substrates =s chserved for the
SENPE wild type form (Fig. 3), with an increase and 3 docresse
in the proteolytic sctivity for SUMO1 snd SUMO2 doubie
poent mutant, respectivaly. As statod before, the SENPE-ALoop
1 deletion mutant showed a reduced proteclytic activity with
cither the wild type or any of the double point matant sub-
stratos testod. These results with SENPS correlate well with the
deletion mutant results for SENP7 (26), and support the role of
the Loop 1 insertion i the enhancement of the proteclytic
activity by the formaton of an extended mterface with SUMO.

Initial Rate Measwrements for SENPS-ALoop 3 Mutant—To
obtzin a more quantitative assessment for the proteciytic dif-
ferences botween the SUMO substrates, inatial rate velocities
wore messured using SENPE-ALoop 3 as the protesse in both
processing and deconjugstion reactions. The SENPE-Aloop 3
delotion mutant was chosen due to the hagher activity lovel
compared with the wild type SENPS, s observed in Fig aA.
Deconjugation assays were pulse chased up to B0 min asi
RanGAP1-SUMO1, RanGAP1-SUMO(A72N/H75D), Ran-
GAPISUMOJ. and lmGAPI-SUMOZ(NGIAID?lH) sub-

Similarly, processing were analyzed using
puSUMOlGGG.G,—X. ptﬂJMOlGGZ.G X(mNIHTSD).
preSUM X, s=nd anUMOXS(I:,Q-X(NGW
D71H) substrates (Fig. 45). The enzyme concentration for the
deconjugation and processing reaction was 1 and 5 nw, respec-
tively. Enxyme concentrations were optimizad in esch instance
to better estimate the inatis] rate velocities for each proteclytic
resction.
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As observed in Fig 48, the SUMO1(A72N/H75D) double
point mutsnt increases the proteclytic activity of SENPS-
Almp!bymnpptmlnakol’:—udsﬁddnbdhpcm
esang and thon reactions, respectively. In contrast,
the SUMO2(N&2A/D71H) doable point mutant decreases its
protealytic activity by an order of 4- and €-fold in the process-
ing and decomjugation reaction, with respect to the wild type
SUMO2. , the mitial rates valocities measured for
ﬂ\cSUMOl(AT).NIHTS‘D)&mbhdeMquﬁuiﬂ-
ilar to the initisl rates valocities displayed by the SUMO2 wild
type. These results confirm our previous dats and indacate that
the SUMO isolorm preferonce displayed by SENPE for
SUMO2/3 can be modulsted by swappimg two single amino
scid residues betwoen SUMO1 and SUMO2/3.

Steady-state Kinetic Analysis of SUMO] Mutants—To esti-
mate the kinetic parameters of the contribution of this novd
surface of SUMO to the proteclytic activity of SENPE and
SENP7 subclass, we developed s more quantitative activity
assay using deconjugation sobstrates that are chemically mod-
ified with a Buorophore (Alexa Fluoe 488). The makimide
group of Alexa Floor 488 rescts covalently with cysteine resi-
dues. To develop this resgent we have produced 3 double
j ot N
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mutant of SUMO1 with the substitutions of Ser-9 for cysteine
and Cys-52 for slanme. SUMO1 (S9C/C52A) is modified with
the flucrophore at the flessble N-terminal tail at position 9,
which is not essential for activity. SUMO1 contains a
cystaine residue baried in the hydrophobic core (Cys-52), it has
been replaced by alanine to avoid a potential modificstbon by
the flucrophore that could affect the catalytic propertics of the
SUMO protesses. SUMO1 (S9C/C52A) was tested in conjuga-
tion sssays and compared with SUMO1 wild type to assess that
they both have similar estalytic properties (data not shown).
Deconjugation tsme-course reactions were run wsng Buoro-
gonic RanGAP1-SUMO1 snd HRanGAP1-SUMO1(A72N/
H75D) substrates with SENP2 and SENP6 at 1 and 25 na,
respectively (Fig, 5). As shown in provious results (Figs. 2and 4),
there & 2 cesr gain of protealytsc activity for the SUMOL(AT2N/
H75D) double point mutant compared with SUMO1 wild type foe
SENPS, in contrast to SENP2 where the proteclytic activitses for
both substrates displayed only mince differonces. A Michacks-
Menten ropresentation of the inithal vaoctics messared for a
range of substrate concentration varying from 025 to 100 g,
dsplayed curves that allowed os to etimsate the cats-
Iytic constants of the resction (Fig, 5, 8§ and ). Michachs Menten
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constants K wore 416 and 1316 uwm for SUMOIT and
SUMOI(A72N/H75D) substrates, .whcnnheun-
lytse constant k_, were 0075 and 0294 s ' for SUMO? and
SUMO1(A72N/H75D) substrates, respectivaly. The total gain of
proteciytas activity by the SUMO1 double point mutant is —12.5-
fold, s esttmstod by the kae/K catalytic diciency of the enryme.
Based on theso results, this novel interface botween Loop 1 of
SENPE and SENP7 and SUMO saffects both the binding and the
catslytic properties of the enryme.
DISCUSSION

SENPS and SENP7, the most devergent SUMO protesses of the
SENP/ULP famaly with respect to the cstalytic domsan, contan
soquence insertions in the catalytic domain whose removal com-
promises the proteclytac activity of the enzryme. In partscular, dole-
mno(tlnlaq:lmnSB\TPGMSENPIthmn
diminashed in both and resc-
tions, whereas deletson of Loop 2 and Loop 3 display similsr or
oven higher activitics with respect to the wild type form (s
observed for SENPS-Aloop 3) Bsochemical and mutsgenesis

36150 OURNAL OF IOLOGICAL CHEMISTRY

163

snalysss on Loop 1 insertSon revesl that both the structursl confior-
maton of the loop and the charge properties of the side chan of
Lys-£91 are basic for the comect proteclytic sctivities showed in
the SENP7 reactions. In particalar, the putative intoractton with
the SUMO surfare of the «-amino group of Lys-£91 seems fands-
mentsl for 2 correct formation of the enzyme-substrate complex,
and this interaction soems only o cocur with s particular struc-
tural confoemation of Loop 1. Thes property is restncted to SENPE
and SENP7 familly members, bocsuse for the other membersof the
SENP/ULP family, the Loop 1 sequence is not peesent, and at lesst
for SENP1 and SENP2, this lack of sequence does not suppose 3
constraint for thesr proteclytic activity (19, 21, 25, 34). Thus, we
prodict 3 more extended nterface for SENPS and SENP7 m the
complex with SUMOQ, including the Loop 1 insertion present onlly
in this subclass of SUMO

Several groups have reported MSENK snd SENP7 pre-
ferrod SUMO?2/3 as substrates in and processing
resctions (25— 27). The spacificity of the SENP family members
for the different SUMO iscforms is largely based on contacts st
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the tnterface of the SENF and SUMO structures. A strocturs]  REFERENCES

modd based on the orpstal structure of the ntersction of SEN2
with SUMO2 sugpests 3 rogpon of SUMO $at could Intersct with
the 1Loop 1 of SENF7. In partsadar, tn our model, the locstions of
resddoes Asp-71 and Asn-68 i the structure of SUMO2 sre in s
short conlact dstsnce with 1 of SENF7, prossmably
nﬁﬁqp&m&mdhm:’y
the corresponding SUMO] restdues hestadine snd slentne, recpoc-
tivaly, roduce the protease sctvity for all of the substrates testod.
Interestingly, when we swap the corresponding SUMOT rosidacs
with residaes frum SUMOZ, 5 notable gatn of proteclytse sctivity
n be observad for all SUMO1 substrales tested, and n some
Instances bocomes s sctive ss with the SUMOZ substrate and thes
reverts the tsoform preforence of SENPS and SENFP7.

This novel SUMO milerface & only redevant for the SENPS
and SENP7 family members because these sre the anly SUMO
proteases with s Loop 1 insertion tn thetr catslytic domatns. For
the other members of the SENP/ULP protesse amily, SENF3
and SENFS have sio been reported to have s strong selectivaty
for SUMO273, but in this case, 3 dfferent region in the SUMO
sarface may account for sach . However, we canmot rule
ot the possbaity of the formation of 3 tmtlsr Loop I strocture
doe to the lack of structural sformation for SENF3 snd SENPS
ataytic domains. Thes ts In contrsst to SENP1 and SENP2
atahytic domains, where SUMO soform differences for the
deconjugalion resction are minor (19, 21). In the SUMO mat-
uration resction, it has boon reported that the two reddues In
the C-terminal tatl tmmedbately following the claavage stte were
responsdble for the SENP1 and SENP2 ssoform preference (19,
21, 35). A recent study confirmed the different SUMO tsoform
meQMMlhehmns}:NPM}hlybym
SUMO-varyl salfome adducts for v vive and
SUMO-amsdomethyl coamartn ss substrates (34). in this stody,
2 similer SUMO273 tsoform proference for the SENP6 and
SENFP7 catslytic dosmatns ts confirmed, and interestingly, 1t &
sagpestod that the N-termenal domatn of some SUMO pro-
tesses can influence ther parslog speciicity (34)

The SENPS and SENF7 subclass of the SENPIULP famtly are
the most with to thesr domatn. In
thi sy, we heve demiinda rgon 1 e SLIC sarface that
ts responsble for the SUMO isoform preference for SUMO2/3
desplsyed by this ssbclass of SUMO proteases. Single potnt
mutsgeness in this region can swap thetr SUMO isoform peod-
erence betwoen SUMOZ/3 and SUMOL. The disdosare of this
region revesls smportant insights inlo $he blochemical and stnac-
tural baology of S SUMO doconjugstson resction, and It can lesd
1o the development of valuable tooks for studying the SUMO =0-
form speatficity insde of the cell. Although addtsonal strocturs]
work will e reqatred to doscribe tn detsd the physca] bacs of thes
novel SUMO-SENP mterfsce, our bochermical snd mutsgeness
apariments sapgest how SENPS and SENT7 sre shie to discern
batweon SUMO1 and SUMO2/3 soforms.
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Supplementary figure 1. Bar table of the comparison of the approximate nitial
rates for the deconjugation reaction of the diSUMO2 and diSUMO2(D7 1K) with
SENP7 wild type and mutants. This figure is based on results of figures 1F and
2B.
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Supplementary figure 2. End point processing reaction for preSUMO1GG (pS1GG).
preSUMO1GG(A72N/H75D) (pS1GGmut), preSUMO2GG (pS2GG) and preSUMO2GG
(N68A/D7 1H) (pS2GGmut) with deletion loop mutants of SENPS (ALoop 1. ALoop2 and
ALoop3). Reactions were run for 15 minutes at 37 C and stopped with SDS-PAGE
loading buffer. Gel was stained with SYPRO.
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Summary of SENP Activities

Table 1. Summary of observed catalytic activities of SENP2, SENP6 and
SENP7

SENP isoform S2/S2ins* S6 S7
pS1GG ++++ - -
pS1GGmut +++ +/- -
pS2GG +++ + +

pS2GGmut +++ +/- +/-

RGS1 ++++ +/- +/-

RGSImut ++++ + +

RGS2 ++++ ++ ++

RGS2mut ++++ + +

diSUMO2 ++ ++++ ++++

diSUMO?2 ++++* - -

diSUMO2mut ++ ++ ++

diSUMO2/1 + - X

Table 2. Summary of observed catalytic activities of SENP6 deletion
mutants
SENP isoform S7 S7[01 S74P G S7K691E S7K691A
dlSUMOZ ++++ - +/_ _ ++
diSUMO2 (D71K) + - - - +
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polySUMO2 ++++ - + - +

SENP isoform S7 S7M1 S74P G S7K691E S7K691A
diSUMO2 ++++ - +/_ - ++
Tabl
diSUMO?2 (D71K) + - - - +
e 3.
polySUMO2 ++++ - + - +

Summary of observed catalytic activities of SENP7 Loopl mutants

168



Summary of Present Investigation in English

Swapping the SUMO Isoform Specificity of SENP6/7

SENP6 and SENP7 are the most divergent members in the SENP family of
proteases and they are the only members that bear four loop insertions dispersed
throughout their catalytic domains. The superposition of the SENP7 catalytic
domain with the SENP2-SUMO complex revealed a tentative SENP7 Loopl-
SUMO interface and upon further inspection, distinct residues on SUMO1 and
SUMO?2 were identified at the interface. A series of mutants were constructed
bearing characteristics of both SUMOs and by swapping the residues from
SUMOIL1 to SUMO2 and vice versus we were able to both decrease and increase

the activity of the SENP6 and SENP7 toward these substrates.
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Loopl SENP6/7 Is Responsible For SUMO Interface Specificity

In addition to mutations on SUMO we constructed a series of mutations
on SENP7-Loopl within the tentative SENP7-Loopl-SUMO  interface to
determine the structural and functional roles of the residues that reside within
this region. We were able to recover some of the activity lost by the removal of
Loop1 by replacing the four prolines of Loopl with glycines proving that Loopl
plays at least a structural role in SUMO recognition. We also identified Lys691 of
Loop1 in SENP7 as indispensible to the activity of the enzyme. D71 is one of the
residues proposed to confer SUMO2/3 specificity in the previous swapping
experiments. We mutated this residue in diSUMO2 and saw a decrease in
activity of SENP7. This could be explained by our theory that this region on
SUMO is interacting with Loopl, more specifically K691, and the decrease in
activity was caused by a charge clash between SUMO2 and SENP7 Loopl.

To further show the utility of Loopl in deconjugation of multi-
SUMOylated species we inserted the eight residues of SENP6 Loopl into SENP2.
We saw an overall increase in activity of SENP2 against diSUMO2 but not

against any other substrate tested.

Complexes With Substrates

In order to see if SENP6 was able to form any stable complexes in
solution, we produced milligram amounts of [J3SENP6CS and [J2[]3SENP6CS

(the two constructs of the protein that showed both good yields in protein
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production and high performance in activity assay). We incubated each protease
with SUMO precursors, RanGAP1-SUMO?2 and diSUMO?2 substrates. Of all the
substrates tested, only diSUMO was able to form a stable complex with
[13SENP6CS and [J2[]13SENP6CS. []2SENP6CS was also tested but there was no
indication of any complex formation, leading to the hypothesis that SENP6
Loop3 was impeding, perhaps entropically, the ability of SENP6 to form a stable

complex with diSUMO2.

SENP6 Loop3 Characterization

Loop3 takes up roughly 40% and 20% of the catalytic domains of SENP6
and SENP7 respectively. In our loop deletion experiments we saw an overall
increase in the activity when Loop3 was not present and removal of Loop3
proved vital to the ability of the enzyme to form a stable complex with
diSUMO2. In order to try to decipher what role this loop plays in the context of
the protease, we isolated the 184 insert from SENP6 and produced and purified
the protein. 1-H 1-D NMR pointed to an overall lack of tertiary structure within
the loop but limited proteolysis and mass spectrometry analyses showed a stable
fragment of around 11kDa. Further circular dichroism and Fourier Transform
Infrared Spectroscopy suggested the presence of some secondary structural
elements but overall characterization of SENP6 Loop3 showed a mainly

unstructured loop.
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Resumen de trabajo en espafiol

Intercambiar la especifidad de las isoformas de SUMO1 y SUMO2/3 para

SENP6/SENP7
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SENP6 y SENP7 son los miembros mas divergentes de la familia de
proteasas SENP y los tinicos miembros que llevan cuatro inserciénes o “loops”
localizadas en su dominio catalitico. Al sobreponer el dominio catalitico de
SENP7 sobre el complejo SENP2-SUMO podemos ver una posible interfaz entre
el Loopl de SENP7 y SUMO. También identificamos diferentes residuos de
SUMO1 y SUMO?2 que podrian formar parte de la interfaz. Disefiamos una serie
de mutantes de SUMO1 y SUMO?2 donde se intercambian entre ellos los residuos
que forman parte de la interfaz. De esta manera fuimos capaces de intercambiar

la actividad proteolitica de SENP6 y SENP7 hacia estos substratos.

El Loopl de SENP6 y SENP7 es responsable de la especificidad de la interfaz

entre los SUMOs y las SENP6/7

Disefiamos una serie de mutantes del Loopl de SENP7 dentro de la
posible interfaz entre el Loopl de SENP7 y SUMO para determinar los papeles
estructurales y funcionales de los residuos que estdn dentro de esta regiéon. Los
mutantes de SENP6/7 sin el Loopl perdian gran parte de su actividad, esta se
podia recuperar un poco al reemplazar las cuatro prolinas del Loop1 por glicinas.
De esta manera probamos que el Loopl tiene un papel por lo menos estructural
en el reconocimiento de SUMO. También identificamos el residuo Lys691 del
Loopl de SENP7 como elemento indispensable en la actividad de la enzima ya
que al mutar este residuo por un aspértico disminuye la actividad para sustratos

con SUMO?2. Por otra parte el residuo Asp71 de SUMO?2 es uno de los residuos

174



propuestos para el reconocimiento de SUMO2/3. Cuando mutamos este residuo
a lisina, vemos una bajada en la actividad de SENP7. Este hecho sugiere que
Asp71 de SUMO?2 esté interaccionando con Loopl y quizas con la Lys691, y que

la bajada en la actividad es causada por una repulsiéon de cargas.

Por otro lado con el objectivo de estudiar el efecto de Loopl en la
desconjugaciéon de especies SUMOyladas, insertamos los ocho residuos de
SENP6 Loop en el dominio catalitico de SENP2. Esta insercién provoca un
aumento de la actividad sustancial de SENP2 contra diSUMO en comparacion

con la forma wild type.

Complejos con substratos

Para ver si SENP6 es capaz de formar algtin complejo estable, producimos
cantidades en miligramos de los mutantes inactivos de [J3SENP6C1030S y de
[J2[13SENP6C1030S. Incubamos cada proteasa con los precursors de SUMO, con
RanGAP1-SUMO?2 y con diSUMO2. De todos los substratos que probamos,
diSUMO2? fue el tnico que podia formar un complejo estable con [[3SENP6CS y
[12[13SENP6CS por copurificacion en una columna de gel fitracion. Con
[12SENP6CS no pudimos formar ningtn complejo. Con esta informacion
llegamos a la conclusién que el Loop3 de SENP6 reduce, quiza por razones de

entropia, la capacidad de SENP6 de formar un complejo estable con diSUMO2.
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Caracterizacion del Loop3 de SENP6

Para descifrar el papel que este loop tiene en el contexto de la proteasa,
producimos y purificamos los 185 residuos de Loop3 de SENP6. Analysis 1-H 1-
D RMN mostraba una falta de estructura terciaria dentro del loop, pero
protedlisis limitada y espectroscopia de masas mostraban un fragmento estable
de cerca de 11kDa. Dicroismo circular y FTIR tambien sugieren la presencia de
algunos elementos de estructura secundaria. Globalmente, la caracterizacion
biofisica del Loop3 de SENP6 muestra que el loop es una proteina

desestructurada.
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