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The ubiquitin system and deubiquitinating enzyme USP25 

Post-translational modifications increase protein complexity 

While it is estimated that human genome encodes 20,000-25,000 protein-

coding genes (1), the total number of proteins in human proteome is estimated to 

be many times more, possibly ranging from 10,000 to almost 1 million. This is 

because a single gene can generate different variants of a particular protein through, 

for example, alternative splicing, mRNA editing, and genomic recombination. The 

complexity of human proteome is further increased by protein post-translational 

modifications (PTMs), including phosphorylation, glycosylation, lipidation, 

carbonylation, acetylation, methylation, and ubiquitination. These mechanisms can 

somehow explain why humans could be so much more complex with just 25,000 

genes. 

 

 

Figure 1. A view of post-translational modifications from protein complexity (2).  

 

Ubiquitin and ubiquitination 

In the late 1970s and 1980s, Avram Hershko, Aaron Ciechanover and Irwin 

Rose discovered and characterized the ATP-dependent, ubiquitin-mediated 

proteolysis. As a result of their pioneering studies, they were awarded with the 2004 

Nobel Prize in Chemistry (3). After the landmark discovery of ubiquitin-mediated 

degradation by the 26S proteasome, the protein-based modifications became 
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prevalent. Today, it is quite clear that this function of ubiquitin was just the tip of an 

enormous iceberg. The recent global proteomic studies provide insight into the 

complexity of the ubiquitin system and about 1.3% of total cellular proteins are 

substrates of ubiquitination in human cells (4). In human societies, people 

communicate with each other using words and sentences that can trigger specific 

responses from other individuals. Similarly, proteins are modified with polymeric 

ubiquitin chains, in which the linkage between ubiquitin molecules encodes 

information. Thus, ubiquitin code is like the communication language between and 

within cells and determinates the fate of its substrate. The ubiquitin system is a 

universal means of protein regulation which controls a wide range of cellular 

processes including gene transcription, cell cycle, cell death, signal transduction, 

DNA repair, and autophagy (5-10). 

Worth of the name, ubiquitin is quite ubiquitous in biology. Ubiquitin (Ub) is a 

highly conserved 76-residue protein (~8.5 kDa) that is present in all eukaryotes, 

from yeast to human. In human genome, there are four genes coding for ubiquitin: 

UBB, UBC, UBA52, and RPS27A (11). Ubiquitin-like proteins (Ubls) are a set of 

proteins which adopt the same β-grasp fold as ubiquitin. As one of the most known 

protein posttranslational modifiers, ubiquitin and Ubls are covalently attached to an 

ε-amino group of the substrate protein’s lysine residues (Figure 2). This modification 

is carried out via a conserved three-step enzymatic cascade through the E1 

activating enzyme, the E2 conjugation enzyme, and E3 protein ligase, resulting the 

formation of an isopeptide bond between the C terminus of ubiquitin and the lysine 

on the target protein (5, 12). First, E1 activates the C-terminal glycine residue of 

ubiquitin in an ATP-dependent manner, resulting in the formation of an intermediate 

ubiquitin adenylate, followed by the binding of the C-terminus of ubiquitin to the 

active cysteine residue of E1 through a thioester linkage. Second, the activated 

ubiquitin is transferred from E1 to E2, whose active cysteine residue forms a 

thioester bond with the C-terminus of ubiquitin. Finally, E3 ligase interacts with 

ubiquitin-loaded E2 and mediates the final ubiquitin transfer, forming an isopeptide 

bond between the lysine ε-amino group of the target protein and the C-terminal 

carboxyl group of ubiquitin. In addition, ubiquitin can also be attached on N-terminus 

amino group, cysteine, serine, and threonine residues of the target proteins (13-17).  
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Figure 2. Ubl conjugation and deconjugation pathways (10). Precursor Ubls (including ubiquitin) 
are processed by either DUBs (deubiquitinating enzymes) or ULPs (Ubl-specific proteases) to 
expose a C-terminal glycine in the mature Ubl. The processed Ubl is conjugated to the target protein 
via a three-step enzymatic cascade through the E1 activating enzyme, E2 conjugation enzyme, and 
E3 protein ligase. The DUBs and ULPs can remove Ubls from substrates.  

 

Ubiquitination enzymes 

Specificity of ubiquitination to the thousands of human substrates depends on 

the sequential action of E1s, E2s, and E3s. There are 2 E1s, ~40 E2s, and more 

than 600 E3s in human ubiquitin system (18-23). E2s play the dominant role in the 

ubiquitin chain assembly. E3s are the most heterogeneous and critical components 

in the ubiquitination cascade, as they bind directly to their target proteins and strictly 

control the efficiency and specificity of the ubiquitination reaction (21). Currently, 

E3s can be classified in three different classes: HECT (homologous to the E6AP 

carboxyl terminus), RING (Really Interesting New Gene), and RBR (RING-between-

RING), based on their structural composition and mechanism of ubiquitin transfer to 

the substrate (18, 20, 23-25) (Figure 2). RING E3s, the most abundant ubiquitin 

ligases, are characterized by the presence of a zinc-binding domain named RING 

or by a U-box domain, which has the same fold as RING but without zinc 
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coordination (20, 25-27). The conserved HECT domain is located at the C-terminus 

of the proteins and characterized as a bi-lobar architecture consisting of the N-

terminal lobe that interacts with the E2 and a C-terminal lobe that contains the active 

cysteine which binds ubiquitin in a thioester linkage (24, 25). The HECT members 

catalyze ubiquitin transfer to the substrate in a two-step reaction: ubiquitin is first 

transferred to the catalytic cysteine of E3 and then transferred from E3 to the 

substrate, while RING or U-box ubiquitin ligases act as a scaffold that allows the 

transfer of ubiquitin from the E2 to the target protein (18, 20, 24, 25). The RBR E3s 

consist of two RING domains（RING1 and RING2）that are separated by an in-

between-RING domain. RBR E3s catalyzed ubiquitin transfer to substrate through 

RING-HECT-hybrid mechanism that RING1 first recruits the ubiquitin loaded E2 and 

then the ubiquitin binds to the catalytic cysteine of RING2 in a thioester linkage, 

followed by the ubiquitin transfer to the substrate (28). 

 

Non-canonical ubiquitination independent of E1 and E2 

Given the central role of ubiquitin system to eukaryotic defense systems, it is 

not surprising that many bacterial pathogens exploit host ubiquitin systems for their 

own benefit. One such example is that some bacterial effector proteins are able to 

mimic and hijack the activity of eukaryotic E3 ligases (18, 29-31). Recent studies 

reveal that members of SidE effector family of the bacterial pathogen Legionella 

pneumophila are capable of catalyzing ubiquitination without the requirement of E1 

and E2 enzymes of the host ubiquitination system (32, 33) (Figure 3). In this novel 

ubiquitination mechanism, ubiquitin is first activated by ADP-ribosylation at Arg42 

and forms the ADPR-Ub intermediate. This intermediate then releases from the 

mART domain and diffuses to the ubiquitin-binding surface of the PDE domain. The 

ADPR-Ub is then catalyzed by the PED domain to release AMP and PR-Ub, 

concomitant with the attachment of ubiquitin to serine residues of substrate proteins 

via a phosphoribosyl linker (34, 35). This effect of SdiE family members can be 

antagonized by SidJ via cleaving the phosphodiester bond (36). This non-canonical 

ubiquitination mechanism expands the spectrum of ubiquitination system and the 

most exciting question now is whether this kind of ubiquitination also exist in 

eukaryotes.  
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Figure 3. The Non-canonical 
ubiquitination mechanism used by 
bacteria (33). In the first step, the 
enzyme’s mART domain processes NAD+ 
and adds an adenosine diphosphate 
ribose (ADPR) group to Arg42 of ubiquitin. 
This generates ADPR-Ub in a reaction 
that releases nicotinamide. ADPR-Ub is 
then processed by the enzyme’s PDE 
domain. The molecule AMP is released in 
a reaction that generates ubiquitin bound 
to a phosphoribosyl group (PR-Ub); the 
phosphoribosyl group, in turn, is 
covalently attached to the enzyme’s 
His277. If a protein substrate enters the 
enzyme’s active site, the enzyme 
catalyzes the attachment of PR-Ub to a 
serine residue on the protein substrate. If, 
instead, water enters the active site, PR-
Ub is released. 
 
 
 
 

 

The ubiquitin code 

Ubiquitin has six lysine residues on its surface: Lys6, Lys11, Lys27, Lys29, 

Lys33, Lys48, and Lys63 (Figure 4A). A key feature of ubiquitin is that it can be 

ubiquitinated on any of its seven lysine residues, as well as the its N-terminus (Met1), 

leading to eight types of homotypic polyubiquitin chains and an almost infinite variety 

of heterotypic or branched polyubiquitin chains (9) (Figure 5B).  

 

 

 

B A C 
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Figure 4. Modification sites on ubiquitin (7). (A) Structure of ubiquitin highlighting the eight sites 
of ubiquitination. (B) Six out of seven Lys residues on ubiquitin have been reported to be acetylated 
in proteomics datasets. An asterisk marks the seventh Lys, Lys29, for which acetylation has not been 
identified to date. (C) Identified phosphorylation sites of ubiquitin are displayed according to 
proteomic analysis. Red spheres indicate phosphorylatable hydroxyl groups on Ser/Thr and Tyr 
residues. The structure was rotated 180 degrees to show all phosphorylation sites. An asterisk on 
Thr9 indicates this site is ambiguously assigned.  
 

All possible linkages types have been detected in cells through proteomics 

studies (37-41) and are thought to be the distinct signals recognized by specific 

ubiquitin receptors. Although many types of ubiquitination exist in cells, the most 

abundant forms are monoubiquitination, as well as Lys48-linked and Lys-63-linked 

polyubiquitination (42) (Figure 5A). The biological outcomes are diverse depending 

on the ubiquitin chain types. Monoubiquitination regulates processes such as 

membrane transport, histone regulation, and endocytosis (43, 44). Lys48-linked 

chains, the most predominant linkage type in cells (39), are related to protein 

degradation (5, 7), whereas Lys63-linke chains, the second most abundant linkage 

type in cells (39), play roles in a range of other processes such as DNA repair and 

protein trafficking (44). Linkages other than Lys48, including Lys11 and Lys29, also 

appear to serve as a signal for proteasome degradation (39, 45, 46). Additional 

linkage types such as Lys6, Lys27, and Lys33 have been assigned respective 

functions in ubiquitin-dependent signaling (47, 48). More recently, studies show that 

branched or heterotypic polyubiquitin chains including Lys11 branched, Lys48-

Lys63 branched, and Lys63-Met1 mixed may serve as independent signals in cells 

and relate to multiply cellular processes (49-51). Ubiquitin can also be modified by 

other PTMs such as SUMOylation, phosphorylation, and acetylation, increasing the 

complexity of ubiquitin code (7, 47) (Figure 4B,C). The conformations of different 

polyubiquitin are either compact or open. Lys48-, Lys6-, and Lys11-linked chains 

adopt compact conformation in which the ubiquitin moieties interact via Ile44 or Il36, 

while Met- and Lys63-linked chains mostly display open conformations (9).  
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Figure 5. The complexity of ubiquitin modifications (52). (A) The three most common forms of 
ubiquitination—monoubiquitination, Lys48-linked polyubiquitination, and Lys63-linked 
polyubiquitination—are shown as structural models attached to a virtual substrate. Distinct chain 
topologies generate different structures, contributing to specific recognition. The nomenclature of the 
various bond types is introduced. (B) Schematic representation of the increasingly complex ubiquitin 
code. Monoubiquitin, the least complex modification, can be extended on lysine residues or its N-
terminal methionine (Met1) residue, giving rise to eight homotypic polyubiquitin chains. Heterotypic 
chains contain more than one linkage type in mixed or branched (also known as forked) polymers. 
Additional layers of complexity arise through the cross talk between ubiquitin and ubiquitin-like 
proteins, such as SUMO (S) or NEDD8 (N8), as well as with other PTMs, including acetylation (Ac) 
and phosphorylation (P). Abbreviations: NEDD8, neural precursor cell expressed, developmentally 
downregulated 8; PTM, posttranslational modification; SUMO, small ubiquitin related modifier. 
 

Deubiquitinating enzymes  

Ubiquitination is reversible and proteases that remove ubiquitin signals are 

called deubiquitinating enzymes (DUBs). DUBs can remove ubiquitin by catalyzing 

the hydrolysis of isopeptide bond (Figure 2). Therefore, ubiquitin conjugation and 

deconjugating are balanced and tightly regulated by E3 and DUB. There are more 

than 100 DUBs encoded in the human genome (53). Based on the structure studies, 

their isopeptidase activities are conferred by distinct catalytic domains (52-55). 

Recently, the identification of a new family MINDY extends the DUBs to six distinct 

families (56). Five families, ubiquitin specific protease (USP), ubiquitin C-terminal 

hydrolase (UCH), the ovarian tumor protease (OTU), Machado-Joseph disease 

(MJD), and the motif interacting with ubiquitin (MIU) containing novel DUB family 

(MINDY), are cysteine proteases that contain a catalytic trad of Cys, His, and 

A 

B 
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Asp/Asn. The other family is Zn-dependent JAB1/MPN/MOV34 metalloprotease 

(JAMM) (52-55).  

 

Functions of DUBs  

DUBs play several roles in the ubiquitin pathways (Figure 2). First. Ubiquitin is 

always expressed either as a proprotein fused to one of two ribosomal proteins or 

as linear polyubiquitin which is consist of multiple copies of monoubiquitin. DUBs 

are required to process these proproteins or linear polyubiquitin to generate the 

mature ubiquitin monomer. Second, DUBs can remove ubiquitin chains from 

ubiquitinated proteins. In this role, DUBs reverse the ubiquitin signaling or stabilize 

proteins by rescue proteins from degradation. Third, Ubiquitin is recycled by DUBs 

and its homeostasis therefore be carefully controlled. Finally, DUBs can be used to 

trim polyubiquitin chains. (53, 55). Deubiquitination is a highly regulated process like 

ubiquitination that has been implicated in a range of cellular functions, such as cell 

cycle regulation, protein degradation, gene expression, DNA repair, kinase 

activation, and microbial pathogenesis (53). 

 

USP family deubiquitinating enzymes 

In human genome, USPs constitute the largest family of DUBs counting more 

than 50 members (53-55, 57) (Figure 6). Research on USPs has revealed many 

related specific biological pathways. For example, USP7/HAUSP regulates p53 and 

its E3 ubiquitin ligase MDM2 levels in cells (58), while USP28 control the stability of 

c-myc by removing degradative Lys48-linked polyubiquitin chains (59). USP14 is 

associated with the proteasome and can recycle ubiquitin by removing L48-linked 

ubiquitin chains from proteasome substrates (60). CYLD is a Lys63-specific and 

inhibits activation of the IKK kinase complex in the NF-кB pathway (61). USP44 

deubiquitylates CDC20 and its activity is important for the regulation of the spindle 

checkpoint (55). However, there are still many USP enzymes that are not studied 

well.   



11 

 

 

 

Figure 6. Domain structure of ubiquitin-specific proteases (55). The domain architecture of 
USPs reveals an abundance of predicted ubiquitin-binding domains, including the zinc finger 
ubiquitin-specific protease (ZnF-UBP) domain, the ubiquitin-interacting motif (UIM) and the ubiquitin-
associated (UBA) domain. Also common are potential ubiquitin-like (UBL) domains, although many 
of these have not been validated at a structural level. Other domains are: Ataxin 2C, ataxin 2-like 
carboxy-terminal domain; CAP, CAP-Gly domain; CS, CHORD-SGT1 domain; DUSP, domain in 
USPs; EF-hand, Ca2+ binding motif; MATH, meprin and TRAF homology domain; TBC/RABGAP, 
domain in Tre-2, Bub2 and Cdc16/RAB GTPase activating protein; ZnF-MYND, MYND (myeloid, 
nervy and DEAF1)-type zinc fingers.   
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USP structure  

All USPs contain a catalytic core of ~350 amino acids, in which the N-terminal 

Cys-box and a C-terminal His-box comprise the catalytic Cys and His residues, 

respectively. However, the size of USPs ranges from 339 (USP50) to 3546 (USP34) 

amino acids (Figure 6). This is because that many USPs not only contain a 

conserved catalytic domain but also different additional domains that can be 

involved in the protein-protein interaction and localization (55, 57) (Figure 6). 

Structure studies of various USPs, including USP2, USP4, USP7, USP8, USP12, 

USP14, USP18, USP21, USP30, USP46, show that the catalytic core of USPs 

adopts a conserved fold consisting of three subdomains known as Palm, Thumb, 

and Fingers (Figure 7A), in which the active site cysteine is located between the 

Palm and Thumb while the Fingers grip the “distal” ubiquitin (62-71). Only CYLD 

lacks the Finger subdomain (71). Crystal structure of the USP7-ubiquitin aldehyde 

complex shows that the C-terminal tail of ubiquitin inserts into the catalytic triad 

(Figure 7B). 

 

 

 

Figure 7. Crystal structure of USP7. (A) Structure of the catalytic domain of USP7 (PDB code 
1NB8) is displayed in ribbon representation. Thumb, Palm and Fingers are labeled in blue, cyan and 
green respectively. Active site catalytic triad residues (Cys, His, and Asn) are shown in stick 
representation. (B) Ribbon representation of USP7-ubiquitin aldehyde complex (PDB code 1NBF). 
USP7 is labeled in green, while ubiquitin is shown in pink.  
  

A B 
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USP additional domains 

These additional domains of USPs are either located into the conserved 

catalytic core or the N-terminal and C-terminal (Figure 6). These domains include 

many predicted ubiquitin-binding domains, such as the zinc finger ubiquitin-specific 

protease (ZnF-UBP) domain, the ubiquitin-interacting motif (UIM), ubiquitin-like 

(UBL) domain, and the ubiquitin-associated (UBA) domain (Figure 6). The catalytic 

activities of USPs are usually modulated through these additional domains, adding 

a layer to the regulation to these enzymes (55, 57). USP5 contains two UBA 

domains inserted in the catalytic core that can provide additional ubiquitin-binding 

sites and affect enzyme activity (72). The ZnF-UBP domain of USP5 is revealed to 

be associated with substrate targeting and specificity (73), and the crystal structure 

of full length USP5 reveals a previous unpredicted domain (nUBP), that is tightly 

bound to the catalytic core and essential for the activation of catalytic activity (74). 

A C-terminal 19 amino acids peptide binds the activation cleft in the catalytic domain 

and stabilizes the catalytically competent conformation, thus, enhances the activity 

of USP7 (75). This activation can be enhanced allosterically by the metabolic 

enzyme GMPS 12 (76). The binding of USP4 N-terminal DUSP-UBL domain 

promotes a change of a switching loop near the active site, hence enhances 

ubiquitin dissociation and makes it achieve full catalytic activity (64). The N-terminal 

tandem UIMs of USP25 is required for sufficient hydrolysis for ubiquitin chain, while 

the SIM, also locates at the N-terminal, interacts with SUMO proteins and promotes 

the SUMOylation at K99, leading to the inhibition of ubiquitin chain hydrolysis (77, 

78).  

 

USP25 is target of diverse PTMs 

USP 25 is a member of USP family and shows strong activity in hydrolyzing 

K48 and K63 linked poly-ubiquitin chains, which are the most abundant linkage 

types in cells. There are three isoforms produce by alternative splicing, two of them 

(1055 and 1087 amino acids, respectively) are extensively expressed, while the 

longest isoform (named USP25m, 1125 amino acids) is only expressed in muscle 

tissues (79). USP25 is a target of different posttranslational modifications including 

phosphorylation, SUMOylation, and ubiquitination, concomitant with distinct 

outcomes (Figure 8). The SYK non-receptor tyrosine kinase can specifically 



14 
 

phosphorylate USP25 and decrease its cellular levels (80). USP25 enzymatic 

activity is suppressed after vaccinia-related kinase2 mediated phosphorylation at 

Thr680, Thr727, and Ser745, which controls the stability of the eukaryotic 

chaperonin TRIC (81) (Figure 8B). SUMO and ubiquitin regulate the catalytic activity 

of USP25 by conjugation at Lys99 with opposite effects: ubiquitination activates 

while SUMOylation inhibits the USP25 activity (77, 82). 

 

Biological roles of USP25 

USP25 has been associated with inflammation, immune response and cancer. 

For example, USP25 is involved in the Endoplasmic Reticulim-associated 

degradation (83), and acute ER stress regulates amyloid precursor protein 

processing through ubiquitin-dependent degradation by USP25 (84). USP25 is a 

negative regulator of IL-17-mediated signaling and inflammation through removal of 

ubiquitination in TRAF3, TRAF5, and TRAF6 and can regulate TLR4-dependent 

innate immune responses (85-87). Moreover, the type I interferon-IRF7 can activate 

the expression of USP25 gene, which is essential for innate immune signaling (88). 

Several evidences point to the involvement of USP25 in cancer. USP25 gene is 

found greater than threefold overexpression in human breast cancer tissue (89), 

and further study shows it as a putative tumor suppressor in human lung cancer 

(90). Another study in human non-small cell lung cancer reveals miR-200c inhibits 

invasion and metastasis by directly targeting USP25 and reducing the expression 

level (91). Recently, it has been shown that USP25 directly interacts with tankyrases 

through its C-terminal tail and promotes their deubiquitination and stabilization, thus 

regulating Wnt/β-catenin signaling pathway, making an important impact in cell 

proliferation and human cancer development (92). Usp25m is revealed as a 

protease that required for insulin-stimulated TUG cleavage and GLUT4 

translocation in adipocytes (93). USP25 has a paralogue USP28 that shares high 

sequence similarity (51%). However, the functions and targets of these two proteins 

mostly do not overlap until now. 
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USP25 domain architecture  

Despite these important roles in cellular pathways, structural insights of USP25 

activity regulation are still not clear. The N-terminal domain of USP25 contains one 

ubiquitin associated domain (UBA), one SUMO interacting motif (SIM), and two 

ubiquitin interacting motifs (UIM1 and UIM2) (78). The UIM1 and UIM2 interact and 

recruit ubiquitin chains to USP25 catalytic domain, thus increase the polyubiquitin 

chain hydrolysis activity (Figure 8A). However, SUMO-modified USP25 maintains 

the ability to hydrolyze Ub-AMC, but exhibits lower activity during polyubiquitin chain 

degradation, which indicates that SUMO modification affects the recruitment of 

ubiquitin but not the catalytic domain activity (77) (Figure 8B). The same 

SUMOylation mediated activity inhibition also has been reported in USP28 (94). 

Although the basic elements of the catalytic domain of USP25 are conserved, there 

is a large domain (175 residues) inserted within the catalytic core (Figure 8). Also, 

previous studies show USP25 can form homodimers or oligomers in vivo and the 

catalytic domain (between residues 153 to 679) is relevant for this dimerization or 

oligomerization (77, 82). This indicates that the large inserted domain within the 

catalytic core may responsible for the dimerization or oligomerization. Finally, the C-

terminal domain of USP25 is involved in phosphorylation and substrate recognition 

(80, 81), directly interacting with tankyrases to promote their deubiquitination and 

stabilization (92) (Figure 8A). Since regulation of the levels and activity of tankyrases 

is mechanistically important in controlling Wnt signaling, USP25 is identified as a 

positive regulator o Wnt signaling (92). 
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Figure 8. Scheme of USP25 domain architecture and its regulations by phosphorylation, 
ubiquitination, and SUMOylation. (A) USP25 are composed of the N-terminal domain (NTD), the 
catalytic domain (USP domain), and the C-terminal domain (CTD). NTD of USP25 contains three 
ubiquitin-binding domains (UBA, UIM1 and UIM2) and one SUMO interacting motif (SIM). UIM1 and 
UIM2 are important for the recruitment of ubiquitin chains to USP domain, and can promote the 
hydrolysis activity. The CTD tail (residue 1049-1055) directly interact with tankyrases to promote their 
deubiquitination and stabilization. The large unknown insertion domain is indicated in pink color. (B) 
SIM interaction with SUMO promotes the SUMOylation at Lys99 and inhibits the catalytic activity for 
polyubiquitin chain. CTD of USP25 is related to the substrate recognition and can be phosphorylated 
at Thr680, Thr727, and Ser745, which leads to the suppression of the enzymatic activity.  
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The SUMO system and E1-E2 protein-protein recognition 

Ubiquitin-like proteins  

Along with the discovery of ubiquitin, a set of ubiquitin-like proteins (Ubls) have 

been found as protein modifiers. Ubls including SUMO, Nedd8, Atg8, Atg12, ISG15, 

and FAT10, adopt the same β-grasp fold as ubiquitin. Similar to ubiquitin, most Ubls 

can be attached to substrates through the interplay of three types of proteins: E1 

activating enzymes, E2 carrier enzymes, and E3 ligases (10, 13, 19, 95-98). In some 

cases, Ubls can be directly conjugated to substrates, such as RanGAP1, 

independent of E3 (99). Ubls attach to substrates to regulate their activity, 

localization, stability, or macromolecular interaction (96, 98). For example, both 

mono and chain SUMOylation are related to regulation of protein activity, complex 

formation, DNA repair, and transcriptional activation (100-102). Nedd8 conjugation 

to cullin proteins activates the ubiquitin conjugation. Atg8 and Atg12 play roles in 

autophagy, while ISG15 and FAT10 are associated with the innate immune 

response (96). Unlike ubiquitin, some Ubls, including SAMPs (small archaeal 

mofidier proteins) and Tbermus (TtuB, tRNA-two-thiouridine B), also exist in 

prokaryotes. They play roles not only in protein modification, but also in sulfur 

transfer, thus are thought to be the ancestors of eukaryotic ubiquitin/Ubls (103). 

 

SUMO and SUMOylation 

Small ubiquitin-related modifier (SUMO) protein is the most extensively studied 

Ubl. The sequence identity of SUMO and ubiquitin is only ~18%, but the folded 

structures of them are quite similar (101). SUMO is longer than ubiquitin and has an 

extra N terminal (~20 amino acids) with high flexibility, which primarily serve as 

acceptor in SUMO chain formation. SUMO is extensively expressed in all 

eukaryotes. Yeast and invertebrates have a single SUMO protein named Smt3, 

while vertebrates have several SUMO proteins. Mammalians such as human 

express four SUMO proteins: SUMO1, SUMO2, SUMO3, and SUMO4 (Table 1). 

SUMO2 and SUMO3 share 97% sequence identity and cannot be distinguished by 

antibodies (101, 102). However, SUMO1 is quite different from SUMO2/3 and only 

shares ~47% sequence identity with SUMO1 and SUMO2 (102). In contrast with 

other SUMO proteins, the roles and substrates of SUMO4 are still unclear now. 



18 
 

Despite the presence of SUMO4 mRNA in kidney, spleen, and lymph node, 

endogenous SUMO4 protein has not been detected (104, 105). In A. thaliana, there 

are eight encoding genes of SUMO isoforms (AtSUMO) (Table 1), but only SUMO1, 

SUMO2, SUMO3, an SUMO5 are expressed (106, 107). AtSUMO1 and AtSUMO2 

(orthologs of human SUMO2/3) are essential in A. thaliana and with 83% sequence 

identity, while AtSUMO3 and AtSUMO5 only share 42% and 30% sequence identity 

respectively (108-111). Other than this, In vitro time course assays shows that 

AtSUMO1 and AtSUMO2 display much higher conjugation rate than AtSUMO3 and 

AtSUMO5 (110) 

 

 

Table 1. SUMOylation determinants in Saccharomyces cerevisiae, Homo sapiens, and 
Arabidopsis thaliana. 

 

SUMO proteins are expressed immaturely with the C-terminal extensions. 

SUMO-specific proteases (SENPs) cleave the immature SUMO proteins to 

generate the mature forms, which expose the Gly-Gly motif (Figure 9). The mature 

SUMO is conjugated to target proteins through a three-step enzyme pathway as 

ubiquitin (Figure 9). SUMO E1 heterodimer SAE1/SAE2 activates the mature SUMO 

in an ATP-dependent step, leading to the formation of a thioester linkage between 

the C-terminal glycine of SUMO and the catalytic cysteine residue of SAE2. SUMO 

is then transferred to the E2 conjugating enzyme Ubc9, forming a thioester bond 

between the SUMO C-terminal and the catalytic cysteine residue of Ubc9. SUMO-

loaded Ubc9 then transfer SUMO to substrates usually with the help of E3 ligases, 

forming an isopeptide bond between the C-terminal glycine of SUMO and a lysine 

residue in target protein. (101, 102). SUMO proteins are conjugated to substrates 

as monomers or polymers in one or multiple sites, serve as diverse signals leading 

to different biological outcomes. SUMOylation is a protein modification which can 
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be reversed by SUMO proteases (Figure 9). In human, SUMO-specific proteases 

(SENPs) include SENP1, SENP2, SENP3, SENP5, SENP6, and SENP7. SUMO 

proteases have two functions: cleave the C-terminal end SUMO precursors to 

generate mature forms, remove SUMO from target proteins (102). 

 

 

Figure 9. The cycle of reversible SUMOylation (102).  

 

E1 E2 recognition 

Ubl E1 is a heterodimer composed of two subunits. In SUMO system, they are 

SUMO-activating enzyme subunit 1 and 2 (also known as Aos1 and Uba2). 

Canonical E1s, including ubiquitin, NEDD8, and SUMO pathways, have a common 

architecture including a ubiquitin fold domain (UFD) at the C-terminal that serves to 

select cognate E2s (98, 112-115). However, the SUMO E1 SAE2 subunit has a C-

terminal extension (~100 amino acids) that is absent in Nedd8 Uba3, ubiquitin Uba1, 

indicating that this C-terminal extension is not conserved in all E1 enzymes (112). 

The first specificity step in the pathway of Ubl conjugation is the interaction of the 
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Ubl modifier with its particular E1 activating enzyme (98, 110, 116). Next, the 

activated Ubl-thioester is transferred to the catalytic cysteine residue of the E2 

conjugating enzyme (Ubc9 in SUMO). In this step, E1 must select cognate E2 from 

a range of structurally similar proteins, which represents a second specificity step in 

the pathway by the formation of the E1-E2 complex. The E1 UFD domain plays a 

major role in the specific E1-E2 interactions, as truncation of this domain leads to a 

significant decrease of the E2 transthiolation rate (117). This UFD-E2 interactions 

have been solved in ubiquitin, Nedd8, and SUMO systems (Figure 10A), showing 

the direct binding of E2 to the E1 UFD domain (114, 115, 118, 119). The UFD domain 

is connected to the E1 AAD domain (active adenylation domain) through a flexible 

hinge. In SUMO and Nedd8 systems, this disordered hinge is converted to the 

ordered state upon E2 binding, and it must undergo a rotation to bring the catalytic 

cysteine residues of E1 and E2 into proximity for thioester transfer (120, 121) (Figure 

10B). In addition, crystal structure of ubiquitin E1-E2 complex in the thioester 

intermediate reveals dual interactions of E2 to the UFD domain and to the E1  

 

      

 

Figure 10. Crystal structure of E1 UFD and E2 complexe of S.cerevisiae. (A) Display of 
S.cerevisiae E1 (Uba2) UFD interaction with E2 (Ubc9). UFD domain and Ubc9 are represented in 
cartoon (yellow) and sphere (grey) respectively. (B) Structure of S.cerevisiae UFD-E2 (magenta, 
cyan), with UFD superimposed on the corresponding region of human Uba2 from the Sae1-Uba2-
Sumo1∼AMSN complex (PDB code 3KYC) (119). Sae1 is shown in blue, human Uba2 is shown in 
purple, and Sumo∼AMSN is not shown for simplification. Catalytic cysteine residues of Ubc9 and 
Uba2 (shown in green) must undergo a rotation to bring them into proximity for thioester transfer.  
  

A B 
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catalytic cysteine domain, which occurs after the significant rotation of the UFD 

domain, providing the structural basis for the isoenergetic thioester transfer between 

the E1 and the E2 (114). This interaction is also proposed in the SUMO system by 

NMR analyses, although E1 UFD-E2 interactions display higher affinity (Kd= 1.2μM) 

(122) than E1 Cys-E2 interactions (Kd= 87μM) (123), supporting a major role of the 

E1 UFD domain in E2 recruitment.  

The protein sequence variation of the E1 UFD domains in different Ubl systems 

is quite significant, especially in the binding region to the E2 enzymes (Figure 11A). 

Crystal structures of different UFD domains display an analogous β-grasp fold, and 

the UFD-E2 interactions are mediated by the same side of the β-sheet residues 

(113-115, 117, 124, 125). However, in the reported complex structures of ubiquitin, 

Nedd8, and SUMO systems, superposition of the E2 enzymes reveal distinct 

orientations of the UFD domain, which is a direct consequence of different contacts 

in each Ubl system (114, 115, 119). Despite of the high conservation (more than 

50%) of SUMO E2 enzymes in human, yeast, and A. thaliana, their UFD domains 

show a little protein sequence homology, and it is even lower considering only the 

binding region to E2 (Figure 11). Even so, E1s can efficiently select the specific 

cognate E2 enzymes through the interactions between its UFD domain and the 

conserved binding surfaces in E2 enzymes. In this case, instead of sequence 

homology analysis, structural studies are required to identify the molecular 

determinants that mediate UFD-E2 interactions in evolutionary distant organisms.  

 

 

Figure 11. Sequence alignments of SUMO E1 UFD and E2Ubc9 in Arabidopsis thaliana (At), 
Homo sapiens (Hs), and Saccharomyces cerevisiae (Sc). (A) Sequence alignment of AtUFD, 
HsUFD, and ScUFD. The region involved in the interactions with E2 are marked in a green square. 
(B) E2 sequence alignment of AtUbc9, HsUbc9, and ScUbc9. Second structures are indicated.   

B A 
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SUMOylation of RanGAP1 

Most E2s do not show target specificity and consequently require E3s to 

promote the selective interactions with their substrates. However, the SUMO E2 

enzyme Ubc9 is sufficient for the recognition and lysine modification of the known 

targets, which contain a SUMO consensus motif comprised of Ψ-Lys-X-Asp/Glu (Ψ 

is a hydrophobic residue, Lys is the acceptor lysine, and X is any residue) (98, 126). 

The structural basis for this kind of recognition was first elucidated in the crystal 

structure of mammalian Ubc9-RanGAP1 complex (99) (Figure 12). In this complex, 

the hydrophobic residue of RanGAP1 (Leu523, Ψ in the consensus motif) contacts 

a hydrophobic interface formed by Pro128-Ala129-Gln130 residues of human Ubc9. 

The acceptor Lys524 (Lys in the consensus motif) residue is positioned through 

hydrogen bond interactions with Asp127 and aliphatic contacts to Tyr87, bringing 

the primary amine and the catalytic cysteine of Ubc9 into proximity. Glu526 (Asp/Glu 

in the consensus motif) forms aliphatic contacts to Tyr87, as well as hydrogen bond 

contacts to Ser89 and Thr91. Since RanGAP1 SUMOylation with Ubc9 is 

independent of E3, it can be used as a model substrate of in vitro SUMOylation to 

study E1-E2 interactions.  

 

 

 
Figure 12. SUMO conjugation of RanGAP1 via E2Ubc9 (98). (A) Overall view and (B) close-up view 
of E2Ubc9/SUMO-RanGAP1 complex (PDB code 1Z5S) illustrating how the RANGAP1 substrate and 
SUMO are positioned in the E2Ubc9 active site. This state represents a product complex after 
conjugation where SUMO, colored yellow, has been transferred to a lysine of RANGAP1 colored 
gray. SUMOD designates a SUMO protein in donor configuration. E2Ubc9 is in cartoon representation 
colored cyan. Certain residues of the E2 active site are in stick representation. The consensus 
sequence for substrate recognition by E2Ubc9 is indicated on top. (C) Close-up view of 
E2Ubc9/RANGAP1 (PDB 1KPS) representing RanGAP1 binding prior to catalysis in the absence of 
SUMO.   

B A C 
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USP25 in the cross talk of ubiquitin and SUMO pathways 

Given that universal roles of both ubiquitin and SUMO on cellular processes, it 

is not surprising to find situations where these two PTMs communicate. Actually, a 

growing number of proteins have been identified as substrates of both ubiquitin and 

SUMO conjugation targets. The cross talk of ubiquitin and SUMO pathways, 

together with a range of other PTMs, increases the complexity of cell signaling. 

Many DUBs can undergo diverse PTMs, leading to inactivation, activation 

localization or degradation (52). USP25 and its homolog USP28 are such kind of 

substrates, whose DUB activities are adjusted by phosphorylation, ubiquitination, or 

SUMOylation. USP25 harbors three ubiquitin binding domains (UBA, UIM1, and 

UIM2) that modulate its DUB activity (Figure 8A). Monoubiquitination of Lys99 

located at UIM1 activates the enzymatic activity (82). The USP25 N-terminal region 

also contains a SIM, which promotes the SUMOylation at Lys99. This SUMOylation 

impairs the hydrolysis activity of tetraubiquitin, but do not affect the processing of a 

monoubiquitin substrate (Ubiquitin-AMC) (Figure 8B). These phenomena suggest 

steric antagonism of SUMOylation against polyubiquitin chains recruitment through 

UIM1 and UIM2 (77). Finally, USP25 can also be phosphorylate at Thr680, Thr727, 

and Ser745, leading to the suppression of its enzymatic activity (81) (Figure 8B). 

These PTMs on USP25 expand the regulation mechanism of this important DUB. 
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1. Objectives of USP25 research  

SUMOylation and ubiquitination on the N-terminal domain of USP25 have 

opposite effects: ubiquitination activates while SUMOylation inhibits the USP25 

activity. Consistent with this, our previous results also revealed that SUMOylation at 

K99 of USP28 inhibited its ubiquitin chain activity. Moreover, although the basic 

elements of the catalytic domain of USP25 and USP28 are conserved, there is a 

large domain (175 residues) inserted within the catalytic core. Thus, structure 

insights are required to understand how these PTMs affect the catalytic activity of 

USP25 and USP28, as well as to understand the function of the large unknown 

insertion domain. We will conduct crystallization trials and biochemical assays to 

study these two proteins.  

 

1.1 Design and construction of several USP25 and USP28 expression plasmids.  

1.2 Expression and purification of different USP25 and USP28 constructs.  

1.3 Crystallization trials and data collection by synchrotron radiation of USP25 or 

USP28 crystals.  

1.4 Post-crystallization treatments to improve the diffraction quality of crystals. 

1.5 Molecular replacement to solve the phase problem or if needed, use of 

experimental phasing methods such as SAD and MAD.  

1.6 Analysis of crystal structure and characterization of the new structural motifs. 

1.7 Biochemical and mutagenesis in vitro analysis to check the new functional 

features of USP25 or USP28.  

1.8 Culture cell analysis to confirm the new structural and functional features in vivo. 
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2. Objectives of SUMO E1-E2 interaction research  

The E1 UFD domain plays a major role in the E1-E2 protein-protein interaction. 

Despite the high homology between E2-conjugating proteins, the E1-E2 interaction 

provides specificity for SUMO E1 recruitment of the cognate E2 across species. 

Unlike E2, the sequence variation between the E1 UFD domains is quite significant, 

especially in the binding region to the E2 enzymes. Thus, the structural insights of 

how E1 UFD-E2 interaction interface provides the specificity across species is a 

main goal of the thesis. To investigate this, we will conduct crystallization trials, as 

well as and biochemical assays to study the E1 UFD-E2 complexes in human and 

A. thaliana.  

 

2.1 Expression and purification of human and A. thaliana E1 UFD and UFDC (UFD 

with the C-terminal extension), as well as human E2 Ubc9 and A. thaliana E2 

SCE1.  

2.2 Purifications of complexes of human UFD-Ubc9 and UFDC-Ubc9, as well as A. 

thaliana UFD-SCE1 and UFDC-SCE1.  

2.3 Crystallization trials and diffraction data collection by synchrotron radiation.  

2.4 Post-crystallization treatments to improve the diffraction quality of crystals.  

2.5 Solve the phase problem using molecular replacement, or by experimental 

phasing methods such as SAD or MAD.  

2.6 Structure comparison of SUMO E1-E2 interaction interfaces in yeast, human, 

and A. thaliana.  

2.7 Evolution analysis of the SUMO E1 UFD domain across species.  

2.8 In vitro biochemical analysis of human and A. thaliana SUMO conjugation using 

RanGAP1 as a substrate to study the UFD-E2 interface residues.  

2.9 Analysis of the different specificities provided by the E2-UFD domain interface 

in the SUMO pathway between human, yeast and A. thaliana.  
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Abstract  

USP25 deubiquitinating enzyme is a key member of the ubiquitin system, 

which is essential for the control of the correct protein homeostasis in the cell. 

USP25 acts as a positive regulator of the Wnt/β-catenin signaling by promoting the 

deubiquitination and stabilization of tankyrases. USP25 sequence is characterized 

by the presence of a long insertion in the middle of the “conserved” catalytic domain. 

The crystal structure of USP25 displays an unexpected homotetrameric quaternary 

assembly that is directly involved in the inhibition of its enzymatic activity. The 

tetramer is assembled by the association of two dimers and includes contacts 

between the coiled-coil insertion domain and the ubiquitin-binding pocket at the 

catalytic domain, revealing a distinctive autoinhibitory mechanism. Biochemical and 

kinetic assays with dimer, tetramer and truncation constructs of USP25 support this 

mechanism, displaying in all cases a higher catalytic activity in the dimer assembly. 

Moreover, the strong stabilization of tankyrases in cultured cells by ectopic 

expression of a constitutive dimer form of USP25 verifies the biological relevance of 

this tetramerization/inhibition mechanism.  
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Introduction 

The ubiquitin system is a universal means of protein regulation which controls 

a wide range of cellular processes 1-3. The conjugation of ubiquitin to target proteins 

is conducted via a conserved multistep enzymatic cascade through E1, E2, and E3 

enzymes, resulting the formation of an isopeptide bond between the C-terminus of 

ubiquitin and the lysine on the target protein 4. Reversely, deubiquitinating enzymes 

(DUBs) can remove ubiquitin by catalyzing the hydrolysis of the isopeptide bond. 

Therefore, ubiquitin conjugating and deconjugating are balanced and tightly 

regulated by E3 ligases and DUBs. There are more than 100 DUBs encoded in the 

human genome 5. Based on the structure studies, their isopeptidase activities are 

conferred by distinct catalytic domains 5-7. Recently, the identification of a new family 

MINDY extends the DUBs to six distinct families 8. In human genome, ubiquitin-

specific proteases (USPs) constitute the largest family of DUBs counting more than 

50 members and playing important roles in a wide variety of cellular processes 5-7,9.  

Structural studies show USPs have a common conserved fold consisting of 

three subdomains known as Palm, Thumb, and Fingers, in which the active site 

cysteine is located between the Palm and Thumb while the Fingers grip the “distal” 

ubiquitin 10. However, their catalytic activities are usually modulated through their 

different additional domains. For example, a C-terminal 19 amino acids peptide 

binds the activation cleft in the catalytic domain and stabilizes the catalytically 

competent conformation, thus, enhances the activity of USP7 11. This activation can 

be enhanced allosterically by the metabolic enzyme GMPS 12. The binding of USP4 

N-terminal DUSP-Ubl domain promotes a change of a switching loop near the active 

site, hence enhances ubiquitin dissociation and makes it achieve full catalytic 

activity 13.  

USP25 shows activity in hydrolyzing K48 and K63 linked polyubiquitin chains 

14,15 and is a target for different posttranslational modifications including 

phosphorylation, SUMOylation and ubiquitination. The SYK non-receptor tyrosine 

kinase can specifically phosphorylate USP25 and decrease its cellular levels 16. 

USP25 enzymatic activity is suppressed after vaccinia-related kinase2 mediated 

phosphorylation at Thr680, Thr727 and Ser745, which controls the stability of the 

eukaryotic chaperonin TRIC 17. SUMO and ubiquitin regulate the catalytic activity of 
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USP25 by conjugation at Lys99 with opposite effects: ubiquitination activates while 

SUMOylation inhibits the USP25 activity 15,18.  

USP25 has been associated with inflammation, immune response and 

cancer. For example, it is associated with Endoplasmic Reticulum-associated 

degradation 19, and acute ER stress regulates amyloid precursor protein processing 

through ubiquitin-dependent degradation by USP25 20. USP25 is a negative 

regulator of IL-17-mediated signaling and inflammation through removal of 

ubiquitination in TRAF3, TRAF5 and TRAF6 and can regulate TLR4-dependent 

innate immune responses 21,22,23. Moreover the type I interferon-IRF7 can activate 

the expression of USP25 gene, which is essential for innate immune signaling 24. 

Several evidences point to the involvement of USP25 in cancer. USP25 gene is 

found greater than threefold overexpression in human breast cancer tissue 25, and 

further study shows it as a putative tumor suppressor in human lung cancer 26. 

Another study in human non-small cell lung cancer reveals miR-200c inhibits 

invasion and metastasis by directly targeting USP25 and reducing the expression 

level 27. Recently, it has been shown that USP25 directly interacts with tankyrases 

through its C-terminal tail and promotes their deubiquitination and stabilization, thus 

regulating Wnt/β-catenin signaling pathway, making an important impact in cell 

proliferation and human cancer development 28.  

Despite these roles in cellular pathways, structural insights of USP25 activity 

regulation are still not clear. The N-terminal domain of USP25 contains one ubiquitin 

associated domain (UBA), one SUMO interacting motif (SIM) and two ubiquitin 

interacting motifs (UIM1 and UIM2) 29. SUMO-modified USP25 maintains the ability 

to hydrolyze Ub-AMC, but exhibits lower activity during polyubiquitin chain 

degradation, which indicates that SUMO modification affects the recruitment of 

ubiquitin but not the catalytic domain activity 15. Although the basic elements of the 

catalytic domain of USP25 are conserved, there is a large domain (175 residues) 

inserted within the catalytic core. Also, previous studies show USP25 can form 

homodimers or oligomers in vivo and the catalytic domain (between residues 153 to 

679) is relevant for this dimerization or oligomerization 15,18. Finally, the C-terminal 

domain of USP25 is involved in phosphorylation and substrate recognition 16,17, 

directly interacting with tankyrases to promote their deubiquitination and 

stabilization 28. 
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In this study, we present the crystal structure of USP25 catalytic domain. 

Strikingly, the USP25 structure displays a homotetramer quaternary assembly and 

the catalytic domain can be divided in three differentiated subdomains: a general 

palm-like catalytic domain (USP-like), a long coiled-coil (LCC) and an “inhibitory loop” 

(IL). Whereas the USP-like catalytic domain is similar with the other USPs, the LCC 

and IL domains are unique to USP25. In our USP25 structure, each IL-loop inserts 

into the catalytic domain from another molecule of the tetramer, thus preventing 

substrate binding and thereby impairs USP25 activity. Moreover, the biological 

relevance of this tetramerization/inhibition mechanism of USP25 has been 

confirmed in a cellular context with the stabilization of tankyrases, which directly 

regulate the Wnt/β-catenin signaling pathway. This tetramerization/inhibition 

mechanism of USP25 has not been described for other deubiquitinases and 

probably unveils a paradigmatic type of regulation in the USP family 30.  
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Results 

USP25 recombinant expression produces two oligomer forms 

Human USP25 is a modular protein composed by three domains: a N-

terminal domain NTD (Met1 to Tyr159), a central USP-like domain (Asp160 to 

Glu714) and a C-terminal domain CTD (Lys715 to Arg1055) (Fig. 1a and 

Supplementary Fig. 1). Since the C-terminal domain does not directly participate 

in the catalytic activity and the expression levels of the full-length USP25 in E. coli 

were low 14, we produced a USP25 construct (USP25NCD) including the N-terminal 

and the USP-like catalytic domains (from Gln18 to Glu714). 

Figure 1. Recombinant USP25 is produced as a tetramer or a dimer in E. coli 
(a) Scheme of the USP25 protein domains. The construct for crystallization is from residues 18 to 
714 (USP25NCD). (b) Left, first preparative gel filtration purification of USP25 in Superdex 200 
column, inset shows the SDS-PAGE of the indicated fractions. Middle, anionic-exchange purification 
of the two peak fractions of the previous gel filtration, inset shows the SDS-PAGE of the dimer and 
tetramer fractions. Right, analytical gel filtration purification of the dimer and tetramer fractions of 
USP25 in Superdex 16 column. (c) Left, plot of the deubiquitinating activity assays of dimer and 
tetramer with Ub-AMC as a substrate. Right, non-denaturing native PAGE of the dimer and tetramer 
fractions of USP25NCD. 
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A particular feature of the recombinant expression of human USP25 in E. coli 

is the presence two different stable oligomeric states, dimer and tetramer, which are 

stable after running two different size-exclusion and one ionic exchange 

chromatographies (Fig. 1b). USP25 oligomerization has also been reported by two 

groups in human cell lines using a dual-tag expression system 15,18, but the type of 

the quaternary assembly could not be determined. Mass spectroscopy analysis of 

recombinant USP25 did not reveal any particular feature, such as post-translational 

modifications, to explain the presence of these stable oligomer fractions. 

However, activity assays using the standard fluorescence substrate for 

deubiquitinating activity, Ub-AMC, revealed marked differences between dimer and 

tetramer, being the dimer assembly of USP25 substantially more active than the 

tetramer (Fig. 1c). These activity differences are maintained despite the presence 

of cross-contamination between oligomers, as observed in non-denaturing PAGE 

analysis (Fig. 1c). To get more insight into these activities we conducted 

crystallization trials with these two oligomeric assemblies of USP25.  

 

The crystal structure of USP25  

Interestingly, only the tetramer assembly of USP25 gave rise to single 

crystals. Initial diffraction of the USP25 crystals was poor, never beyond 6 Å 

resolution, however, after conducting a lysine methylation protocol 31, diffraction was 

notably improved, and thus finally collecting a 3,28 Å resolution dataset. Apparently, 

the lysine methylation reaction did not affect the deubiquitinating activity of USP25 

(Supplementary Fig. 2b, 2c). The crystals belonged to the I422 space group, and 

contained one molecule per asymmetric unit (Supplemental Table 1). The USP25 

structure was solved by SAD using mercurial derivatives, three of which were 

located bound to three cysteine residues (one corresponding to the active site 

cysteine). After several steps of modeling and refinement using the structure of 

USP7 as a guide, the electron density maps clearly showed the elements of the 

catalytic USP-like domain (general “palm-like” structure), plus a long helical coiled-

coil domain emanating from the middle of the USP-like domain (Fig. 2a,b,c), which 

corresponded to the long sequence insertion splitting the catalytic domain. The final 

electron density map model includes most of the chain for the catalytic domain 

(Tyr159 to Ala708) with a notable absence of the whole N-terminal domain (Gly18  
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Figure 2. The crystal structure of USP25  
(a) Scheme of the domain composition of the crystal USP25 construct. NTD (18-158), and the non-
conserved sequence (dashed grey color, 471-515) of IL-loop are not observed in the final structure. 
(b) Ribbon representation of the different domains of the USP25 monomer. Red color shows the 
“conserved” USP-like domain, orange color the coiled-coil domain (LCC) and black color the 
“Inhibitory loop” domain (IL-loop). Active site cysteine and domain boundaries are labeled. (c) 
Structural superposition between USP25 (red) and USP7 (blue) structures (PDB code 5JTJ). “Palm”-
like domains are labeled. (d) Close-up view of the superimposition of active sites of USP25 and 
USP7. USP25 and USP7-Ubiquitin aldehyde are shown in orange and blue, respectively. Catalytic 
triad residues from USP25 are labeled and shown in stick representation, whereas the corresponding 
residues from USP7 are shown in parentheses. Hydrogen bonds are represented by dashed lines. 
(e) Two representations of the electron-density maps of the LLC and IL-loop domains of USP25. (f) 
Ribbon representation of the two monomers composing the dimer structure observed in the crystal 
of USP25 in two different orientations. (g) Sequence alignment of the LCC-IL-loop domain of USP25 
across species. Green triangles indicate contacts in the dimer interface. Blue circles and purple stars 
indicate tetramer contacts by the IL-loop or the “kink” region, respectively. All sequences are aligned 
online with Clustal Omega and formatted using ESPript 32. 
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to Pro158), and of some disordered loops connecting secondary structure elements 

in the USP-like domain (Asn205 to Lys214; Asn256 to Gln260; Ile346 to Ser354; 

Asp471 to Arg515; Thr671 to Gly677). 

 

Structure of the USP-like catalytic domain of USP25 

The USP-like domain of USP25 contains all characteristic elements of the 

USP family, which was initially compared to a “right hand” that could entrap ubiquitin 

10, including “Palm”, “Fingers” and “Thumb” subdomains (Fig. 2c). The distances 

between the catalytic triad residues indicate that the active site might be preformed 

in the absence of the ubiquitin substrate, with distances ranging around 3.2 Å 

between the sulfur of Cys178 and the imidazole ring of His607, and 3.0 Å between 

His607 and Asn624 (Fig. 2d and Supplementary Fig. 3), which is comparable to 

the USP7-Ub aldehyde complex structure (rmsd 1,67 Å for 268 aligned residues) 10. 

The preformed active site in USP25 differs from other apo structures of USPs, in 

which the catalytic triad residues are too far for catalysis and binding of the “distal” 

ubiquitin substrate is required to rearrange the catalytic triad to an active 

conformation (ex. USP7, USP14, USP18) 11,33,34. 

 Unexpectedly, the long sequence insertion of the USP25 catalytic domain 

(between Asn408 and Met586) forms a coiled coil structure (LCC) composed by two 

long α-helices, which we named helix LCC1 (from Arg409 to Ser460) and helix LCC2 

(from Leu540 to Ser585) (Fig. 2b,e). It is interesting to observe a break in the α-

helix LCC1 produced by a “kink” between Ser438 and Pro447 (Fig. 2e), which is 

involved in the assembly of the tetramer structure (as will be explained later). The 

two α-helices of the coiled-coil are connected by a long loop, which we named 

“inhibitory loop” (IL-loop) based on its role in the regulation of the enzymatic activity 

of USP25. The IL-loop is composed by a non-conserved sequence (Fig. 2g), absent 

in the USP25 crystal structure (from Asp471 to Arg515), and by a conserved 

sequence, which can be clearly observed in the electron density maps engaging 

contacts with the catalytic domain of a different molecule of the crystal. This 

interaction is essential for the tetramer assembly. 

 

The tetramer assembly of USP25 is formed by the interaction of two dimers 
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The structure of USP25 reveals the presence of a homotetramer quaternary 

assembly composed by the interaction of four different USP25 molecules from the 

crystal lattice (Fig. 3). PISA server analysis also predicts that the tetramer structure 

of USP25 (A4), with a buried surface area of 23730 Å2, is formed by the assembly 

of two homodimers (2xA2) (Fig. 3). Based on the high number of contacts, the dimer 

assembly might represent a minimal stable oligomer state of USP25. The structure 

of USP25 can thus explain the presence of the tetramer and dimer fractions 

observed during the purification by gel filtration (Fig. 1). 

Each homodimer composing the USP25 tetramer is comprised by an 

extended contact interface that includes approximately half of the LCC coiled-coil 

domain, forming a four-helix bundle motif, which would act as a dimerization hub 

between two USP-like catalytic domains, resembling a “pair of cherries” with the 

knot at the end of their stems (Fig. 2f and 3). PISA server analysis reveals a 2110 

Å2 dimer interface involving a total of 55 residues. Most residues are hydrophobic 

(ex. Leu448, Leu452, Phe458, Leu548, Trp555) (Supplementary Fig. 4a), but the 

dimer interface also includes 20 and 12 hydrogen bond and salt bridge contacts, 

respectively (see contact list in Supplementary Fig. 5). All contacts are highly 

conserved across species (Fig. 2g and Supplementary Fig. 1a). The dimer 

structure exposes two USP-like catalytic domains to the solvent.  

 

The tetramer assembly depends on IL-loop contacts to the catalytic domain 

The LCC-IL-loop insertion domain also participates in the tetramer interface, 

but in contrast to the dimer, the interaction occurs with the catalytic domain of the 

opposite dimer (Fig. 3). Two contact areas can be distinguished in the tetramer 

interface: between the extended IL-loop which is deeply inserted into the S1 

ubiquitin-binding surface of the catalytic domain (Fig. 4a,c in green and 

Supplementary Fig. 4c); and between the LCC1 “kink” motif with residues from the 

loop connecting β9-β10 strands of the catalytic domain (Fig. 4a in blue and 

Supplementary Fig. 4b). So, the interaction of each IL-loop with the catalytic 

domain of the opposite dimer is essential for the formation of a stable tetramer 

assembly. 
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Figure 3. The USP25 structure is a homotetramer, formed by the assembly of two homodimers. 
(a) Ribbon representation of the USP25 tetramer. Each subunit is represented with a different color. 
LLC and IL-loop domains are labeled. Right, different orientation of the USP25 tetramer. (b) Mixed 
surface and ribbon representation of the homotetramer structure of USP25. Right, cartoon image of 
the tetramer assembly formed by the assembly of two homodimers (A, A’ homodimer and B, B’ 
homodimer).  

 

The IL-loop was unambiguously observed in the electron density maps in 

contact with the S1 ubiquitin-binding pocket of the USP-like catalytic domain (Fig. 

4b). Structural comparison with the USP7-Ubiquitin complex (PDB 5JTJ) and with 

the CYLD-diubiquitin K63 complex (PDB 3WXG) 35 indicate that the IL-loop and the 

“distal” ubiquitin share a similar binding surface (Fig. 4b and Supplementary Fig. 

3), thus preventing substrate binding in the tetramer assembly. Such “tetramer-

autoinhibition” mechanism would explain the different activities observed between 

the purified tetramer and dimer of USP25 (Fig. 1c). 

 The residues of the IL-loop involved in the tetramer interface, from Ile518 to 

Leu531, are mostly conserved across species in contrast to the rest of the IL-loop, 
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not observed in the electron density maps (Fig. 2g). Among the high number of 

contacts conducted by the IL-loop, Pro521 and Phe522 are completely buried in a 

deep crevice formed between the α-helices α6, α10 and the central β-sheet of the 

USP-like catalytic domain, establishing several hydrophobic interactions: Val183 

and Leu187 from α-helix α6; Leu271 from α-helix α10; Phe299 and Tyr300 from α-

helix α11; and Met653 from β-sheet β16 of the USP25 catalytic domain (Fig. 4c,d 

and Supplementary Fig. 4c and 5). 

To assess the role of this interface, several USP25 point mutants were 

generated in the IL-loop and in the S1 ubiquitin-binding surface (Fig. 4e, and 

Supplemental Fig. 6). P521S and F522G IL-loop point mutants, which are involved 

in hydrophobic contacts within the pocket, disrupt the tetramer assembly and their 

deubiquitinating activity is comparable to the USP25 dimer. Similar results are 

observed for P528G, P535L and S525P IL-loop point mutants, but in this instance 

the distorted conformation of the IL-loop probably perturbs the binding affinity. On 

the USP-like catalytic domain surface, both E373A and Q322A point mutants of the 

S1 ubiquitin-pocket disrupt three hydrogen bonds with the IL-loop and compromise 

the tetramer assembly, in particular E373A displays similar deubiquitinating 

activities as USP25 dimer. Finally, C651F and L271W point mutants were intended 

to lock the USP-like binding cleft, preventing the IL-loop binding. Whereas this was 

partially achieved by C651F, the L271W point mutant unexpectedly stabilized the 

tetramer with a consequent loss of deubiquitinating activity (Fig. 4e, and 

Supplemental Fig. 6).  

Finally, to check a potential competition between the IL-loop and the ubiquitin 

substrate, USP25 deubiquitinating activities were measured in the presence of a 

peptide derived from the IL-loop binding sequence (HKPFTQSRIPPD) 

(Supplemental Fig. 6e). The absence of inhibition produced by the IL-loop peptide 

suggests a model in which the structural context in the tetramer assembly is required 

for the proper binding and thus inhibition. 

Overall, this reciprocal point mutant analysis of the binding interface verifies 

the role of the IL-loop in the tetramer assembly and in the regulation of the 

deubiquitinating activity. 
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Figure 4. IL-loop contacts the catalytic domain of USP25 in the tetramer assembly 
(a) Surface and cartoon representation of interface between the IL-loop domain (green), “kink” region 
(blue) and the catalytic domain in the tetramer assembly. (b) Structure overlapping of USP25 and 
USP7 structures (PDB code 5JTJ), depicting the S1 ubiquitin-binding domain in contact with either 
ubiquitin in complex with USP7 structure (light blue) or with the IL-loop domain in the USP25 tetramer 
(red ribbon). (c) Surface representation of the S1 ubiquitin-binding pocket (green) of the USP25 
catalytic domain in complex with the IL-loop insertion with labeled residues depicted in stick 
representation. (d) Cartoon representation of the IL-loop binding interface with labeled residues 
depicted in stick representation (green). IL-loop is depicted as a thin line (red). (e) Deubiquitinating 
activity assays with Ub-AMC substrate of either USP25 wild type and IL-loop point mutants: purified 
tetramer and dimer, P521S, F522G, S525P, P528G and P535L (first and second panel); or USP25 
wild type and S1 ubiquitin-binding residues point mutants: E373A, Q322A, L271W and C651F (third 
and fourth panel).  
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USP25 truncation analysis confirm the formation of dimer and tetramer  

The role of the LCC-IL-loop domain in oligomerization was assessed by two 

truncation constructs of USP25: IL-loop truncation (ΔIL, deletion from residue 

Cys465 to residue Pro537) and LLC-IL-loop truncation (ΔLCC-IL, deletion from 

residue Arg416 to residue Leu579). These different constructs were checked in the 

context of the full-length of USP25 (USP25 FL), the C-terminal domain deletion 

(USP25 NCD) and the N- and C-terminal domains deletion (USP25 CD) (see 

scheme in Fig. 5a). All USP25 truncations did not display expression problems and 

were eluted as single peaks during their purification by gel filtration chromatography. 

All USP25 truncation were run in parallel through an analytical size exclusion 

chromatography under identical experimental conditions, which permitted the 

correlation between the expected molecular weight and the gel filtration elution 

times (Fig. 5b). Interestingly, full-length USP25FL, USP25NCD and USP25CD 

elution times were compatible with the presence of a tetramer structure, whereas 

deletion of the IL-loop (ΔIL) and deletion of the LLC-IL-loop (ΔLCC-IL) resulted in 

elution times compatible with dimer and monomer structures, respectively (Fig. 5b). 

Additionally, dynamic light scattering analysis of the USP25 truncation constructs 

also displayed a good correlation between oligomers and their theoretical molecular 

weight (Supplementary Fig. 7). These experiments confirm the role of the LLC 

coiled-coil domain in the formation of the dimer assembly, and the role of the IL-loop 

in the formation of the tetramer assembly.  

 

All dimers display higher deubiquitinating activities than tetramers 

Interestingly, all dimer constructs (ΔIL USP25FL, USP25NCD and USP25CD) 

displayed a higher hydrolysis of the Ub-AMC substrate in comparison to all tetramer 

(USP25FL, USP25NCD and USP25CD) and monomer (ΔLCC-IL USP25FL, 

USP25NCD and USP25CD) constructs (Fig. 5c). We also compared the purified 

dimer of USP25 (Fig. 1) and the truncation dimer construct, ΔIL USP25NCD (Fig. 

5c), displaying both comparable deubiquitinating activities and similar purification 

profiles and native PAGE migrations (Supplementary Fig. 7b). The higher activity 

of the dimer over the tetramer was also confirmed using polyubiquitin chains, either 

K48 or K63-linked, and di-ubiquitin K48-linked substrates (Supplementary Fig. 8).  
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Figure 5.  Biochemical and kinetic analysis of the USP25 assemblies. 
(a) Cartoon representation of the different truncation constructs of USP25. Left columns indicate the 
names and the right columns the residue range for each construct. (b) Size exclusion 
chromatography profiles of the different USP25 truncation constructs run under identical 
experimental conditions in Superdex 16 column. Below, SDS-PAGE of the fractions of the gel 
filtration peaks. (c) Deubiquitinating activity assays of the different elution fractions of the gel filtration 
chromatography using Ub-AMC as a substrate. Activity assays were run in triplicate. (d) Left, steady-
state “Michaelis-Menten” kinetic plot of the indicated oligomer constructs of USP25, including the 
purified tetramer, the truncated dimer construct (ΔIL) and the truncated monomer construct (ΔLCC-
IL). Right, table indicating the kinetic constant values of the USP25 oligomers.  
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 Quantitative activity analyses were also conducted by steady-state “Michaelis-

Menten” kinetics with the purified tetramer and the “constitutive” truncated dimer 

and monomer of USP25 (Fig. 5d). The higher Kcat/KM values displayed by the dimer 

(0.293 x 105 M-1s-1), compared to the tetramer (0.153 x 105 M-1s-1), supports our 

proposed model in which the deubiquitinating activity in the USP25 tetramer 

assembly is partially blocked. It is important to note here the presence of dimer 

cross-contamination in the purified tetramer sample, as observed in a native gel 

(see Supplementary Fig. 7b), which would increase the real activity of the tetramer 

sample. Interestingly, two USP25 point mutants that disrupt the tetramer assembly 

(F522G and E373A), display kinetic values close to the dimer of USP25 

(Supplementary Fig. 6d). Our results supports a model in which the presence of 

dimer (active) or tetramer (inactive) regulates the deubiquitinating activity of USP25 

(Fig. 7). 

Strikingly, the absence of the whole LCC coiled-coil insertion in the monomer 

truncation, ΔLCC-IL USP25NCD, produced a notable reduction of the 

deubiquitinating activity, displaying a very low Kcat/KM (0.055 x 105 M-1s-1) (Fig. 5d). 

We attribute this catalytic impairment in the monomer to a wrong conformation of 

the catalytic domain, which probably requires contacts with the deleted LCC domain 

for a proper productive form of the protease (Supplementary Fig. 9c). To assess 

this point, we generated a longer USP25 monomer including half of the LCC domain, 

named ΔLCC-IL USP25NCD long (Supplementary Fig. 9), which displays a 

deubiquitinating activity similar to the USP25 dimer, thus fulfilling all contacts 

needed for a correct arrangement of the catalytic domain in the monomer. 

 

Ectopic expression of the constitutive USP25 dimer stabilizes tankyrases in 

cultured cells 

We next checked the biological relevance of the tetramerization/inhibition 

mechanism of USP25 in cultured cells by checking the levels of endogenous 

tankyrases, which are bona fide USP25 substrates involved in the regulation of the 

Wnt/β-catenin signaling 28. Ectopic expression of wild-type and ΔIL truncation, either 

USP25FL or USP25NCD, in HEK293T human cell lines revealed that the ΔIL 

USP25FL construct was able to increase significantly the protein levels of 

endogenous tankyrases after 48 hours of expression, indicating a higher 
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deubiquitinating activity of the constitutively dimer form of USP25 (Fig. 6a). 

Interestingly, the dimer assembly of USP25 lacking the C-terminal domain, ΔIL 

USP25NCD, which displayed similar in vitro deubiquitinating activities as USP25FL 

(Fig. 5c, d), did not increase the levels of takyrases, confirming the role of the C-

terminal domain of USP25 in the specific interaction with tankyrases 28. Also, an 

inactive USP25 active site mutant C178A produced similar levels of tankyrases as 

the GFP control cultures, highlighting the role of the deubiquinating activity of the 

ectopically expressed USP25 in the tankyrase stability (Fig. 6a and Supplementary 

Fig. 10a). These results were also confirmed by immunoprecipitation assays 

(Supplementary Fig. 10b), which retrieved higher amounts of tankyrases by the 

dimer (ΔIL USP25FL) than by the tetramer (USP25FL). As expected, the C-terminal 

deletion constructs were unable to immunoprecipitate tankyrases (Supplementary 

Fig. 10b). Also, cells treated with cyclohexamide, which inhibits novel protein 

synthesis, also revealed differences in the stability of tankyrases between dimer 

(ΔIL USP25) and tetramer (FL USP25) (Fig. 6b), probably due to a higher 

deubiquitinating activity of the “constitutive” dimer form of USP25. 

Finally, ectopic expression of USP25 point mutants of the IL-loop interface, 

which weakens the tetramer assembly and impairs the deubiquitinating activity (Fig. 

4e, and Supplemental Fig. 6), showed results comparable to the expression of the 

“constitutive” dimer at different levels (Fig. 6c). Only the L271W point mutant, which 

already showed a notable loss of activity in vitro, exhibited similar tankyrase levels 

as in the GFP control cultures. Cyclohexamide treatment of USP25 P521S point 

mutant yielded similar tankyrase stability as the USP25 dimer (Fig 6d). 

To confirm the ubiquitin-dependent stability of tankyrase 28, cells were treated 

with cyclohexamide and Bortezomib, which is a potent proteasome inhibitor 36. 

Bortezomib-treated cells revealed higher endogenous tankyrase levels in all 

cultures analyzed, including the GFP control and the poorly active USP25 L271W 

point mutant (Supplementary Fig. 10c), all confirming the ubiquitin-dependent 

degradation of tankyrase 28 and the role of the deubiquitinating activity of USP25 for 

the higher stability of tankyrase.  

All experiments support our in vitro characterization of the USP25 structure 

and emphasize the relevance of the tetramerization/inhibition mechanism of USP25 

in a cellular context.  
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Figure 6. The USP25 dimer stabilizes endogenous tankyrase levels in HEK293T cells. 

(a) Left, Flag-USP25FL, Flag-USP25FL ΔIL, Flag-USP25FL C178A, Flag-USP25FL ΔIL C178A, 
Flag-USP25NCD and Flag-USP25NCD ΔIL were transfected in HEK293T cells and the levels of 
endogenous tankyrases1/2 were analyzed by western-blot. GFP was transfected as a control. Right, 
plot of the quantification of tankyrase1/2 levels relative to tubulin. Data values are mean ± s.e.m and 
n=3 technical replicates. Significance was measured by a two-tailed unpaired t-test relative to GFP. 
*P<0.05, **P<0.01. (b) HEK293T cells were transfected with Flag-USP25FL, Flag-USP25FL ΔIL, and 
GFP and cells were treated with 100 μg/ml of cyclohexamide (CHX) and collected at indicated times 
for western-blotting. Endogenous tankyrase1/2, Flag-USP25 and tubulin was checked and compared 
by WB. (c) Left, Flag-USP25FL and indicated point mutants were transfected in HEK293T cells and 
the levels of endogenous tankyrases1/2 were analyzed by western-blot. Right, plot of the 
quantification of tankyrase1/2 levels relative to tubulin. Data values are mean ± s.e.m and at least 
n=3 technical replicates. Significance was measured by a two-tailed unpaired t-test relative to FL. 
*P<0.05, **P<0.01. (d) HEK293T cells were transfected with Flag-USP25FL, Flag-USP25FL P521S, 
and GFP and cells were treated with 100 μg/ml of cyclohexamide (CHX) and collected at indicated 
times for western-blotting. 

 

Figure 7. USP25 transition between dimer and tetramer. 
Each cartoon color represents a USP25 monomer. The scheme depicts a potential switch between 
tetramer and dimer assemblies of USP25, or between inhibited and active forms of USP25. AS, 
active sit.   



61 

 

Discussion and conclusions 

Two remarkable features are obtained from the crystal structure of USP25: 

the presence of two different stable quaternary assemblies, tetramer and dimer; and 

the implication of these two oligomer states in the deubiquitinating activity of USP25 

by a unique autoinhibitory mechanism. This tetramerization-dependent inhibition 

mechanism of USP25 has never been described for other members of the DUB 

family and might represent a paradigmatic example of regulation of the 

deubiquitinating activity, as we demonstrated in vitro and in cultured cells with the 

stabilization of tankyrases. 

Among all described regulatory mechanisms for USPs, such as 

phosphorylation, allosteric binding of modulators, or localization, only two included 

comparable “autoregulation” mechanisms. For example: USP7 is activated by the 

interaction of a conserved C-terminal extension with the catalytic domain, producing 

a rearrangement of the catalytic active site triad 11,12; and in USP4 the reaction 

product is released from the active site pocket thanks to the binding of an N-terminal 

Ubiquitin-binding domain 13. However, in USP25 the molecular mechanism is 

substantially different and the inhibition occurs by the contacts in the tetramer 

assembly. 

USP25 is also regulated by posttranslational modifications on its N-terminal 

domain, such as inhibition by SUMO conjugation 15. The N-terminal domain of 

USP25, disordered in our crystal structure, contains ubiquitin-binding domains that 

are responsible for the interaction with ubiquitin chains, which can be probably 

perturbed by SUMO attachment. Our assays indicate that the N-terminal domain is 

required for an efficient de-conjugation activity of ubiquitin chains, even in the case 

of the most “active” dimer (USP25CD ΔIL lane in Supplementary Fig. 8), in contrast 

to the Ub-AMC substrate, in which the N-terminal domain is dispensable. Therefore, 

there are at least two different layers of USP25 regulation at the protein level: 

binding of ubiquitin chains to the N-terminal domain; and by a switch in the 

oligomerization state of USP25, described in the present work. 

USP25, and its homolog USP28 (51% sequence identity) (Supplementary 

Fig. 1b), are multidomain proteins characterized by the presence of long insertions 

in the middle of the USP-like catalytic domain, forming long coiled-coil structures 
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(LCC-IL-loop) responsible for quaternary assemblies. This oligomerization domain 

is unique to USP25 (and USP28) in the USP family, in which no quaternary 

assemblies have been reported 30. Moreover, PISA server analysis predicts the 

formation of the homotetramer structure (A4) by the assembly of two distinctive 

homodimer structures (2 x A2), which we have validated by the characterization of 

several truncation constructs of USP25 (Fig. 6a,b). Interestingly, since the 

biophysical and enzymatic properties of the purified and truncated dimers are similar, 

we speculate whether a transition between these two oligomeric assemblies might 

be relevant in the regulation of the USP25 activity. Higher stability of endogenous 

tankyrases in HEK293T cells by the ectopic expression of a constitutive dimer 

(active) over a tetramer (inhibited) supports the biological relevance of this 

regulatory tetramer/inhibition mechanism of USP25. 

This regulatory mechanism depends on the interaction of the IL-loop insertion 

with the S1 ubiquitin-binding region of the catalytic domain. Remarkably, the IL-loop 

residues involved in the interaction are highly conserved across species, in contrast 

to the poor conservation displayed by the “non-observable” part of the IL-loop. In all 

our activity assays the tetramer assembly always displays a lower deubiquitinating 

activity in comparison to the dimer. In our work, almost all point mutants involved in 

the interface are assembled as dimers and displayed higher deubiquitinating activity. 

However, neither high ubiquitin concentrations cannot disrupt the tetramer 

assembly (Supplementary Fig. 2d,e) nor increasing amounts the IL-loop peptide 

disturbs the USP25 deubiquitinating activity (Supplementary Fig. 6e), excluding a 

direct competition between ubiquitin substrate and the IL-loop peptide. It is worth 

mentioning P535L point mutant, which does not directly contact the ubiquitin-binding 

pocket but its substitution by leucine probably affects the IL-loop orientation and 

thus decreases its binding affinity. P535L mutant was checked due its occurrence 

in three independent cancer genomic studies (COSMIC database) 37. Recently, 

USP25 has been associated to several types of cancer such as breast cancer, lung 

cancer and non-small cell lung cancer 25-27 and the P535L mutant would render 

USP25 more active than the wild type by destabilizing the tetramer assembly. 

Our results reveal the presence of two stable assemblies of USP25, dimer 

and tetramer, or “active” and “inactive” enzyme, respectively. In the cellular context, 

the release of the inhibitory IL-loop from the ubiquitin-binding pocket would 
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destabilize the tetramer structure and promote the formation of the dimer (Fig. 6). 

In order to find relevant single point mutations prompting to this oligomeric transition, 

we replaced USP25 Tyr454 either to phenylalanine or to glutamic acid. Tyr454 is 

located in the LCC1 coiled-coil structure in contact with the “kink” motif and 

participates in the tetramer interface, being an excellent candidate to disassemble 

the tetramer (Supplementary Fig. 11). Moreover, the conserved homolog residue 

in USP28 (Tyr447) has been reported to be phosphorylated in a human proteomics 

phospho-site global analysis 38. Interestingly, in vitro analysis reveals that Y454F do 

not affect the tetramer stability, but Y454E, a phosphomimetic tyrosine substitution, 

results in the formation of a stable dimer (Supplementary Fig. 11). Thus, even 

though the presence of high number of contacts in the tetramer, a single point 

mutant in the interface, such as Y454E, is capable to destabilize the tetramer and 

render USP25 to an “active” dimer. Phosphorylation of a single residue of the USP 

catalytic domain has already been shown to regulate the deubiquitinating activity in 

USP14 and USP37 39,40, so we speculate whether it would be a plausible 

mechanism to switch between these two oligomer assemblies in USP25.  

In addition to USP25, which is involved in the Wnt/β-catenin signaling by the 

regulation of the levels of tankyrases, the deubiquitinating activity of its homolog 

USP28 has been recently described to regulate the stability of P53 41-43. Intriguingly, 

USP28 shares a high degree of sequence and structural homology with USP25 

(Supplementary Fig. 1b), so it would be reasonable that the inhibitory regulatory 

mechanism described here for USP25 might be extensive to USP28, thus adding 

another layer of complexity to the regulation of P53. 

Finally, the inhibition of the USP25 activity by the interaction with the IL-loop, 

which basically comprises 8 to 10 residues sequence stretch, suggests the 

possibility of identifying small molecules that could mimic this specific binding to the 

USP25 catalytic domain. Those compounds would represent novel therapeutic 

approaches for the treatment of pathologies derived from an abnormal proliferative 

functions, such as the Wnt/β-catenin signaling pathway 44. 
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Materials and methods 

Plasmids, Cloning and Point Mutation 

The full length of USP25 was cloned from pENTR-USP25 (purchased from 

Open Biosystems, Human ORFeome Collection). Different constructs of USP25 

were amplified by PCR and cloned into the BamHI/NotI restriction enzymes sites of 

pET28-Smt3 vector using ligation dependent cloning, yielding an expression 

construct with an N-terminal SENP-cleavable Smt3 tag. Truncation mutants ∆IL and 

∆LCC-IL were generated by overlapping extension PCR 45 and linked by a three-

amino-acid linker peptide Gly-Ser-Gly. Point mutations were created using the 

QuickChange site-directed mutagenesis kit (Stratagene).  

 

Protein Expression and Purification 

pET28-Smt3 vectors harboring different constructs of USP25 were transformed 

into Escherichia coli strain Rosetta (DE3) cells and expression was induced with 0.5 

mM IPTG and grown at 28 °C overnight. Proteins were purified from the soluble cell 

lysate by Ni2+ affinity chromatography using a lysis buffer containing 20 mM Tris-

HCl, pH 8.0, 250 mM NaCl, and 1 mM β-mercaptoethanol. After Smt3 tag removal 

using SENP2, the proteins were further purified by gel filtration (Superdex 200 

column, GE Healthcare) chromatography pre-equilibrated in 100 mM NaCl, 20 mM 

Tris-HCl pH 8.0, 1 mM β-mercaptoethanol, followed by an anion exchange 

(Resource Q column, GE Healthcare) chromatography. Proteins were concentrate 

using Amicon Ultra-30K ultrafiltration device (Milipore) prior to the following 

experiments. 

Methylation, Crystallization and Data Collection 

USP25 construct containing residues 18-714 (USP25NCD) was expressed and 

purified by Ni2+ affinity chromatography. After SENP2 cleavage, it was purified by 

gel filtration chromatography using Superdex 200 column pre-equilibrated in 250 

mM NaCl, 50 mM HEPES pH 7.5, 1 mM β-mercaptoethanol. Fractions containing 

the proteins of tetramer and dimer were pooled, followed by a lysine methylation 

step based on a published strategy 31. In brief, borane-dimethylamine complex 

(Sigma-Aldrich) and formaldehyde (Sigma-Aldrich) were sequentially added into 
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protein solution and incubated overnight at 4 °C overnight. The methylation reaction 

was stopped by a final gel filtration chromatography on a Superdex 200 column pre-

equilibrated in 200 mM NaCl, 20 mM Tris-HCl pH 7.5, 1 mM β-mercaptoethanol, 

followed by an anion exchange chromatography. USP25NCD tetramer and 

USP25NCD dimer were finally concentrated to 8 g/L for crystallization. Both 

USP25NCD tetramer and dimer could grow crystals, but only tetramer crystals could 

diffract well. Crystals were grown at 18°C by hanging-drop vapour diffusion method 

by mixing the 1 μl protein in 100 mM NaCl, 10 mM Tris-HCl pH 8.0, 1 mM β-

mercaptoethanol with an equal volume of reservoir solution containing 18% 

PEG3350 (w/v), 100 mM Bis-Tris Propane pH 8.5, 200 mM NaF. Full size crystals 

were obtained after 3 days, followed by a post-crystallization dehydration procedure, 

which involved transferring crystals to new solutions containing gradually increasing 

concentration of PEG3350 (18%-25%). Diffraction-quality crystals were soaked in 

buffers supplemented with 15% (v/v) ethylene glycol and flash-frozen in liquid 

nitrogen. Crystals have cell dimensions of a = 140.8 Å, b = 140.8 Å, c = 190.1 Å, α 

= β = γ = 90 °. The attempts to find molecular replacement solutions using all 

previous published USP structures as search models did not generate any reliable 

solutions. Therefore, experimental phasing was performed by soaking the crystals 

in a drop containing 1 mM HgCl2 and incubated overnight at 18 °C and then 

harvested from the soaking condition. Native and derivative datasets were collected 

at ALBA synchrotron in Barcelona (BL13-XALOC beamline) 46and processed with 

XDS 47 and scaled, reduced, and further analyzed using CCP4 48. 

 

Structure Determination and Refinement 

SAD dataset was collected at 4,37 Å resolution using a wavelength of 0.9998 

Å. Heavy atom sites and initial density map were calculated using PHENIX SAD 

Autosol 49. The density maps clearly indicated the presence of 3 Hg2+ sites bound 

to free cysteine residues, which allowed the formation of a rough initial density map. 

Density modification and phase extension programs from CCP4 48 were used to 

improve the initial density maps and build an initial model with Coot 50. The initial 

model calculated with the Hg2+ dataset was used as a search model for molecular 

replacement in the native dataset collected at 3,28 Å resolution with Phaser-Phenix 
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51. The model was manually reconstructed using Coot 50 and further refine with 

PHENIX 49. 

 

Analytical gel filtration and native PAGE Assay 

All USP25 constructs were loaded on a Superdex 16 column pre-equilibrated 

in 100 mM NaCl, 20 mM Tris-HCl pH 8.0, 1 mM β-mercaptoethanol and peak 

fractions were assayed by SDS-PAGE. Carves were generated by plotting the 

absorbance at 280 nM versus elution volumes and normalized to the same level. 

For running the native PAGE, all USP25 constructs were adjusted to 0.6 g/L and 

prepared in non-reducing non-denaturing loading buffer. All gels were stained with 

coomassie brilliant blue.  

 

Deubiquitinating assays against diubiquitin and polyubiquitin chain 

substrates 

Both diubiquitin (K48-linked) and polyubiquitin chain (K63-linked and K48-

linked) hydrolysis reactions were performed in 150 mM NaCl, 20 mM Tris-HCl pH 

8.0, 5 mM DTT, 0.1% (v/v) Tween20 with different USP25 constructs at 30 °C or 

37 °C. The concentrations of enzymes and substrates in reactions were determined 

by specific experiments. Deubiquitylation of diubiquitin chains with native and lysine 

methylated USP25NCD tetramer was performed in 0.01 mg/mL K48-linked 

diubiquitin substrates and 200 nM enzymes. Deubiquitylation of diubiquitin chains 

with USP25NCD point mutants was performed in 0.025 mg/mL diubiquitin (K48-

linked) and 200 nM enzymes. Deubiquitylation of diubiquitin chains with USP25NCD 

truncation mutants was performed in 0.01 mg/mL diubiquitin (K48-linked) and 100 

nM enzymes. Deubiquitylation of polyubiquitin chains was performed in 0.05 mg/mL 

K63-linked or K48-linked polyubiquitin chain substrates and 100 nM USP25 

constructs. All reactions were stopped with SDS loading buffer at the indicated times 

and analyzed by SDS-PAGE followed by staining with SYPRO (Bio-Rad).  

 

Dynamic light scattering 

The average size of all USP25 constructs were measured by Dynamic Light 

Scattering (DLS) using a Malvern Zetasizer Nano-S90. Samples were measured in 

100 μl buffer with 150 mM NaCl, 20 mM Tris-HCl pH 8.0, 1 mM β-mercaptoethanol 
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at 25 °C in 0.1 mL Malvern disposable polystyrene cuvettes. Analyses were 

performed in triplicates with highly consistency and the representative results were 

shown. Due to aggregations, the intensity distributions which indicates how much 

light is scattered from various size “slices” or “bins” showed more than one peaks, 

and resulted in a high overall polydispersity index (PDI). However, when 

transforming the intensity distribution to a volume distribution the result only showed 

a single peak. The volume contributions from the aggregation peaks were then so 

small that they were no longer displayed. The size distribution by volume graphs for 

different USP25 constructs were generated using GraphPad Prism 7.0.  

 

Hydrolysis and Kinetic Analysis with Ubiquitin-AMC Assay 

Ub-AMC hydrolysis assays and kinetic analysis were set up in fluorescence 

cuvettes (Hellma Analytics) in 100 μl buffer with 150 mM NaCl, 20 mM Tris-HCl pH 

8.0, 5 mM DTT, 0.1% (v/v) Tween20 and measured with a fluorescence 

spectrometer (JASCO FP-8200) at excitation and emission wavelengths of 355 nM 

and 455 nM. Hydrolysis assays were performed at 37 °C with 200 nM USP25 

constructs and 0.1 μM Ub-AMC in triplicates. Kinetic analysis (Michaelis-Menten 

kinetic measurements) were carried out using 5 nM USP25 constructs with a series 

of Ub-AMC substrate titrations at 37 °C. Initial rates of substrate hydrolysis were 

obtained using linear regression. Kinetic curves were obtained by plotting the 

measured enzyme initial rates versus the corresponding substrate concentrations, 

followed by the modeling using nonlinear regression fit with Michaelis-Menten 

equation. All data were processed using GraphPad Prism 7.0.  

 

Cell culture, antibodies and reagents 

The human embryonic kidney 293T cell line (HEK293T) (CRL-1573; ATCC) 

was used for ectopic expression of Flag-USP25 and its mutants. HEK293T cells 

were cultured in DMEM medium (Sigma-Aldrich, St Louis, MO), supplemented with 

10% (v/v) FBS, 2 μM L-glutamine and 100 U/mL Penicillin/Streptomycin. Cells were 

growth in a 37ºC humidified incubator containing 5% CO2. The commercial 

antibodies used for Western blotting analysis included the following: anti-TNKS1/2 

(1:1000 dilutions; Santa Cruz Biotechnology; sc-8337); anti-USP25 (1:1000 dilution; 

Abcam, ab187156); anti-Flag (1:1000 dilutions; Sigma-Aldrich, F7425) and anti-
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Tubulin (1:5000 dilutions; Sigma, T5168), Anti-Flag M2 affinity gel (Sigma-Aldrich, 

no. A2220). CHX (Sigma-Aldrich, no. 01810) was added to the cell culture medium 

in a final concentration of 100 μg/mL and cells were collected at the indicated times 

(0h, 3h and 6h) for western blotting. Bortezomib (Jansen Pharmaceuticals) was 

added to the cell culture medium in a final concentration of 0.5 μM and cells were 

collected after 6h for western blotting. 

 

Cell culture vector constructs and transfection 

pcDNA3.1-FlagUSP25FL, pcDNA3.1-FlagUSP25FL ΔIL, pcDNA3.1-

FlagUSP25FL C178A, pcDNA3.1-FlagUSP25FL ΔIL C178A, pcDNA3.1-

FlagUSP25 NCD, pcDNA3.1-FlagUSP25 NCD ΔIL and pcDNA3.1-FlagUSP25FL 

point mutants  P521S, F522G, E373A, C651F and L271W vector constructs  were 

generated by PCR using previous pET28-Smt3 USP25 constructs as DNA 

templates, the specific primers fused with a Flag tag at the N Termini and Phusion 

DNA polymerase (Thermo) following the manufacturer’s instructions. The PCR 

products were cloned into pcDNA3.1 (Invitrogen) using the T4DNA ligase (Thermo) 

and sequenced previous to use. pcDNA3.1-Flag USP25 and its mutated vector 

constructs were transfected into HEK293T cells using the Lipotransfectin 

(NIVORLAB), according to manufacturer’s instructions. Forty-eight hours later, 

transfected HEK293T cells were collected and lysed in Triton Lysis Buffer (TLB: 50 

mM Tris-HCl pH 7.5, 150 µM NaCl, 1 µM EDTA, 50 µM NaF, 0.5% Triton X-100, 

plus protease inhibitors).  

 

Western blot experiments 

Total protein lysates derived from transfected HEK293T cells were used for 

western blot (WB) experiments using the human specific antibodies anti-TNKS1/2 

(1:1000 dilutions; Santa Cruz Biotechnology; sc-8337); anti-USP25 (1:1000 dilution; 

Abcam, ab187156); anti-Flag (1:1000 dilutions; Sigma-Aldrich, F7425) and anti-

Tubulin (1:5000 dilutions; Sigma, T5168). Membranes were developed with 

chemiluminescence substrate Pierce® ELC Western blotting substrate (Thermo 

Fisher Scientific, South Logan, UT), and visualized on a LAS4000 device (Fujifilm, 

Tokyo, Japan). Protein quantification was done with Image Gauge software 

(Fujifilm).  
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Immunoprecipitation Experiments 

Total protein extracts obtained from HEK293T cells were transiently transfected 

with Flag-USP25 or its mutant expression plasmids using TLB as describer before. 

5mg of protein extracts were used for IP using specific Anti-Flag M2 affinity gel. IP 

was performed overnight at 4ºC with slow rotation. After 24 hours, the supernatant 

was separated from the gel and washed three times with TLB, the Flag-fused 

proteins were eluted with SDS-loading buffer for 1h at room temperature. 

Immunoprecipitated proteins were analyzed by WB using the specific anti-Flag 

antibodies and anti-TNKS1/2. 

 

Statistical analysis for table of tankyrase stability  

Data are represented as mean ± SD of three independent experiments. 

Statistical tests were performed using SPSS v16.0 software (SPSS). Comparison 

between two groups of samples was evaluated by independent sample t test, and 

results were considered statistically significant when p-val<0.05. 
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Table 1. Data collection and structure refinement statistics. 
 

Data collection 
  

Beamline  ALBA-XALOC ALBA-XALOC (Hg2+) 

Space group I 4 2 2 I 4 2 2 

Wave length (Å) 0.9791 0,9998 

Resolution (Å) 95.08-3.28 (3.29-3.28) 94.76-4.35 (4.35-4.37) 

a, b, c (Å) 140.806, 140.806, 190.156 141.17,141.17,190,17 

α, β, γ (°) α = β = γ = 90 α = β = γ = 90 

Unique reflections  14883 6588 

Data redundancy 6.50 (6.40) 25.4 (26.5) 

Rmerge 0,07 (0.98) 0.19 (1.06) 

CC (1/2) 0,99 (0.85) 0.99 (0.97) 

I/σ 16.3 (2.3) 20,3 (6.9) 

Completeness (%) 99.5 (97.7) 99.9 (95.7) 

Refinement  
  

Resolution (Å) 95.08-3.28 (3.37-3.28) 
 

Non-anomalous reflections 14150 
 

Rwork/Rfree 0.202/0.275 
 

Number of all atoms 3963 
 

RMSD bond (Å)/Angle (°) 0.011/1.524 
 

Ramachandran plot 
  

Favored (%) 91.99 
 

Allowed (%) 6.71 
 

Disallowed (%) 1.30 
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Abstract  

SUMO belongs to the ubiquitin-like family (UbL) of protein modifiers. SUMO is 

conserved among eukaryotes and is essential for the regulation of processes such 

as DNA damage repair, transcription, DNA replication and mitosis. UbL modification 

of proteins occurs via a specific enzymatic cascade formed by the crosstalk between 

the E1-activating enzyme, the E2-conjugating enzyme and the E3-ligase. An 

essential discrimination step in all UbL modifiers corresponds to the interaction 

between E1 and E2 enzymes, which is mediated by the recruitment of the E2 to the 

UFD domain (ubiquitin-fold domain) of the E1 enzyme. To gain insights in the 

properties of this interface, we have compared the structures of the complexes 

between E1 UFD domain and E2 in human and yeast, revealing two alternative UFD 

platforms that interact with a conserved E2. Comparative sequence analysis of the 

E1 UFD domain indicates that the E2 binding region has been conserved across 

phylogenetic closely related species, in which higher sequence conservation can be 

found in the E2 binding region than in the entire UFD domain. These distinctive 

strategies for E1-E2 interactions through the UFD domain might be the 

consequence of a high selective pressure to ensure specificity of each modifier 

conjugation system. 
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Introduction 

 The post-translational modification pathway of proteins by UbLs (Ubiquitin-like 

modifiers) is characterized by the presence of specific enzymatic cascades (E1, E2 

and E3 enzymes), which results in the formation of an isopeptidic bond between the 

UbL and the protein target1,2. A major characteristic of this process is the specificity 

provided between all components of the UbL pathway, resulting in the formation of 

protein-protein complementary interfaces3,4. SUMO (Small Ubiquitin-Like Modifier) 

is a UbL modifier that can alter the function of a myriad of target proteins inside the 

cell5, being involved in processes such as DNA damage repair, transcription, DNA 

replication and mitosis1,6,7. 

The first specificity step in the pathway corresponds to the interaction of the 

UbL modifier with its particular E1-activating enzyme8,9. In the SUMO pathway, the 

E1-activating enzyme is a large multidomain heterodimer (Sae1-Uba2)10 that 

initiates the process by adenylation of the SUMO C-terminus and the subsequently 

formation of a thioester bond with the active-site cysteine residue of E111. Next, the 

activated UbL-thioester is transferred to the active-site cysteine residue of the E2-

conjugating enzyme (Ubc9 in SUMO), which represents a second specificity step in 

the pathway by the formation of the E1-E2 complex. Crystal structures of several 

E1-activating enzymes12-15 revealed the presence of a domain displaying an 

Ubiquitin-like Fold (UFD domain) in the E1-activating enzyme large subunit. The E1 

UFD domain plays a major role in the binding of the E2 enzyme, providing specific 

contacts between E1 and E2 enzymes. This interaction was first observed in the 

crystal structure of the Nedd8 E1 in complex with E213, showing the direct binding 

of E2 to the E1 UFD domain. Recently, the crystal structure of the thio-ester transfer 

intermediate of ubiquitin E1-E2 complex15 revealed a dual binding of E2 to the UFD 

domain and to the catalytic E1 Cys-domain, which occurs after an significant rotation 

of the UFD domain, providing the structural basis for the isoenergetic thio-ester 

transfer between the E1 and the E2 enzymes15. This interaction between E2 and 

the Cys domain of the E1 was proposed previously in the SUMO pathway by NMR 

analyses, although E1 UFD-E2 interactions display higher affinity (Kd = 1.2 M)16 

than E1 Cys-E2 interactions (Kd = 87 M)17, supporting a major role of the E1 UFD 

domain in E2 recruitment.  
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Protein sequence variations in the E1 UFD domain of different UbL modifiers 

are quite significant, especially in the binding region to the E2 enzyme. All reported 

structures of UFD domains display an analogous β-grasp structure, and the 

interaction of the UFD domain with the E2-enzyme occurs through the same side of 

the β-sheet structure13-15,18-20. However, in all reported complex structures 

superposition of the E2 enzymes reveal distinct orientations of the UFD domain, 

which is a direct consequence of different contacts in each UbL system15,18. 

Conservation analysis according to sequence alignments showed that yeast and 

human SUMO UFD domains display little sequence homology (17% sequence 

identity), and it is even lower considering only the binding region to Ubc9. 

Notwithstanding this low conservation, both proteins can efficiently interact with a 

highly conserved surface in their cognate Ubc9. In this scenario, the identification of 

the molecular determinants that mediate E1 UFD and E2 interactions in evolutionary 

distant organisms cannot rely on sequence homology analysis. Instead, the 

elucidation of these molecular determinants requires specific structural studies of 

the interaction. 

Here we present a detailed structural comparison analysis of the two 

complexes between SUMO E1 UFD domain and Ubc9 from yeast21 and human. We 

also present a novel structure of the human complex solved in a different space 

group than the recently deposited22. Our results indicate that human and yeast UFD 

domains interact with a conserved surface of Ubc9, in each case by maintaining the 

same chemical character of the interface contacts despite the lack of sequence 

homology. Sequence alignment of these two E2 binding region discloses unique 

consensus motifs that have been maintained across species from the same 

kingdom (in Metazoa) or in the same order (in Saccharomycetales). Phylogenetic 

and homology analysis revealed that the region involved in Ubc9 binding displays a 

slightly higher conservation degree than the UFD domain between phylogenetically 

closely related organisms, although it also displays higher variability, highlighting 

the relevance of this interface in the protein-protein specificity for each type of UbL 

modification.  
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Results 

Complex between human SUMO E1 UFD domain and SUMO E2 

The interaction between the ubiquitin-fold domain (UFD) of the E1-activating 

enzyme and the E2-conjugating enzyme has been revealed as a crucial 

discrimination step in the conjugation pathway of UbL modifiers14,18,23,24. The 

interface between E1 and E2 enzymes is unique and is required to confer specificity 

between cognate enzymes of each UbL conjugation pathway. Notably, differences 

in the interface are more significant in the UFD domain than in the E2-conjugating 

enzyme, which is a highly conserved enzyme. Within the same UbL family, 

evolutionary distant species display a low degree of sequence conservation 

between E1 UFD domains. In SUMO pathway, yeast and human UFD domains were 

shown to display only a 17% sequence identity25. To get structural insights for the 

different interaction between yeast and human, we have determined the crystal 

structure of the complex between human E1 Uba2 UFD domain and human E2 

Ubc9 at 2.2 Å resolution and compared this structure to the analogous complex in 

yeast (PDB code 3ONG)25. During the preparation of the manuscript, another 

structure of the human E1 UFD-Ubc9 was also published in a different 

crystallographic space group, supporting our results22 (PDB ID 4WSV). 

Human E1 ubiquitin-fold domain (UFD) was designed based on the structure 

of the full-length human SAE1-SAE2 E1-activating enzyme (PDB code 1Y8Q)24. We 

alternatively prepared a UFD construct including the C-terminal flexible extension, 

however this longer UFD was unstable and displayed proteolysis after complex 

formation with Ubc9. Both native gel electrophoresis and gel filtration 

chromatography indicated the formation of the complex between human E1 UFD 

domain and Ubc9 (see Supplementary Fig. S1). After initial unfruitful crystallization 

trials with the purified complex, a lysine methylation protocol was conducted to 

induce crystallization. Suitable crystals diffracted beyond 2.2 Å resolution, contained 

one complex of UFD/Ubc9 per asymmetric unit and belonged to the tetragonal 

space group system (Table 1), which is different to the monoclinic crystals recently 

deposited22 (PDB code 5W5V).  
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Table 1. Summary of crystallographic analysis 

 

Data collection 

Beamline  ALBA-XALOC 

Space group P43212 

Wavelength (Å) 0.97946 

Resolution (Å) 46.44-2.20 (2.32-2.20)* 

a, b, c (Å) 129.61, 129.61, 66.60 

α, β, γ (°) α = β = γ = 90 

Unique reflections  29309 

Data redundancy 10.9 (11.0) 

Rmerge 0.043 (0.602) 

I/σ 26.4 (4.3) 

Completeness (%) 99.8 (98.4) 

Refinement  

Resolution (Å) 46.44 - 2.20 

Unique reflections 29254 

Rwork/Rfree 0.22/0.24 

Number of all atoms 2100 

Number of waters 38 

RMSD bond (Å)/Angle (°) 0.008/1.11 

Average B factor (protein/water) 60.69/56.26 

Ramachandran plot 

Favored (%) 97.64 

Allowed (%) 2.36 

Disallowed (%) 0.00 

 
 * Highest resolution shell is shown in parenthesis.  
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Figure 1. Structural alignment and comparison of the interfaces between UFD and Ubc9 from 
human and yeast complexes. (a) Structural alignment of the UFD domains from yeast (ScUba2) 
and human (HsUba2). Red circles indicate contact residues to Ubc9. Dotted rectangle represents 
the binding region to Ubc9. (b) Structural alignment of yeast and human Ubc9. Small red arrows 
indicate contact residues to UFD. Dotted rectangle represents the binding region to UFD. Secondary 
structure is depicted above sequence. (c) Left, ribbon representation of the complex of human Ubc9 
and the UFD domain. Right, stereo representation of the interface residues between Ubc9 (green 
line) and UFD (purple ribbon). Major contacts are labeled and represented in stick configuration. (d) 
Left, ribbon representation of the complex of yeast Ubc9 and the UFD domain. Right, stereo 
representation of the interface residues between Ubc9 (yellow line) and UFD (blue ribbon). Major 
contacts are labeled and represented in stick configuration. (e) Structural superposition of Ubc9 in 
the human and yeast complex with UFD.  
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An overall structural comparison of free and bound Ubc9 structures displayed 

little variation (0.71 Å rmsd Cα deviation), although differences were observed in the 

binding region to UFD, displaying rmsd Cα deviations between 1.50 Å and 3.66 Å 

in the residues forming the β1-β2 loop (Lys30 to Met36). Similarly, free and bound 

E1 UFD structures are almost identical (overall 0.72 Å rmsd deviation). According 

to the PISA server26 the human complex buries a surface of 1493 A2 and involves 

26 and 19 residues of UFD and Ubc9, respectively, which is comparable to the 

analogous complex in yeast (1557 A2 interface)25.  

 

Yeast and human interface comparison 

In contrast to the conservation proposed according to sequence homology 

between human and yeast UFD, 17% of identity, this homology is even lower, 11%, 

when a structural alignment is performed (Fig. 1a). Interestingly, differences 

between yeast and human are increased, 7% of sequence identity, when comparing 

only the residues forming the interface of the E1 UFD domain with Ubc9, which are 

basically formed by a different set of residues capable to interact with a conserved 

Ubc9 surface (Fig. 1b). However, despite this low sequence homology between 

yeast and human UFD, the interaction occurs through the same surface22,25, forming 

an interdigitated complex between the α1 helix and the β1-β2 loop of Ubc9 that sits 

on the β-sheet surface of UFD (Fig. 1c). As a consequence of this low conservation, 

structural superposition of Ubc9 reveals a rotation of the E1 UFD domain between 

both complexes (Fig. 1e). Different orientations of UFD domains in complex with E2 

can also be observed in other UbL systems, as revealed by the structures of 

ubiquitin and Nedd8 UFD in complex with E2 (Uba1-Ubc4 complex PDB code 4II2; 

and Uba3-Ubc12, pdb code 2NVU,13,15). All these structures suggest plasticity in the 

UFD interface that has evolved to specifically interact with its cognate E2-

conjugating enzyme in each UbL pathway.  

The binding surface of Ubc9 in yeast and human is highly conserved, and is 

basically formed by similar backbone and side-chain interactions in the α1 helix and 

the β1-β2 loop of Ubc9 (yeast and human Ubc9 share 56% sequence identity). 

Specific side-chain interactions in Ubc9 include a hydrophobic patch formed by 

Leu6, Met36, and Leu38, and a basic patch formed by Arg13, Lys14, Arg17 and 

Lys18 (Fig. 2a, 2b). Interestingly, all these conserved residues in Ubc9 engage 
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specific contacts with the non-conserved UFD surfaces of yeast and human. A major 

contact difference in Ubc9 corresponds to Ala10, which is substituted by Gln10 in 

yeast, forming a polar interaction with Glu515 of the yeast UFD domain (Fig. 1d). 

Previous point mutational analysis on these two patches of Ubc9, namely the basic 

α1 helix and the hydrophobic β1-β2 loop, showed impairment in the binding to the 

E1 activating enzyme, indicating a major role of these two regions in the transfer of 

SUMO between E1 and E2 proteins25,27. 

The UFD interacting surface is extended and mostly formed by residues 

emanating from β22 and β23 strands and connecting loops (Fig. 1c, 1d). A general 

feature of this interaction, widespread so far in all characterized UbL pathways, is 

the interaction through the same β-sheet surface (Fig. 2). But in contrast to the Ubc9, 

the region involved in UFD is poorly conserved between yeast and human. For 

simplicity, we have designated this region as Low Homology region involved in E2 

Binding 2 (LHEB2). The LHEB2 can be divided in two regions, each establishing 

interactions with the basic and hydrophobic patches of Ubc9 (Fig. 2a, 2b). The first 

contact region in human UFD is composed by Asp479, Ser492, Ser493, Glu494 and 

Glu497, which engage polar and charged contacts with the basic patch of Ubc9, 

composed by α1 helix residues Arg13 and Arg17. The LHEB2 in human is highly 

conserved in all metazoan species analyzed (see later in Fig. 3). In contrast, in yeast 

the basic patch of Ubc9 interacts with Asp488, Tyr489 and Asp490, which is also a 

highly conserved sequence in all Saccharomycetales species analyzed (see later in 

Fig. 3). Interestingly, in the human structure Phe522 is buried in an aliphatic pocket 

formed by Arg17, Lys14 and Lys18 (see Fig. 1c), whereas in yeast a similar Ubc9 

pocket buries Tyr489 (see Fig. 1d), a residue located at the center of the LHEB2 

sequence instead of the LHEB2 C-terminal position that occupies its human 

counterpart. 

 The second contact region of UFD interacts with the hydrophobic patch of Ubc9. 

This interface is composed by backbone and side chain interactions emanating from 

the β22-β23 connecting loop and β23 strand of UFD. In human Ubc9 Leu6 interacts 

with the β22-β23 loop formed by Gly485 and Gly487 (Fig. 1c). In contrast, in yeast, 

the composition and length of this loop is different and Ubc9 Leu6 interacts with 

Leu478 (Fig. 1d). In this region we can observe the highest structural homology 

between human and yeast. In human three backbone hydrogen bonds are formed 
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between Gly487 and Ile489 with Ubc9 Met36 and Asn37, by only two in yeast, 

between Leu485 and Ubc9 Met36. Additionally, the side chain of Ile489 in human 

(or Leu485 in yeast) is buried in both cases in the Ubc9 hydrophobic pocket formed 

by Met36 and Leu38 (Fig. 1c, 1d). Finally, it is worth mentioning that the specific 

contacts established by yeast Arg484 and Phe491 are absent in metazoan 

sequences but highly conserved in Saccharomycetales.  

 

Interface comparison with other UbL E1-E2 complexes 

Comparison of the UFD-E2 interfaces in ubiquitin and Nedd8 (Uba1-Ubc4 

complex, PDB code 4II2; and Uba3-Ubc12, pdb code 1Y8X)13,15 indicate that only 

the hydrophobic patch in Ubc9 is partially conserved in the ubiquitin E2 (Ubc4), 

formed in this instance by Leu3 and Leu30, which can be aligned with Ubc9 Leu6 

and Leu38 (Fig. 2). However, the basic patch in the α1 helix of Ubc9, formed by 

Arg13, Lys14, Arg17 and Lys18, represents a specific feature of the SUMO pathway 

and are not present neither in Nedd8 (Ubc12) nor in ubiquitin (Ubc4), which are 

replaced by acidic and aliphatic residues. Ubc4 and Ubc12 also display a shorter 

β1-β2 loop compared to Ubc9 (Fig. 2). These differences in the E2-conjugating 

enzyme between UbLs modifiers result in the presence of non-complementary 

surfaces with E1 UFD domains, which are indeed the basis for the enzyme 

specificity among each UbL pathway. For instance, SUMO E1 UFD domain contains 

specific polar contacts (Ser492, Ser493, Glu494 and Glu497 in human or Asp488, 

Asp490 and Asp493 in yeast) to interact with the basic patch of Ubc9, however, in 

ubiquitin and Nedd8 these positions are substituted by aliphatic residues (Ala954 

and Phe956 in ubiquitin or Leu415, Val418 and Ile421 in Nedd8) (Fig. 2).  

As mentioned before, human Ile489 and yeast Leu485 adopt a similar 

conformation and engage identical backbone hydrogen bonds with the β1-β2 loop 

of Ubc9. Interestingly, despite the lack of sequence conservation, the equivalent 

residues in the ubiquitin UFD domain, namely Ser950-Leu951, also engage 

analogous backbone hydrogen bonds contacts with the β1-β2 loop of the E2 

enzyme (Ubc4)15. Thus, this backbone interaction represents a unique conserved 

structural element maintained in distant UbL systems such as SUMO and ubiquitin. 

This interaction does not occur in Nedd8 (Ubc12-Uba3, pdb code 1Y8X,13), in which 

the E2 enzyme sits across a similar region of the UFD domain but with a different 
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angle compared to ubiquitin, and the contacts between both UbL systems are poorly 

conserved and thus not complementary18,15. 

 
Figure 2. Comparison of the UFD-E2 interface from different UbL systems. (a) Transparent 
electrostatic representation of the interface of human SUMO E2 (hSUMO Ubc9) with the UFD domain. 
Major contacts are labeled and represented in stick configuration. Basic and aliphatic surface 
patches are indicated by dotted circles. (b) Transparent electrostatic representation of the interface 
of yeast SUMO E2 (ySUMO Ubc9) with the UFD domain. Major contacts are labeled and represented 
in stick configuration. Basic and aliphatic surface patches are indicated by dotted circles. (c) 
Transparent electrostatic representation of the interface of S.pombe ubiquitin E2 (SpUb Ubc4) with 
the UFD domain. Major contacts are labeled and represented in stick configuration. (d) Transparent 
electrostatic representation of the interface of human Nedd8 E2 (hNedd8 Ubc12) with the UFD 
domain. Major contacts are labeled and represented in stick configuration. (e) Schematic 
representation of the human SUMO E1 UFD domain contacts with the E2 enzyme. (f) Schematic 
representation of the yeast SUMO E1 UFD domain contacts with the E2 enzyme. (g) Schematic 
representation of the S.pombe ubiquitin E1 UFD domain contacts with the E2 enzyme. (h) Schematic 
representation of the human Nedd8 E1 UFD domain contacts with the E2 enzyme. Black and grey 
spots indicate the orientation of the side chain in the structure regarding the β-sheet plane.  

 

Evolutionary conservation of the SUMO E1 UFD interfaces  

 Structural comparison between human and yeast indicate that SUMO UFD 

domains are composed by a different set of residues that can engage productive 

interactions with a conserved E2 enzyme. In order to evaluate the biological 

relevance of these two alternative structural interfaces involved in E2 interactions, 

we have analyzed the conservation of the LHEB2 sequence of the E1 UFD domains 

across species. In human, the LHEB2 region is comprised by residues between 

Pro478 and Phe509 (Fig. 1a, 3e), whilst in yeast is composed by residues between 
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Pro472 and Ile502 (Fig. 1b, 3e). We searched for human E1 UFD domain orthologs 

at the EggNOG database and focused on metazoan and fungal species, for which 

structural information of the E1 UFD-E2 interactions is available. Since fungal E1 

displayed a high level of sequence divergence, we focused on species belonging to 

the Saccharomycetales order, which include Saccharomyces cerevisae. The 

phylogenetic analyses of both domains, E1 UFD and LHEB2, show that clustering 

of the E1-UFD sequences in the phylogenetic tree reflects the taxonomical 

relationships of the species represented (Fig. 4a). On the contrary, when the same 

analysis was performed with the LHEB2 domain, tree distribution is not consistent 

with taxonomic lineages (Fig. 4b), suggesting that this region presents higher 

variability than the UFD domain where is contained.  

In addition, we analyzed the distribution of homology between pairs. 

Saccharomycetales UFD or LHEB2 sequences were compared with the 

corresponding human (conservation to outlier) or yeast sequences (conservation 

within the group). Similarly, metazoan UFD or LHEB2 sequences were compared 

with the corresponding yeast (conservation to outlier) or human sequences 

(conservation within the group). The homology pair distributions were plotted onto 

box plots (Supplemental Fig. S2). In general, when sequences were compared with 

an outlier, in all groups except in Saccharomycetales, the median of the obtained 

distribution was higher in the LHEB2 sequence analysis than in the UFD. At the 

same time, the box length, whose limits indicate the 25th and 75th percentiles, is 

higher for the LHEB2 than for the UFD homology pair distributions, suggesting that 

this region also presents higher variability. These results support the phylogenetic 

analyses indicating that, in general, the LHEB2 sequence is more conserved than 

the UFD domain within each evolutionary group, although the individual sequences 

contained in each group display higher variability. Similar results were obtained 

when sequences were compared with a reference sequence within each group, 

Saccharomycetales or metazoan. 
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Figure 3. Conservation analysis of Sae2 LHEB2 domain in metazoan and Saccharomycetales. 
Amino acid sequence alignment of Sae2 LHEB2 domain orthologs from nematoda (a), arthopoda (b), 
chordate (c) and saccharomycetales (d). Residue shading correspond to 95% (white letter and dark 
background), 75% (white letter and gray background), and 55% (black letter and light gray 
background) of sequence identity in (a),(b) and (c). In the case of saccharomycetales, the shading 
types correspond to 90%, 70% and 50% of sequence identity, respectively. Metazoan multiple 
sequence alignments of LHEB2 sequences were performed using Clustal Omega software and 
including yeast Uba2 (NP_010678) as outlier. Saccharomycetales multiple sequence alignments of 
LHEB2 sequences were performed using Muscle software and including human Sae2 (Q9UBT2) as 
outlier. (e) Graphical representation of LHEB2 domain consensus sequences determined from amino 
acid sequence alignments shown in (a), (b), (c) and (d). The overall height of the stack indicates the 
sequence conservation at that position, while the symbol height within the stack indicates the relative 
frequency of each amino acid within that position. The positions of yeast Sae2 residues involved in 
Ubc9 interaction according to the previously resolved structure (3ONG) are indicated in blue below 
the sequences graph. Asterisks indicate residues shown to have a major contribution to E1-E2 
interactions in mutagenesis analysis25. The positions of human Sae2 residues involved in Ubc9 
interactions according to the resolved structure are indicated in blue below the chordata consensus 
sequence graph. Grey circles indicate residues establishing contacts with Ubc9 1-helix, while grey 
triangles indicate residues interacting with Ubc9 residues located at the Ubc9 1 2-loop. 
Conserved residues across phyla are indicated by lines. (f) Distribution of LHEB2 sequence length 
displayed by orthologs within each phylogenetic group analyzed was plotted on a box plot graph. 
Data points are represented by circles. Outliers are represented by dots. The number of data points 
analyzed in each phylogenetic group is indicated below the x-axis. 

 

 The homology analysis of the residues involved in Ubc9 contacts are even 

higher conserved and minor differences were identified among phyla. In chordates, 

the highest conserved group, all the contacts described in the human structure are 

present in all species analyzed within this phylum (Fig. 3c). In arthropoda, sequence 

comparison also display little divergence, but in this case variations can be found in 

the composition of the β22-β23 connecting loop of UFD, presenting different loop 

lengths but still conserving Gly485 and Gly487 in many species of the phylum (Fig. 

3b). In nematode, the five species analyzed also display conservation in the major 

E2 contact residues, but in contrast to chordate and arthropoda, the β12-β13 

connecting loop displays little homology and Gly485 and Gly487 have been 

substituted (Fig. 3a).  

 Therefore, all major specific UFD contacts with Ubc9 are basically conserved in 

metazoa, including contacts with the hydrophobic and the basic patches of the Ubc9 

surface. For instance, human Asp479, Ser492, Ser493, Glu494 and Glu497 

(occasionally replaced by aspartic), which interact with Ubc9 Arg13 and Arg17, are 

highly conserved in all species analyzed. Similarly, the hydrophobic interaction of 

the human UFD Ile489, which interacts with Ubc9 Met36 and Leu38, is also 

conserved but can be occasionally substituted by valine in some species. The major 

differences in the UFD interface in metazoa are located in the β22-β23 connecting 
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loop, formed in human by Gly485 and Gly487, which interact with Ubc9 Leu6. 

Whereas in chordate this connecting loop is highly conserved, in arthropod and 

particularly in nematode, this loop displays different lengths and amino acid 

composition. It is worth mentioning here that the extension and composition of this 

particular loop in UFD domains is highly divergent between E1-activating enzymes 

specific to different UbL modifiers, suggesting that this domain has evolved to 

interact with its cognate E2-enzyme. 

 

Figure 4. Phylogenetic analysis of UFD and LHEB2 domains from Metazoa and 
Saccharomycetales. Maximum likelihood phylogenetic trees depicting the evolutionary 
relationships among 86 Sae2 UFD (a) or Sae2 LHEB2 (b) domain sequences from 68 metazoa 
species species using sequence alignments shown in Fig. S3 (UFD) and Fig. 3 (LHEB2). Sequences 
belonging to the same phylum are enclosed in colored areas. Tree scales are shown below each 
tree.   
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 In contrast to metazoa, sequence comparison of the E2 binding region of the 

yeast UFD domain with members of the Fungi kingdom is highly diverse, and further 

structural analyses will be required for establishing the molecular basis of E1-E2 

interactions in those divergent groups. In the order of Saccharomycetales, the major 

specific contacts described in the structure of S.cerevisiae UFD-Ubc9 complex25 are 

conserved. In this instance, as shown before in the structural comparison, the 

consensus binding sequence in Saccharomycetales is completely different to 

metazoan. Yeast UFD residues Asp488, Asp490 and Asp493, which interact with 

the basic patch of Ubc9, are highly conserved in Saccharomycetales (Fig. 3d, 3e), 

as well as Leu478, Leu485 and Phe491, which interact with the hydrophobic patch 

of Ubc9. Other specific contacts in the structure, such as Arg484 and Tyr489, are 

replaced by residues with similar chemical properties, such as lysine for Arg484 and 

phenylalanine, isoleucine or valine for Tyr489 (Fig. 3d, 3e). 

 During the essential SUMO conjugation pathway, protein-protein interactions 

have evolved to maintain specificity of the modifier and the targets. The SUMO 

conjugating enzyme constitutes the link between modifier specificity, which is 

selected by the E1 activating enzyme, and the protein substrate specificity, 

mediated by the cooperation between the E2 and the E3 ligase enzymes. In the E1-

E2 interactions, a region in the E1 UFD domain, the LHEB2 sequence, plays a major 

role in E2 recruitment to the E1. In evolutionary distant groups, the LHEB2 

sequences are poorly conserved according to sequence homology and length. On 

the contrary, in closely related phylogenetic groups, the conservation of the LHEB2 

sequence is higher, highlighting the relevance of this interaction between E1 and 

E2 structures. We speculate that these distinctive strategies for E1-E2 interactions 

through the E1 UFD domain are the consequence of a high selective pressure to 

ensure modifier specificity. Future structural analyses of other evolutionary distant 

groups, such as plants or protozoa, will most probably uncover novel molecular 

determinants mediating E1-E2 interactions. 

  



111 

 

Conclusions 

In summary, structural comparison of yeast and human SUMO UFD-E2 

complexes and sequence alignment of SUMO UFD domains, reveal the presence 

of at least two complementary types of interfaces, which are conserved across 

species from the same kingdom (metazoan) or in the case of the Fungi kingdom, in 

the same order (Saccharomycetales). Despite the low level of sequence homology 

in the UFD domains among these distant species of different kingdoms, these two 

types of interfaces maintain the structural and chemical properties necessary to 

interact with a conserved E2 binding surface. Structural and sequential comparisons 

have also revealed at least two different types of consensus sequences in the E1 

UFD domain, which we named LHEB2 sequences, that can complement the 

conserved surface in the E2 enzyme. Interestingly, sequence conservation in the 

E2 binding region is higher than in the overall UFD domain, suggesting the presence 

of an evolutionary pressure to maintain the contacts with the E2-conjugating 

enzyme, which are essential for the correct function of each UbL pathway. 
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Materials and methods 

Protein expression and purification 

Expression constructs were generated by a standard PCR-based cloning 

method. The full length human Ubc9 and E1 UFD domain (residues 447-547) were 

cloned to pET28a tagged with 6×His at the N-terminal. Escherichia coli BL21(DE3) 

plysS containing the expression vector were grown in Luria Bertani medium with 

chloramphenicol (17 μg/mL) and kanamycine (50 μg/mL) at 37 °C until the OD600 

reached to 0.8. Expression was induced by 0.1mM IPTG, followed by overnight 

culturing at 28 °C. Recombinant proteins were purified by nickel-nitrilotriacetic acid 

agarose resin (Qiagen) and dialyzed against 250 mM NaCl, 20 mM Tris-HCl (pH 

8.0), 1 mM β-mercaptoethanol in the presence of thrombin protease overnight at 

4 °C to remove the 6×His tag. Proteins were further purified by gel filtration 

chromatography on a Superdex75 column (GE Healthcare), which was pre-

equilibrated in 250mM NaCl, 20mM Tris-HCl pH 7.5, 1mM β-mercaptoethanol. 

 

Protein complex preparation and methylation 

Ubc9 and UFD complex was made by mixing equimolar amounts of proteins 

and purified by gel filtration chromatography using a Superdex75 column. Ubc9 and 

UFD were co-eluted in a single peak and confirmed by SDS-PAGE. After gel 

filtration, the complex was dialyzed against 250mM NaCl, 50mM HEPES pH 7.5, 

1mM β-mercaptoethanol for lysine methylation based on a published strategy28. In 

brief, borane-dimethylamine complex (Sigma-Aldrich) and formaldehyde (Sigma-

Aldrich) were sequentially added into protein solution and incubated overnight at 

4 °C.  The methylation reaction was stopped by a final gel filtration chromatography 

on a Superdex75 column pre-equilibrated in 200mM NaCl, 20mM Tris-HCl (pH 7.5), 

1mM β-mercaptoethanol. Purified protein complex was concentrated to 30 g/L using 

an Amicon Ultra-10K ultrafiltration device (Millipore) prior to crystallization. 

 

Crystallization and data collection 

Crystals were grown by the sitting-drop vapor diffusion method by mixing the 

protein complex (30 g/L) with an equal volume of reservoir solution containing 16% 

PEG6000 (w/v), 100mM MES pH 6.5, and 5% MPD (v/v), at 18 °C. Crystals 
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appeared after 24 hours and continued to grow to full size in one week. Big crystals 

were soaked in mother liquor supplemented with gradually increasing concentration 

of 5%, 10%, 20% (v/v) MPD for 60 seconds each time and flash frozen in liquid 

nitrogen. Diffraction data were collected to 2.20 Å resolution at ALBA synchrotron 

in Barcelona (BL13-XALOC beamline). The crystals belong to the space group 

P43212 and the unit cell has a dimension of a = 129.61 Å, b = 129.61 Å, and c = 

66.60 Å. Data were processed with XDS29 and scaled, reduced, and further 

analyzed using CCP430. More details are shown in Table 1. 

 

Structure determination and refinement 

The structure was determined by molecular replacement method using the full 

length human Ubc9 (protein data bank code 1U9B) as a search model for one 

molecular in the asymmetric unit in PHASER31. Initial electron density was manually 

improved to build up the final model using Coot32, and the refinement was performed 

using Phenix33. Refinement statistics are shown in Table1. The structure has been 

deposited in the PDB data bank with the code 5FQ2. 

 

Phylogenetic sequence comparison 

Human Sae2 orthologs were search in EggNOG database 

(http://eggnogdb.embl.de/#/app/home) and sequences from Metazoa and 

Saccharomycetales were selected for homology analysis. Detailed information 

about sequence homology analysis methods is indicated in figure legends. Briefly, 

when sequences were highly divergent, multiple sequence alignments were 

performed using Muscle tool (http://www.ebi.ac.uk/Tools/msa/muscle/). When 

sequence displayed higher conservation level, homology analyses were performed 

using Clustal Omega program (http://www.clustal.org/omega/). Phylogenetic 

distances were calculated by the maximum likelihood method and the JTT model 

included in the Seaview v4 software package34, and unrooted trees exported. 

Phylogenetic trees were drawn using the online iTOL software (http://itol.embl.de/). 

Consensus sequences were calculated using WebLogo software 

(http://weblogo.berkeley.edu/)35. Multiple sequence alignments were edited, 

analyzed and shaded using GeneDoc software36 

(http://iubio.bio.indiana.edu/soft/molbio/ibmpc/genedoc-readme.html). Data 

distribution was plotted on box plots using “BoxPlotR: a web-tool for generation of 

box plots”.   
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Figure S1.- Purification of the complex between human E1 UFD domain and Ubc9.  (a) Size 
exclusion chromatography profiles of human Ubc9, human E1 UFD domain and the complex with a 
buffer containing 100mM NaCl, 20mM Tris 8, 1mM BME. Inset, SDS-PAGE of the peak fractions. (b) 
Native gel electrophoresis of the complex formation between human UFD domain and human Ubc 
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Figure S2. Analysis of pair homology distribution between UFD or LHEB2 sequences within each 
phylogenetic group analyzed. (a) Distribution of identity percentage of UFD (pink boxes) or LHEB2 
(yellow boxes) domains between each sequence in the analyzed group and an outlier sequence 
(human, in the case of saccharomycetales, and yeast, in the case of nematoda, arthropoda and 
chordata). (b) Distribution identity percentage of UFD (pink boxes) or LHEB2 (yellow boxes) domains 
between each sequence in the analyzed group and a sequence from the same group (yeast, in the 
case of saccharomycetales, and human, in the case of nematoda, arthropoda and chordata). Center 
lines show the medians; box limits indicate the 25th and 75th percentiles as determined by R 
software; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles, 
outliers are represented by dots; data points are plotted as open circles. 
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Figure S3. Protein sequence alignment of the Sae2 UFD domain from metazoa and 

Saccharomycetales. Human Sae2 homolog sequences were retrieved from EggNOG database. After 

removal of incomplete sequences or sequences exceeding in length, 86 sequences were retained. 

Selected sequences were aligned using MUSCLE at EMBL-EBI. The sequence alignment fragment 

corresponding to the LHEB2 domain is enclosed in a red rectangle. Residue shading correspond to 

90% (white letter and dark background), 70% (white letter and gray background), and 50% (black 

letter and light gray background) of sequence identity. 
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Supplementary Table S1. Phylum, symbol, sequence code and species used in the alignment of 

the Sae2 UFD domain from metazoa.  
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Abstract 

SUMO belongs to the ubiquitin-like family (Ubl) of protein modifiers. It is 

conserved among eukaryotes and is essential in processes such as DNA 

damage repair, transcription, DNA replication and mitosis. Ubl modification of 

proteins occurs via a specific enzymatic cascade formed by the crosstalk 

between the E1-activating enzyme, the E2-conjugating enzyme and the E3-

ligase. An essential discrimination step in all Ubl modifiers corresponds to the 

interaction between E1 and E2 enzymes, which is mediated by the recruitment 

of the E2 to the UFD domain (ubiquitin-fold domain) of the E1 enzyme. 

Comparative sequence analysis of the E1 UFD domain indicates that the E2 

binding region is quite conserved across phylogenetic closely related species, 

especially only considering the binding region. To gain more insights in the 

properties of this interface in a distant organism, we solved the crystal structure 

of SUMO E2 SCE1 and its complex with E1 UFD in A. thaliana. Despite common 

determinants, the interaction interface between the E1 UFD and E2 in A. 

thaliana is distinct compared with human and yeast in the structure analysis. 

Although the E2s possesses high sequence identity, A. thaliana E1 and E2 

SCE1 failed to interact with cognate human E2 Ubc9 and E1 partners, 

respectively, in the heterologous reactions to conjugate the substrate RanGAP1. 

Substituting one or up to four residues in the UFD binding region of SCE1 with 

residues from human Ubc9 also failed in the RanGAP1 conjugation assays. 

Moreover, structure analysis and biochemical assays reveled that surface 

residues outside UFD interaction interface of A. thaliana SCE1 affect the 

RanGAP1 conjugation, even though these residues are not involved in the E1 

binding or RanGAP1 interaction. The surface residues mutant presented a lower 

stability in the temperature and urea induced unfolding analysis, probably 

indicating an important role of these residues in the activity of the E1 SUMO-

thioester transfer to the E2.  
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Introduction 

Small ubiquitin-related modifier (SUMO) protein is one of the most 

extensively studied ubiquitin-like proteins (Ubls). SUMO is extensively 

expressed in all eukaryotes. Yeast and invertebrates have a single SUMO 

protein named Smt3, while vertebrates have several SUMO proteins. 

Mammalians such as human express four SUMO proteins: SUMO1, SUMO2, 

SUMO3, and SUMO4. SUMO2 and SUMO3 share 97% sequence identity and 

cannot be distinguished by antibodies (1, 2). However, SUMO1 is quite different 

from SUMO2/3 and only shares ~47% sequence identity with SUMO1 and 

SUMO2 (2). In A. thaliana, there are eight encoding genes of SUMO isoforms 

(AtSUMO), but only SUMO1, SUMO2, SUMO3, an SUMO5 are expressed (3, 

4). AtSUMO1 and AtSUMO2 (orthologs of human SUMO2/3) are essential in A. 

thaliana and with 83% sequence identity, while AtSUMO3 and AtSUMO5 only 

share 42% and 30% sequence identity respectively (5-8).  

SUMO is conjugated to target proteins through a three-step enzyme 

cascade as ubiquitin via SUMO E1 activating enzyme, E2 conjugating enzyme, 

and E3 ligase (1, 2). In this proposed model for the SUMO/Ubl conjugation 

pathway, the E2 conjugating enzyme interacts with the E1 activating enzyme by 

means of the UFD domain (9-12). This UFD-E2 interactions have been solved 

in ubiquitin, Nedd8, and SUMO systems, showing the direct binding of E2 to the 

E1 UFD domain (11-16). The UFD domain is in the C-terminal end and 

connected to the E1 active adenylation domain through a flexible hinge. In 

SUMO and Nedd8 systems, this disordered hinge is converted to the ordered 

state upon E2 bindings, and it must undergo a rotation to bring the catalytic 

cysteine residues of E1 and E2 into proximity for thioester transfer (17, 18). 

Moreover, crystal structure of ubiquitin E1-E2 complex revels a direct interaction 

of E1 and E2 through their catalytic cysteine domains, which occurs after UFD-

E2 binding and the significant rotation of the UFD domain, providing structure 
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insights for the E1 E2 thioester transfer. This interaction was also proposed in 

the SUMO pathway by NMR analyses. However, UFD-E2 interactions (Kd= 

1.2μM) display much higher affinity than the catalytic cysteine domain 

interactions (Kd= 87μM), consistent with a major role of E1 UFD domain as a 

E2 binding platform (19, 20).  

Structural and functional data indicate that the UFD-E2 interaction 

represents the first contact between the E1-activating enzyme and the E2-

conjugating enzyme, providing an important discrimination step for the pathway 

(21). Therefore, the UFD-E2 interaction has been revealed essential to provide 

specificity between the different systems of ubiquitin-like modifiers (i.e. SUMO, 

Nedd8, ubiquitin…). Moreover, in the SUMO system, this interaction can also 

provide specificity across species, despite the high homology between E2-

conjugating proteins, Ubc9, which in some instances reaches around 70% 

sequence identity. Unlike E2 enzymes, UFD domains show a little protein 

sequence homology across species, and it is even lower when considering just 

the E2 binding region or LHEB2 domain (Low Homology region involved in E2 

Binding 2) (22). However, the UFD domains are quite conserved across 

phylogenetic closely related species, especially only taking the LHEB2 domain 

into account (16, 22). 

The analysis of the different specificities provided by the UFD-E2 domain 

interface in the SUMO pathway between human, yeast and A. thaliana systems, 

despite the strong similarity between E2-conjugating enzymes, is a major 

objective of this research. For example, despite the 65% sequence identity 

between human and A. thaliana E2 conjugating enzymes, human Ubc9 cannot 

complement SCE1 (A. thaliana’s Ubc9) in our in vitro conjugating systems using 

RanGAP1 as model substrate, and vice versa. A major goal of this work is to 

figure out the structural determinants for such exquisite specificity in the 

interface of the E2-E1 UFD interaction. We have been able to solve the crystal 

structure of the A. thaliana E2-conjugating enzyme (SCE1), alone at very high 
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resolution (1.2 Å) and in complex with the A. thaliana UFD domain of the E1-

conjugating enzyme at 1.8 Å resolution. We have compared the A. thaliana 

UFD-E2 domain complex interface with the human and yeast systems and 

performed biochemical and mutagenesis analysis to understand the role of the 

interface in the specificity of the SUMO conjugation pathway.   
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Results 

Protein expression and complex formation 

The recombinant expression in E. coli of both proteins was successful and 

notable protein amounts could be retrieved after the final purification steps. A. 

thaliana E2-conjugating enzyme (AtSCE1) was expressed as a full-length 

protein (Met1 to Val 158) in a pET28 vector, which includes a N-terminal His-

tag extension to facilitate its purification. The UFD domain of the A. thaliana E1-

activating enzyme was expressed in two different versions: a short version 

including only the UFD domain (ubiquitin-like fold) from Glu437 to Thr549 

(AtUFD); and a longer version including the C-terminal extension, from Glu437 

to Glu625 (AtUFDC). AtUFD E1 domain constructs, AtUFD and AtUFDC, were 

both recombinantly produced at high yields in E. coli with a pET28 vector, which 

includes a N-terminal His-tag for affinity purification. 

Complex formation between AtSCE1 and AtUFD domains was firstly 

conducted by mixing equimolar concentration amounts of both components and 

running a size-exclusion chromatography. Unexpectedly, in A. thaliana the pH 

of the gel-filtration running buffer turned out to be determinant for the complex 

formation after the analysis of the size-exclusion profile results (Fig. 1). In 

contrast to the human complex we purified previously (16), which was run with 

a low salt buffer at pH 8.0, the formation of the complex in A. thaliana was only 

observed in a low salt buffer at pH 7.0 (either with Tris or HEPES buffer), 

whereas at pH 8.0 the complex was unstable and both protein did not co-elute 

from the size-exclusion column (Fig. 1). The fractions of the complex between 

the AtSCE1 and AtUFD domains were pooled and concentrated to set up 

crystallization screens. Interestingly, only the complex including the C-terminal 

extension of the UFD E1 domain (AtUFDC) produced crystals, however the 

extension was not observed in the final electron density maps after refinement.  
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Fig 1. Purification of the complex between AtSCE1 and AtUFD E1 domain. A, Left, gel 

filtration purification at pH 8.0 after mixing equimolar concentrations of AtUFD and AtSCE1 (red 

line). Dotted lines indicated the elution volumes of the individual components. Right, PAGE 

analysis of the fractions of the elution peak. B, Gel filtration purification at pH 7.0 after mixing 

equimolar concentrations of AtSCE1 with either AtUFD (left), or AtUFDC (right). Dotted lines 

indicated the elution volumes of the individual components Below, PAGE analysis of the 

fractions of the elution peak.   
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Crystal structure of A. thaliana SUMO E2 alone and in complex with UFD 

E1 domain 

The structure of the A. thaliana E2-conjugating enzyme, SCE1, has been 

solved by x-ray diffraction at very high resolution (1,2 Å) (Table 1). This 

resolution allows the visualization of many structural details in the electron 

density, such as the presence of double conformations for some residues of the 

SCE1 structure. Intriguingly, in addition to these side chains double 

conformations, the final electron density reveals a 6 residues helical stretch in 

the C-terminal region of SCE1, between Tyr134 and Asp140, that seems flexible 

in our structure and can adopt at least two different conformations, which is also 

revealed by the high B-factor values of the atoms for this region. Despite this 

particular feature in the AtSCE1 crystal structure, altogether the structure is 

highly similar to other crystal structures of human Ubc9 (65% identity and 

rmsd=0,88 Å with human Ubc9 for 155 aligned residues) (Fig. 2). The major 

differences in the backbone overlapping with human Ubc9, are the β1-β2 loop, 

which is involved in the UFD E1 domain binding, and a small loop at the end of 

β4 strand, in which 3 residue substitutions (Pro-Gln-Gly in A. thaliana, for Glu-

Pro-Pro in human) adopt a different backbone orientation. As mention later in 

the text, this region might have a role in the paralog specificity of the E2s in our 

conjugation assays (Fig. 2). The AtSCE1 structure has been deposited in the 

PDB data bank with the code 6GV3. 

We have also been able to solve the crystal structure of AtSCE1 in complex 

with the UFD domain of the A. thaliana E1-activating enzyme at 1,8 Å resolution 

(Fig. 3). After several unfruitful crystallization assays, crystals of the complex 

grew after incubation for several months at 18°C, displaying a very good X-ray 

diffraction quality, which avoid long periods of optimization steps to reproduce 

the crystals. The structure of the complex was solved by molecular replacement 

using the previous AtSCE1 structure as a search model. As detailed later in the 

text, the interface region in the AtSCE1 E2-conjugating enzyme comprises 
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contacts in the α1 helix and in the β1-β2 loop, as expected from previous 

structures of the complex in human and in yeast (14-16). The structure of the 

UFD-AtSCE1 complex has been deposited in the PDB data bank with the code 

6GUM. In table 1 we have summarized the collection and statistical details of 

the crystals of AtSCE1 alone and in complex with AtUFD domain. 

 

 

Fig 2. Crystal structure of the A. thaliana E2-conjugating enzyme AtSCE1. A. Cartoon 

representation of the structure of AtSCE1. B, Structural alignment of AtSCE1 and human Ubc9 

(PDB code 1A3S) (23). Backbone differences are depicted. 

 

 

 

Fig 3. Crystal structure of the 

complex between A. thaliana E2-

conjugating enzyme SCE1 and the 

UFD domain of the E1-activating 

enzyme. Cartoon representation of the 

structure of AtSCE1 in yellow and the 

AtUFD E1 domain in blue. 
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Table 1. Summary of crystallographic analysis 

 

Data collection 

 AtSCE1 AtSCE1 - AtUFD 

Beamline ALBA-XALOC ALBA-XALOC 

Space group P212121 P21 

Wave length (Å) 0.97934 0.97923 

Resolution (Å) 50.38-1.201 (1.201-1.205) 58.82-1.792 (1.792-1.798) 

a, b, c (Å) 32.90, 50.38, 93.78 36.16, 58.82, 70.23 

α, β, γ (°) α = β = γ = 90 α = γ = 90, β = 92.05 

Unique reflections  49524 26999 

Data redundancy 6.0 (6.2) 3.4 (3.3) 

Rmerge 0.14 (1.45) 0.094 (0.97) 

CC(1/2) 0.996 (0.642) 0.992 (0.581) 

I/σ 9.5 (2.2) 8.5 (1.7) 

Completeness (%) 99.9 (93.6) 99.9 (93.6) 

Refinement  

Resolution (Å) 44.38 – 1.20 45.08 – 1.792 

Non-anomalous reflections 49227 26964 

Rwork/Rfree 0.19/0.21 0.17/0.22 

Number of all atoms 1310 2212 

Number of waters 188 68 

RMSD bond (Å)/Angle (°) 0.014/1.50 0.017/1.62 

Ramachandran plot 

Favored (%) 98.17 99.24 

Allowed (%) 0.61 0.76 

Disallowed (%) 1.21 0 

 

 * Highest resolution shell is shown in parenthesis.   
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Structural analysis of the complex interface between AtSCE1 and the UFD 

E1 domain 

The complex between AtSCE1 and the UFD domain in A. thaliana display 

a similar structure interface alike the human and yeast counterparts (PDB codes 

5FQ2 and 3ONG)(14, 16), in which the α1 helix and the β1-β2 loop of the 

AtSCE1 E2-conjugating enzyme sit on one side of the central β-sheet of the 

UFD domain (Fig. 3). As described in previous comparisons of the complex, 

structural superposition of the E2 enzymes between human, yeast and A. 

thaliana reveal a rotation of the UFD domain, which probably account for the 

particular specificity of each SUMO conjugation system (16). 

As mentioned before, the binding surface in the A. thaliana E2-conjugating 

enzyme, AtSCE1, is quite similar to the known structures of the complex in the 

human and yeast counterparts, and it is formed by a high number of contacts 

between the α1 helix and the β1-β2 loop of AtSCE1 (around 65% sequence 

identity between AtSCE1 and human Ubc9) (Fig. 4 & 5). Specific contacts 

include Val37, Leu39, Met40 and Glu67 from the β1-β2 loop and the basic patch 

in the α1 helix involving Arg7, Arg14, Lys15, Arg18 and Lys19. Differences 

between human and A. thaliana in the E2 contacts are little, only the presence 

of an Arg7 (leucine in human), Lys28 (valine in human) and Val37 (Met36 in 

human). Interestingly, despite this highly conserved surface in the E2 between 

human and A. thaliana, each E2-conjugating enzyme only interacts productively 

with the UFD domain of its cognate E1-activating enzyme. One of the aims of 

this project was to figure out the structural basis for such exquisite specificity in 

the SUMO conjugation pathways between species, and to figure out whether 

this can be attributed to the interface between the E1 and the E2 enzymes. 

Previous mutational analysis of Ubc9 contact residues, such as the basic patch 

in α1 helix, revealed the major role of this interaction in the binding to the UFD 

E1 domain, which was proved to be essential for the transfer of SUMO between 

E1 and E2 enzymes in the conjugation pathway.   
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Fig 4. Interface of the complex between A. 

thaliana E2-conjugating enzyme SCE1 and 

the UFD domain of the E1-activating enzyme. 

Cartoon representation of the structure of 

AtSCE1 in yellow and the AtUFD E1 domain in 

blue. Interface elements α1 helix and the β1-β2 

loop of SCE1 are depicted in red. 

 

 

 

Fig 5. Analysis of the AtSCE1 surface interaction with the AtUFD domain. A Structural 

sequence alignment of A. thaliana AtSCE1 and human Ubc9. AtSCE1 domain secondary 

structure is shown on top. Red triangles indicate AtSCE1 contacts with AtUFD domain. B, 

cartoon and transparent electrostatic surface representation of the structure of AtSCE1 and 

human Ubc9. Contact residues are labeled and shown in stick representation.   

A 

B 
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The structure of the AtUFD domain of A. thaliana E1-activating enzyme 

shows a similar fold as the human or yeast counterparts: i.e. comparison with 

the human UFD E1 domain shows a rmsd 1,17 Å for 91 aligned residues with a 

30% sequence identity. A major structural difference of AtUFD domain is the 

presence of a longer α-helix which participates in the binding to the β1-β2 loop 

surface of the AtSCE1 counterpart (Fig. 6). The presence of this novel α-helix 

is a consequence of a sequence insertion in the middle of the UFDs domains 

only observed in the A. thaliana UFD. In figure 7 we can observe that this longer 

α-helix, in addition to the residues emanating from central β-sheet of the AtUFD 

domain, participates in the contact region with the E2 enzyme. The physical and 

chemical features of the contacts between the UFD domain and the E2 protein 

are basically conserved, only different tilts between the two proteins in the 

complex can be observed in comparison with the human or yeast complexes. 

 

 

Fig 6. Comparison of the sturctures of the UFD E1 domains from A. thaliana and human.  

Left, cartoon representation of the structure of AtUFD (blue). Secondary structure elements are 

depicted. Middle, cartoon representation of the structure of human hUFD (red). Right, structural 

overlapping of AtUFD (blue) and hUFD (red). 
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Analysis of the contact region between AtUFD and AtSCE1 

We have previously defined the interacting region between E2 and UFD E1 

domain as Low Homology region involved in E2 Binding 2 (LHEB2) (22), 

because it displays a lower homology in comparison to the rest of the UFD 

domain: i.e. UFD sequence identity between human and A. thaliana is 31%, but 

is reduced to 11% when considering only the LHEB2 binding region. The LHEB2 

can be divided in two regions, each establishing interactions with either the α1 

helix or the β1-β2 loop of AtSCE1. Interestingly, there is a unique contact in A. 

thaliana engaged between AtUFD Asn474 and AtSCE1 Glu67, region far from 

the consensus binding module α1-helix/β1-β2 loop of the E2-conjugating 

enzyme. 

 

Fig 7. Structural details of the complex interface between the AtUFD domain and AtSCE1. 

A, stereo cartoon representation of the contacts between AtSCE1 (yellow thin ribbon) and 

AtUFD E1 domain (blue cartoon). Side-chain contact residues are labeled and shown in stick 

representation. B, structural sequence alignment of the UFD domains of A. thaliana, human and 

yeast. AtUFD domain secondary structure is shown on top. Red triangles indicate AtUFD 

contacts with SCE1. Dotted red rectangle indicates the predicted LHEB2 region. 

  

A 
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The first contact region in the AtUFD domain is composed by Glu516, 

Glu479 and Asp483, which contact the charged groups of the AtSCE1 α1-helix 

(Arg14, Lys15, Arg18 and Lys19) and by AtUFD Leu469 and Leu518, which are 

buried in a hydrophobic patch formed by the aliphatic side chain atoms of the 

aforementioned AtSCE1 α1 helix basic residues (Fig. 7). Interestingly, Phe522 

occupies this region in human, whereas in yeast is occupied by Tyr489, all of 

them buried in a similar aliphatic pocket formed between the α1 helix basic 

residues. The other contacts present in the AtSCE1 α1 helix include the unique 

Arg7 (leucine in human), and Ala11, which interact with the AtUFD Met471 

(glutamine or leucine in human and yeast, respectively).  

 

Fig 8. Comparison of the UFD SUMO E1 domain contacts from A. thaliana, human and 

yeast.  Left, schematic representation of the A. thaliana SUMO E1 contacts with the E2 

enzyme. Middle, schematic representation of the human SUMO E1 contacts with the E2 enzyme 

(PDB code 5FQ2). Right, schematic representation of the yeast SUMO E1 contacts with the E2 

enzyme (PDB code 3ONG). 

 

The second region of AtUFD includes contacts with the β1-β2 loop surface 

of the AtSCE1. This interface is composed by backbone and side chain 

interactions emanating from the β2-β3 connecting loop and the longer α2 helix 

of AtUFD. Leu476, Asp485, Asn491, Tyr492 and Pro504 side chains of AtUFD 

domain are the major contacts with AtSCE1. In the human and yeast complexes 

this region is formed by different contacts (see Fig. 7 & 8), but some of the 

interactions are conserved, such as the central Leu476 (isoleucine and leucine 
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in human and yeast, respectively) and the backbone hydrogen bond contacts 

between AtUFD Asn474 and Leu476, with AtSCE1 Val37 and Leu39. It is worth 

mentioning in the A. thaliana complex the contact region with the longer α3 helix 

in AtUFD domain, which is not present in either the human or the yeast 

counterparts.  

 

Comparison between A. thaliana and human SUMO conjugation. 

A major question in the field deals with the compatibility between enzymes 

of the SUMO conjugation pathway form different species, in particular we have 

been interested in the analysis of the E2-conjugating enzyme, which shares 65% 

sequence identity between human and A. thaliana, but they cannot be 

exchanged between systems in our in vitro conjugation assays using RanGAP1 

as conjugation substrate (Fig. 9B), consistent with the same experiments 

conducted between human and P. falciparum (20). Moreover, structural 

alignment of UFD-E2 complexes between human and A. thaliana indicates that 

the residues involved in the contact region, basically the α1-helix/β1-β2 loop 

module of the E2-conjugating enzyme, are almost conserved between human 

and plants, thus indicating the role of other determinants other than just the initial 

binding between E2 and UFD E1 domains.  

The first analyses that we have performed consist in SUMO conjugation 

assays with the purified components of human and A. thaliana systems: E1, E2, 

SUMOs and a canonical substrate, RanGAP1, which do not need the presence 

of E3s for an efficient conjugation. In figure 9A, the results of the combination of 

SUMOs between human and A. thaliana systems are displayed, indicating that 

whereas A. thaliana SUMO1 & 2 can be both efficiently conjugated by E1 and 

E2 in both systems, A. thaliana E1 and E2 were not able to conjugate human 

SUMO1 & 2 efficiently to RanGAP1 substrate. These results show that SUMOs 

can be exchanged between systems, at least for human enzymes, indicating 
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that probably the observed incompatibility raises from the E2 interaction to E1 

and/or to the SUMO-thioester transfer between E1 and E2. 

 

 

Fig 9. SUMO conjugation assays exchanging SUMOs between human and A. thaliana 

systems. A, above, PAGE analysis of the conjugation assays using human SUMO1 & 2 with 

E1 and E2 enzymes from human and A. thaliana. Below, PAGE analysis of the conjugation 

assays using A. thaliana SUMO1 & 2 with E1 and E2 enzymes from human and A. thaliana. B, 

above, end-point reaction after 120 minutes of the conjugation assays combining SUMO1 and 

SUMO2 from human and A. thaliana, respectively, with E1 and E2 enzymes from human and A. 

thaliana. Below, same reaction as above panel containing 10x of E1 and E2.  

 

However, when similar SUMO conjujation reactions were performed 

combining human and A. thaliana E1 and E2 enzymes, SUMOylated RanGAP1 

could only be detected in trace amount in AtSCE1 and human E2 combination 

after 120min reaction (Fig. 9B). In reactions containing 10x E1 and E2, the 

SUMOylated RanGAP1 was readily detectable, and there was more 

SUMOylated RanGAP1 in reaction containing A. thaliana E1 than human 

SUMO2, indicating that A. thaliana E1 displayed a preference for A. thaliana 
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SUMO1 than human SUMO2. More efforts using different susbtrates and E3s 

also failed to get detectable SUMOylated RanGAP1. 

These results indicate despite that the E1-SUMO activation could be 

achieved combining human or plant SUMOs, the whole SUMO conjugation 

process relies on compatible interactions between E1 and E2 enzymes, which 

are necessary for the SUMO-thioester transfer from the E1 to the E2-

conjugating enzyme. 

 

Pull-down assays of E2 and UFD domain between human and A. thaliana 

Since SUMO was not supposed to be an important issue for cross-

conjugation SUMO assays between species (at least between human enzymes 

and A. thaliana SUMOs), we next checked the direct binding of the E2-

conjugating enzymes with the UFD domains by pull-down assays. This 

interaction has been proposed to be an essential recognition step and the first 

recruitment of E2 on the E1-conjugation enzyme. Our crystal structures indicate 

that E2 surface in contact with the UFD E1 domain is highly conserved across 

species (see Fig. 5), only few modifications can be observed: Arg7-Gly8 (Leu-

Ser in human), but there is not any salt bridge by Arg7 in the A. thaliana complex; 

Lys28 (Val in human), Val37 (Met in human) and Glu67 (Asp in human) (see 

Fig. 5). Interestingly Glu67 is distantly located in the E2 structure to the α1-

helix/β1-β2 loop module and forms a new hydrogen bond that is not present in 

human. Accordingly, we have produced 4 different constructs in AtSCE1 

combining the aforementioned mutations with the aim to resemble as much as 

possible human Ubc9 and recover some conjugation activity using AtSCE1 in 

the human system.  

Since our both constructs of the UFD domain can interact with the E2 

enzymes, we decided to utilize the His-tagged UFD domain for the pull-down 

assays, which includes the C-terminal extension of the E1 (UFDC) for a better 

clearance of the protein bands. In Figure 10A, AtSCE1 pull-down loading control 
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for all mutants is displayed, showing in all cases similar E2 protein amounts. 

Our results indicate that the A. thaliana His-UFDC domain is able to pull-down 

with similar efficiency all AtSCE1 mutant constructs except the one that contains 

four mutations (R7L, G8S, K28V and V37M). Probably major constraints are 

encountered by the V37M mutation, since a similar triple mutant lacking V37M 

seems the bind AtUFDC with similar efficiency as the wild-type AtSCE1. 

Interestingly, AtUFDC domain is able to pull-down human E2, indicating that the 

E2-E1 UFD domain interaction is compatible.  

Fig 10. Pull-down assays of AtSCE1 wt and mutants with human and A. thaliana UFDC 

domains.  A, PAGE of the pull-down protein amounts loading control of AtSCE1 mutant 

constructs. B, PAGE pull-down results at three different pHs using A. thaliana His-AtUFDC 

(above) or human His-hUFDC (below).  
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However, human His-UFDC domain is only able to efficiently pull-down its 

cognate human E2, but not any of the A. thaliana SCE1 mutant constructs (Fig. 

10). Only the wild type and single point mutants of AtSCE1 can be recovered 

with low efficiency from the pull-down assay (the binding seems a little improved 

at low pHs). These results indicate that whereas the A. thaliana UFD can interact 

with human E2 efficiently, the human UFD domain have more problems to 

interact with A. thaliana E2, despite the fact that the E2 binding surface of the 

four-mutant construct of A. thaliana E2 is almost identical to the human E2 (see 

Fig.5). Major binding problems occur when point mutants inside the β1-β2 loop 

(K28V and V37M) are checked, although these mutants were chosen to 

resemble the human E2 enzyme.  

 

pH-dependence of the SUMO conjugation activity in human and A. 

thaliana systems 

As mentioned before in purification of the complex by gel filtration (Fig. 1), 

we observed a clear pH dependence in the complex formation in the A. thaliana 

system. However, in the previous pull-down analysis (Fig. 10), we did not 

observe major differences in the binding between AtSCE1 and AtUFD domain 

at different pHs. These results probably suggest a better binding at low pH for 

the A. thaliana complex, which can only be appreciated in a more sensible 

technique such as gel filtration.  

We next conducted a pH-dependence analysis of SUMO conjugation 

assays at a pH range between pH 6.0 and pH 8.5 for the human and A. thaliana 

system (Fig. 11). Interestingly, the SUMO conjugation reaction is strongly 

dependent of the pH, which is more prominent in the A. thaliana system. 

Interestingly, at pH 7.0 the conjugation in the A. thaliana system is hardly 

appreciated, whereas for the human system is quite strong (Fig. 11B).  
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Fig 11. pH-dependence of the SUMO conjugation reaction in human and A. thaliana.  A, 

Representative PAGE of the time-course SUMO conjugation reaction of A. thaliana (left) and 

human (right) at different pHs. B, Comparison of the time-course SUMO conjugation reaction of 

A. thaliana (left) and human (right) at different pH 6.5 and pH 7.0. C, Similar to B but with 10x 

E1 and E2 enzyme concentration. 

 

Since our pull-down assays did not conclude with strong binding differences 

in the complex between E2 and the UFD E1 domain, we believe that this pH-

dependence of the SUMO conjugation probably depends on the catalysis of the 

isopeptide bond formation, which strongly depends on the pH for the lysine 

substrate nucleophilic attack on the E2-thioester bond (24). 
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SUMO conjugation assays with mutants of the A. thaliana SCE1 

Interestingly, sequential and structural comparison between human and A. 

thaliana E2-conjugation enzymes, display the presence of different charged 

residues in the surface of the E2 next to the β1-β2 loop binding module (Fig. 

12). In particular, whereas in human there is a salt bridge interaction between 

Glu78, Arg61 and Glu42, in A. thaliana lacks such charged-dependent contacts 

and those residues are substituted by Pro, Thr and His, respectively (Fig. 12). 

Interestingly, in A. thaliana His43 forms a salt bridge with Glu30, not present in 

human, which could be relevant for the correct conformation of the β1-β2 loop 

during the binding to the UFD domain. 

Fig 12. Sequential and structural comparison of the E2 surface between human and A. 

thaliana. A, Cartoon (E2) and transparent surface representation (UFD domain) of the structure 

of AtSCE1 alone (left), in complex with AtUFD (middle) and human Ubc9 in complex with hUFD 

(right). Non-conserved surface residues are labeled and shown in stick representation. B, 

Structural sequence alignment of A. thaliana AtSCE1 and human Ubc9. AtSCE1 domain 

secondary structure is shown on top. Red triangles indicate AtSCE1 contacts with AtUFD 

domain. Red rectangles indicate proposed mutagenesis residues.   
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We next checked the activity of two sets of AtSCE1 mutants (Fig. 13): five 

mutants of the interface with the UFD E1 domain (R7L; R7L/G8S; 

R7L/G8S/K28V; R7L/G8S/K28V/V37M; E67S), in this instance were only 

chosen for mutagenesis those unique to A. thaliana AtSCE1; two mutants of the 

E2 β-sheet surface (H43E; T62R/H64L/P79E) that are unique to the A. thaliana 

E2. In both cases all A. thaliana AtSCE1 mutants were replace by the 

corresponding human residues. One of the aims of the project was to find the 

structural determinants for the specificity between human and A. thaliana E2 

enzymes.  

 

Fig 13. Pull down and SUMO conjugation assays of AtSCE1 WT and mutants. A, Pull-down 

assays of AtSCE1 wild type (WT) and point mutants of β-sheet surface residues (H43E; 

T62R/H64L/P79E). B, SUMO conjugation assays of the mutants of the A. thaliana AtSCE1. 

PAGE of the time-course of the SUMO conjugation activity in the A. thaliana system of different 

AtSCE1 mutants compared to the WT.  
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Regarding to the residues in the binding interface with the UFD domain (we 

only selected the non-conserved with human), Arg7 and Gly8 (Leu and Ser in 

human), present at the beginning of the E2 α1-helix, did not have any effect on 

the SUMO conjugation and displayed similar activities as the wild-type (Fig. 13). 

Regarding to Lys28 (Val in human) and Val37 (Met in human), both present in 

the β1-β2 binding region, only Val37 seems to have a strong effect on the 

conjugation activity and is probably caused by a binding defect (as observed in 

the pull-down assays, see Fig.10). Glu67 (Asp in human), which forms a unique 

salt bridge in A. thaliana, had only a little effect in the SUMO conjugation 

reaction.  

Pull-down assays did not show any difference between the WT and point 

mutants H43E and T62R/H64L/P79E (Fig. 13A). On the other hand, the SUMO 

conjugation reaction with the other 2 mutants (outside the UFD interface) 

indicate a decrease in the activity for the triple mutant, Thr62, His64 and Pro79 

(Arg, Leu and Glu in human, respectively) (Fig. 13B), which probably indicate a 

role in the activity of the E1 SUMO-thioester transfer to the E2. This reduced 

activity points to the role of other E2 surface residues, outside the UFD binding 

region, involved in the E1-E2 activity, and might represent other structural 

determinants responsible for the specificity of the SUMO conjugation systems 

across species (between human and A. thaliana). Unfortunately, the AtSCE1 

triple mutant that resembles the human E2 enzyme, cannot recapitulate the 

human SUMO conjugation system, even in 10x E1 and E2 concentration (Fig. 

14).  

 

Fig 14. SUMO conjugation assays of AtSCE1 

T62R/H64L/P79E in human system. End-point reaction after 

120 minutes of the conjugation assays containing: human E1 

and Ubc9 (1), human E1 and AtSCE1 T62R/H64L/P79E (2), 

10x human E1 and AtSCE1 T62R/H64L/P79E (3).  
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Protein denaturation analysis of AtSCE1 mutants 

Despite AtSCE1 T62R/H64L/P79E showed the same binding affinity as the 

wild type in the pull-down assays, it displayed a reduced RanGAP1 conjugation 

activity. Given that these three residues are out the UFD binding interface and 

locate at the surface of the protein, we inferred that mutations of these surface 

residues could affect the overall stability. First, we compared the center of 

spectral mass values of wild type AtSCE1, R7L/G8S/K28V/V37M, and 

T62R/H64L/P79E in PBS buffer, and all of them were similar, around 344 nM, 

suggesting the consistent structural integrities of these three proteins. However, 

in the temperature-induced protein unfolding assays, T62R/H64L/P79E 

displayed less stability (Tm 41.5 °C) than wild type AtSCE1 (Tm 48.4 °C), while 

R7L/G8S/K28V/V37M (Tm 49.1 °C) was as stable as the wild type (Fig. 15A). 

In the further urea-induced protein unfolding assays, wild type AtSCE1 and 

R7L/G8S/K28V/V37M displayed the half transition concentration of 2.6 M and 

2.4 M urea respectively, while T62R/H64L/P79E curve presented a completely 

different trend and the half transition concentration of 1.6 M urea, indicating an 

important decrease of stability (Fig. 15B).  

 

 

 Fig 15. Comparison of the temperature (A) and urea (B) induced protein unfolding 

curves of AtSCE1, R7L/G8S/K28V/V37M, and T62R/H64L/P79E.  
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Discussion and conclusions 

The SUMO pathway is conserved from yeast to human. In the SUMO 

conjugation enzymatic cascade, the first specificity step is the interaction of the 

SUMO with its particular E1 activating enzyme. Next, the activated SUMO-

thioester is transferred to the catalytic cysteine residue of the E2 conjugating 

enzyme. In this step, E1 must select cognate E2 from a range of structurally 

similar proteins, representing a second specificity step by the formation of the 

E1-E2 complex. The E1 UFD domain has been proved to play major role in E1-

E2 interaction. Previous study has solved the crystal structure of UFD-E2 

complex in yeast and human (14-16), indicating two alternative UFD interaction 

interfaces. However, it is still not clear how UFD-E2 interaction provide 

specificity across species, despite the high conservation between E2-

conjugating proteins and the little homology between E1 UFD domains. 

Moreover, A. thaliana UFD domain is quite different to the human and yeast 

counterpart, thus the A. thaliana E1-E2 interaction cannot rely on sequence 

homology analysis and a structural analysis is required. Here, we performed 

crystallization trials and biochemical assays to investigate the UFD-E2 complex 

of A. thaliana and compared this interface with human.  

The overall crystal structure of AtSCE1 is quite similar to human Ubc9, with 

only two differences: one is the β1-β2 loop, which is involved in the UFD domain 

recognition; the other is a small loop at the end of β4 strand, which adopts a 

different backbone orientation (Fig. 2). Interestingly, human Ubc9 displays a salt 

bridge interaction between the surface residues next to the β1-β2 loop binding 

module while A. thaliana SCE1 lacks such contacts (Fig. 12). Instead, A. 

thaliana His43 forms a salt bridge with Glu30, which is not present in human 

(Fig. 12). Comparison of the overall electrostatic potential of the interaction 

interfaces on AtSCE1 and hUbc9 revealed potential charge differences (Fig 5b), 
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possible because of the divergent residues in the α1 helix β1-β2 loop of AtSCE1 

(Fig. 2). 

In our final AtUFDC-SCE1 crystal structure, the C-terminal end was not 

observed even though the expressed protein contained this part, indicating a 

high flexibility of this region. The structure UFD-AtSCE1 complex displays a 

similar interaction interface as human and yeast, in which the SCE1 α1 helix 

and the β1-β2 loop sit on the central β-sheet of the UFD domain. Despite the 

main contact residues of AtSCE1 are quite conserved, there are still three 

contact residues, Arg7 (leucine in human), Lys28 (valine in human) and Val37 

(Met36 in human), different from the human complex, as well as the UFD 

domain orientation also differs, which is consistent with the same alignment we 

made between human and yeast previously (16). These is also a unique contact 

between AtSCE1 Glu67 and the UFD domain, which is not found in human or 

yeast. Another main feature is that AtUFD domain has a long α3 helix not found 

in human or yeast (Fig. 6,7), which is also involved in the interactions with SCE1 

(Fig. 8). These contact residue substitutions between A. thaliana SCE1 and 

human Ubc9 are accompanied by the compensatory residue substitutions within 

their cognate E1 UFD interface, suggesting the co-evolution of the two proteins 

to provide the E1-E2 interaction specificities across species.  

In order to study the A. thaliana SUMO conjugation in vitro, we first tried to 

use human RanGAP1 as a substrate, since the E2 binding region with 

RanGAP1 is quite conserved between A. thaliana and human. Our biochemical 

assays revealed that AtSCE1 recognized the Ψ-Lys-X-Asp/Glu consensus motif 

and was able to conjugate SUMO to RanGAP1. Using RanGAP1 as a model 

substrate, we first checked if SUMOs can be interchanged between A. thaliana 

and human. The results showed that human SUMO1 & 2 can efficiently be 

conjugated in A. thaliana, although A. thaliana SUMO1 & 2 were less efficiently 

be conjugated in human. Given the high conservation of AtSCE1 active site 

compared with human, this difference might be because A. thaliana E1 cannot 
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effectively activate human SUMOs (Fig. 9). Previous study also revealed that P. 

falciparum and human E1 can recognize and activate both P. falciparum and 

human SUMOs (20). These results indicate the interchangeable possibilities for 

SUMOs across species. In contrast to SUMOs, AtSCE1 and human Ubc9 were 

not effectively interchangeable between systems in our in vitro conjugation 

assays (Fig. 9B up). When using buffer containing 10x A. thaliana E1 and 

human E2 after incubation for 120 min at 37 °C, the SUMO conjugated 

RanGAP1 could be detected but still weak (Fig. 9B up), while in reaction 

containing 10x human E1 and A. thaliana E2, the SUMO conjugated RanGAP1 

was completely undetectable (Fig. 9B below).  

Thanks to the crystal structures of UFD-E2 complex in both A. thaliana and 

human, we could construct four chimeric AtSCE1 mutants substituting the 

different residues in the interface with residues from human to determine the E2 

specificity. Another mutant we made is E67S, a particular E2 contact residue to 

UFD domain not found in human or yeast. We first performed pull-down assays 

to check the binding affinity at three different pHs and the results displayed no 

clear differences between wild type AtSCE1 and the point mutants, except the 

mutant containing four residue mutations (R7L/G8S/K28V/V37M), suggesting a 

major role of V37 in UFD-SCE1 interactions. Efforts to combine these AtSCE1 

mutants with human E1 in conjugation assays failed, suggesting that the UFD-

E2 specificity does not only rely on these interaction interface residues. We then 

ask whether these mutations affect their own conjugation. Among these AtSCE1 

mutants in Fig. 10, only tetra-mutants containing V37M displayed a significant 

decrease of RanGAP1 conjugation in further conjugation assays using A. 

thaliana E1 (Fig. 13B), indicating an important role of this residue in the SUMO 

conjugation.  

We also prepared other two chimeric AtSCE1 mutants, H43E and 

T62R/H64L/P79E, in which the mutated residues are in the E2 surface out of 

the UFD binding interface. Unfortunately, efforts to combine these two AtSCE1 
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mutants with human E1 in conjugation assays failed again (Fig. 14) even using 

10x E1 and E2, which indicated that the UFD-E2 specificity does not only rely 

on these residues. We then checked the conjugation activities of these two 

mutants using A. thaliana E1 (Fig. 13B) and the results showed that 

T62R/H64L/P79E displayed substantial decrease of the conjugation activity. 

However, in the pull-down assays T62R/H64L/P79E did not present any 

difference compared with wild type AtSCE1 (Fig. 13A). Given that AtSCE1 

T62R/H64L/P79E had no binding problems with AtUFD, it was surprising that 

this mutant had an insufficient activity in the conjugation assays. We then 

conducted protein denaturation assays to investigate whether these mutations 

affect the overall protein stability. In both temperature and urea induced 

unfolding assays, T62R/H64L/P79E displayed an important decrease of stability, 

while R7L/G8S/K28V/V37M did not. Thus, the insufficient conjugation activity of 

T62R/H64L/P79E probably because of its lower stability.  

Previous efforts of interchanging SUMO E2s between P. falciparum and 

human revealed residues 44-81, which are not in the UFD binding or RanGAP1 

interaction, could affect the conjugation activity (20). The UFD domain is 

connected to the E1 active adenylation domain through a flexible hinge. Up on 

E2 binding, this disordered hinge undergoes a rotation to bring catalytic cysteine 

residues of E1 and E2 into proximity for thioester transfer (17, 18). Moreover, 

the E1 E2 catalytic cysteine domains interactions also proved to be important 

for the SUMO conjugation (15, 19). Thus, in the E1-E2 thioester transfer, E2 is 

involved in diverse protein-protein interactions, which requires the structural 

integrity and stability. Our results revealed that, the surface residues of A. 

thaliana, T62/H64/P79, which are not in the UFD binding or RanGAP1 

interaction, were responsible for the structure stability and could affect the 

SUMO conjugation. Given that the corresponding residues in human are quite 

different, these surface residues might also contribute to the specificity of SUMO 

systems across species other than the UFD binding interface residues.  
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Materials and methods 

Plasmids, Cloning and Point Mutation 

Expression constructs were generated by a standard PCR-based cloning 

method. A. thaliana E1 heterodimers, SUMO1 and 2, SCE1, UFD and UFDC 

domain, as well as human E1 heterodimers, SUMO1 and 2, Ubc9, UFD and 

UFDC domain were cloned to pET28a tagged with 6×His at the N-terminal. Point 

mutations were created using the QuickChange site-directed mutagenesis kit 

(Stratagene).  

 

Recombinant protein expression and purification 

Escherichia coli BL21(DE3) plysS containing the expression vector were 

grown in Luria Bertani medium with chloramphenicol (17 μg/mL) and 

kanamycine (50 μg/mL) at 37 °C until the OD600 reached to 0.8. Expression 

was induced by 0.1mM IPTG, followed by overnight culturing at 28 °C. 

Recombinant proteins were purified by nickel-nitrilotriacetic acid agarose resin 

(Qiagen) and dialyzed against 250 mM NaCl, 20 mM Tris-HCl (pH 8.0), 1 mM 

β-mercaptoethanol in the presence of thrombin protease overnight at 4 °C to 

remove the 6×His tag. Proteins were further purified by gel filtration 

chromatography on a Superdex75 column (GE Healthcare), which was pre-

equilibrated in 250mM NaCl, 20mM Tris-HCl pH 7.5, 1mM β-mercaptoethanol.  

 

Protein complex preparation and crystallization  

AtSCE1 and UFD or UFDC complexes were made by mixing equimolar 

amounts of proteins and purified by gel filtration chromatography using a 

Superdex75 column. AtSCE1 and UFD or UFDC were co-eluted in a single peak 

in buffer containing 100 mM NaCl, HEPES pH 7.0, 1 mM β-mercaptoethanol, 

and confirmed by SDS-PAGE. Purified protein complex was concentrated to 15 

g/L using an Amicon Ultra-10K ultrafiltration device (Millipore) prior to 



 

157 

 

crystallization. Crystals were grown at 18 °C by the sitting-drop vapor diffusion 

method by mixing the protein with an equal volume of reservoir solution 

containing 0.1 M Bis-tris pH 5.5, 25% w/v PEG3350 for AtSCE1, or containing 

15% PEG6000, 5% glycerol for UFDC-AtSCE1 complex. AtSCE1 crystals 

appeared after one week, while UFDC-AtSCE1 crystals appeared after several 

months. Big crystals were soaked in mother liquor supplemented with gradually 

increasing concentration of 5%, 10%, 20% (v/v) Glycerol and flash frozen in 

liquid nitrogen.  

 

Data collection, structure determination and refinement 

Diffraction data were collected to 1.20 Å resolution for AtSCE1 and 1.8 Å 

for AtSCE1 at ALBA synchrotron in Barcelona (BL13-XALOC beamline) (25). 

Data were processed with XDS (26) and scaled, reduced, and further analyzed 

using CCP4 (27). More details are shown in Table 1. The structure of AtSCE1 

was determined by molecular replacement method using the full length human 

Ubc9 (PDB code 1U9B) as a search model in PHASER (28). The structure of 

UFDC-AtSCE1 complex was determined by molecular replacement method 

using the the solved AtSCE1 as a search model in PHASER (28). Initial electron 

density was manually improved to build up the final model using Coot (29), and 

the refinement was performed using Phenix (30). Refinement statistics are 

shown in Table1.  

 

In vitro SUMOylation assays 

SUMO conjugation assays were performed in reactions containing 20 mM 

HEPES pH 7.5, 5 mM MgCl2, 0.1% Tween 20, 50 mM NaCl, 1m M DTT, 1 mM 

ATP, 150 nM E1 heterodimer, 300 nM E2, 10 mM RanGAP1, and 10 mM SUMO 

protein. For reactions that contained 10x E1 and E2, 1.5 mM E1 and 3 mM were 

used. For pH-dependence experiments, the SUMO conjugation reactions were 

performed in 20 mM Bis-tris propane pH 6.0, 7.0 and 8.5 respectively, instead 
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of using HEPS pH 7.5. Reaction were incubated at 30 °C and aliquots were 

mixed with loading buffer for analysis by SDS-PAGE, followed by staining with 

coomassie brilliant blue.  

 

In vitro pull-down assays 

Ni Sepharose 6 Fast Flow beads (GE healthcare) were washed with assay 

buffer containing 100 mM NaCl, 20 mM Bis-tris propane pH 6.0/7.0/8.5, 0.1% 

Tween 20, 1 mM DTT and incubated with 30 μg His-AtUFDC or His-hUFDC for 

1 hour. The beads were then incubated with the same buffer containing 2% BSA 

for 1 hour to block the unspecific binding, followed by washing three times with 

the assay buffer. 10 μg of the untagged E2 was mixed in 300 μl of assay buffer 

and added in the beads, followed by incubation for 1 hour. The beads were then 

washed three times and elute with assay buffer containing 500 mM imidazole. 

Elution aliquots were mixed with loading buffer and analyzed by SDS-PAGE 

with coomassie brilliant blue staining.  

 

Temperature and urea induced unfolding assays 

The tryptophan fluorescence spectra of temperature induced unfolding 

measurements were taken at excitation wavelength 280 nM and emission 340 

nM in PBS buffer containing 0.15 g/L proteins. Data collection was at 

temperature from 25 °C to 80 °C with 1 °C steps and 1 minute between steps 

for equilibration in triplicates. Fraction unfolded was obtained by plotting the 

normalized fluorescence versus the corresponding temperatures. The urea 

induced unfolding were performed in PBS buffer by mixing 0.15 g/L proteins 

with increasing concentrations of urea (0 – 9M) at 25 °C overnight to reach 

equilibrium. Tryptophan emission spectra of urea induced unfolding were 

obtained by setting the excitation wavelength at 280 nM and collecting emission 

in the 300-400 nM range These spectra were quantified as the center of spectral 

mass (ν) according to equation ν = ΣνiFi/ΣFi where Fi stands for the fluorescence 
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emission at a given wavelength (νi) and the summation is carried out over the 

range of appreciable values of F (31, 32). Fraction unfolded was obtained by 

plotting the normalized center of spectral mass versus the corresponding urea 

concentrations. All measurements were conducted using Jasco FP-8200 

spectrofluorimeter. Carves were generated using GraphPad Prism 7.0.  
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1 Conclusions of USP25 research 

1.1 Crystal structure of USP25 displays a homotetramer quaternary assembly and 

the catalytic domain can be divided in three differentiated subdomains: a general 

palm-like catalytic domain (USP-like), a long coiled-coil (LCC) and an “inhibitory 

loop” (IL).  

1.2 Although USP-like catalytic domain of USP25 adopts a similar fold with other 

USPs, the LCC and IL domains are unique to USP25.  

1.3 Each IL-loop inserts into the catalytic domain from another molecular of the 

tetramer and the tetramer assembly depends on IL-loop contacts to the catalytic 

domain.  

1.4 The residues of the IL-loop involved in the tetramer interface are mostly 

conserved across species. In contrast, the rest residues of the IL-loop are with 

high sequence variation and not observed in the electron density maps.  

1.5 Truncation mutants of IL form dimer and display higher activity than wild type 

tetramer in Ub-AMC, diubiquitin, and polyubiquitin chain hydrolysis, consistent 

with the inhibition role of IL-loop.  

1.6 Truncation mutants of LCC-IL form monomer, consistent with its role in the dimer 

formation.  

1.7 Point mutations of the residues involved in the IL-loop contacts to catalytic 

domain results in the disruption of the tetramer assembly and display higher 

enzymatic activity, verifying the role IL-loop in the tetramer assembly and in the 

deubiquitinating activity. 

1.8 In vitro, either ubiquitin or the IL-loop cannot dissociate the tetramer, discarding 

a competition mechanism. USP25 dimer is active, whereas USP25 tetramer is 

inactive. 

1.9 Ectopic expression of the constitutive USP25 dimer stabilizes tankyrases in 

HEK293T cells, confirming the auto inhibition mechanism.   
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2 Conclusions of SUMO E1-E2 protein-protein recognition 

2.1 Crystal structures of the E1 UFD-E2 complexes reveal the presence of three 

different types of binding interfaces in human, yeast, and A. thaliana. 

2.2 However, despite the low E1 UFD structural and sequence homology, 

structural comparison reveals common determinants in the E2 binding 

interfaces between human, yeast, and A. thaliana. 

2.3 Phylogenetic analysis reveals that UFD domains are quite conserved across 

closely related species, especially only taking the E2 binding region into 

account, revealing a high selective pressure to ensure specificity. 

2.4 Structural superpositions of the E2 enzymes between human, yeast and A. 

thaliana complexes reveal different orientations of the UFD domain, which 

probably account for the specificity of each SUMO conjugation system to 

interact with its cognate E2-conjugating enzyme.  

2.5 The contact residue substitutions between human, yeast, and A. thaliana 

E2s are accompanied by the compensatory residue substitutions within their 

cognate E1 UFD interface, suggesting the co-evolution of the two proteins 

directed by the E1-E2 interaction.  

2.6 Human SUMO1 & 2 can efficiently be conjugated by the A. thaliana enzymes, 

although A. thaliana SUMO1 & 2 are less efficiently be conjugated by human 

enzymes, indicating SUMO interchangeability across species. 

2.7 A. thaliana E2 (SCE1) cannot conjugate SUMO to RanGAP1 in the human 

system, even after a complete substitution of A. thaliana residues in the UFD 

binding interface by human residues.  

2.8 Mutation of A. thaliana E2 (SCE1) surface residues T62/H64/P79, outside 

the UFD binding, results in the decrease of protein stability and a decline of 

SUMO conjugation. These surface residues might also contribute to 

specificity across species in addition to the UFD binding interface.  
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General discussion 

  



 

172 
 

  



 

173 

 

Ubiquitination and SUMOylation are two of the most studied post-translational 

modifications (PTMs). In this thesis dissertation, we have studied structural and 

functional characteristics of protein-protein interactions belonging to these two PTM 

pathways: structures of the deubiquitinase USP25, and of the SUMO E1 UFD-E2 

protein complexes. USP25 and USP28 are important deubiquitinating enzymes 

whose activities are regulated by multiply PTMs including phosphorylation, 

ubiquitination, and SUMOylation, while the E1 UFD-E2 interaction is a major 

specificity step in the SUMO conjugation pathway by the recognition of E1 and E2. 

The structural and functional studies of USP25 reveal a novel autoinhibitory 

mechanism, adding a new layer of complexity to the USP25 regulation and 

expanding the spectrum of different types of deubiquitinating enzymes (DUBs) 

regulations. On the other hand, the crystal structures of UFD-E2 complexes in 

human and A. thaliana indicate the different interaction interfaces of SUMO E1 

recruitment of E2, providing insights into the specificities of SUMO E1-E2 protein-

protein interactions.  

Our previous study revealed that SUMOylation at K99 of USP28 inhibited its 

ubiquitin chain hydrolysis activity (1), consistent with a similar study on USP25 (2). 

Thus, we were interested in the structure basis for USP25 and USP28 activity 

regulations. We conducted crystallization trials of USP25 and USP28, but only 

USP25 gave rise to single diffractable crystals. At the beginning, the visually well-

formed crystals of USP25 diffracted poorly to a resolution that is too low to be 

suitable for structure determination. We tried in situ proteolysis and post-

crystallization treatments including annealing, dehydration, soaking and cross-

linking, to improve the diffraction quality. However, none of these treatments could 

improve the diffraction quality (3, 4). Then we tried another strategy, lysine 

methylation (5), for protein crystallization, and the USP25 crystals could diffract to 

3.28 Å and the structure could be finally solved by single-anomalous diffraction 

(SAD) after soaking mercury derivatives.  

In our final structure of USP25, the N-terminal domain (NTD, residues 18-158) 
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was not observed, probably due to its high flexibility and the lack of a structured 

domain. The NTD is important for the recruitment of polyubiquitin chains due to the 

presence of two ubiquitin-interacting motifs (IUMs). Interestingly, loss of this domain 

resulted in the insufficient hydrolysis of K48-linked ubiquitin chains but not the single 

synthetic Ub-AMC substrate (2). Consistent with this, we also found that the NTD 

loss lead to impaired hydrolysis activity of K63-linked ubiquitin chains. Sequence 

analysis showed that USP25 UIM1 is a double side ubiquitin binding motif (6), while 

UIM2 was not, probably indicating their distinct roles. Thus, structure insights of 

UIM1 and UIM2 recruitment of ubiquitin chains are required, despite the tandem 

UIMs of USP25 might confer the K48-linked ubiquitin chain substrate preference (7).  

The crystal structure of USP25 displays an unexpected homotetrameric 

quatemary assembly, which is assembled by the association of two dimers and 

includes contacts between the IL-loop and the ubiquitin-binding pocket at the 

catalytic domain. Biochemical analysis conforms that the IL loop play roles in the 

autoinhibition of its enzymatic activity. So, we have discovered two different 

structural assemblies for USP25, dimer (active) and tetramer (inactive). This 

tetramerization-dependent inhibition mechanism of USP25 has never been 

described in the regulatory mechanisms for other members in the DUB family and 

might represent a novel regulation mechanism of deubiquitinating activity (8).  

We next speculated whether USP28 also has the same inhibition mechanism, 

which shares more than 50% sequence identity with USP25, and both display 

hydrolysis activity for K48- and K63- linked ubiquitin chains. In our primary attempt, 

we made the same truncation mutant as USP25, but the USP28 mutants displayed 

expression problems of degradation. Given that the IL-loop domains of USP25 and 

USP28 are not well conserved, the degradation problems might be due to the wrong 

amino acid truncation of USP28. Moreover, the IL-loop contact residues of USP25 

are highly conserved across species, but for USP28, this conservation is not so clear. 

In fact, differences between USP25 and USP28 also rely on substrate recognition. 

Evidences have been shown that USP28 is required to MYC stability and involved 
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in p53 activation (9, 10), while USP25 have not been found related to these 

regulations. In contrast, the C-terminal tail of USP25 (residues RTPADGR), which 

is highly conserved across species, is involved in the binding to tankyrases, 

promoting their deubiquitination and stabilization (11). The corresponding C-terminal 

tail residues of USP28 are different from USP25 and completely not conserved 

across species, suggesting that USP28 probably do not have this directly binding 

and regulation role for tankyrases. Other USP25 biological roles have been review 

in the introduction part. All in all, despite of high protein sequence identity and same 

type of ubiquitin chain hydrolysis activity, the biological roles of USP25 and USP28 

are quite diverse. Since their domain architectures are very similar, and USP28 also 

displays as an oligomer in recombinant expression, more efforts are worth to take 

to confirm whether this novel autoinhibitory mechanism exist in USP28.  

Our in vitro protein expression data showed an equilibrium of active (tetramer) 

and inactive (dimer) state of USP25. The point mutation of Y454E, a 

phosphomimetic tyrosine substitution, results in the formation of a stable dimer. 

Thus, even though the presence of high number of contacts in the tetramer, a single 

point mutant in the interface, such as Y454E, is capable to destabilize the tetramer 

and render USP25 to an “active” dimer state. Phosphorylation of a single residue of 

the USP catalytic domain has already been shown to regulate the deubiquitinating 

activity in USP14 and USP37 (12, 13), so we speculate whether it would be a 

plausible mechanism to switch between these two oligomer assemblies in USP25. 

It would also be reasonable to find determinants that control the tetramer and dimer 

states transformation in cells. Finally, only 8 to 10 residues on IL loop bind to USP25, 

suggesting the possibility to find lead compounds to mimic this specific binding and 

inhibit the USP25 activity, since USP25 is involved in several pathologies.  

Compared with the ubiquitin pathway, relatively few components of SUMO 

conjugation machinery have been described. Important, Ubc9 is the only known E2-

conjugating enzyme and can recognize the Ψ-Lys-X-Asp/Glu consensus motif and 

directly conjugate SUMO to substrate (14). The SUMO E1 is a heterodimer 
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composed of two subunits and select the cognate E2 through the ubiquitin fold 

domain (UFD) (15). This E1 UFD-E2 interaction can also provide specificity across 

species, despite the high homology between E2-conjugating proteins. Previous 

study has solved the crystal structure of UFD-E2 complex in yeast (16), showing the 

direct binding of E2 to the E1 UFD domain. However, how the UFD-E2 interaction 

interface provides different specificities across species is still not clear.  

In this thesis, we solved the crystal structure of UFD-E2 complexes in both 

human and A. thaliana. In the final structure, the C-terminal extension of E1 UFD 

was not apparent in electron density maps, despite its presence in our protein and 

crystalline preparations, suggesting that this portion of amino acids are not directly 

involved in SUMO E1-E2 interaction. The UFD domains only show a little protein 

sequence homology across species, but our primary phylogenetic analysis revealed 

that UFD domains are highly conserved across closely related species, especially 

only taking the E2 binding region into account. Structural comparison of the UFD-

E2 complexes between human, yeast, and A. thaliana revealed the presence of 

three different types of binding interfaces, even though common determinants 

existed. In addition, the contact residue substitutions between human, yeast, and A. 

thaliana E2s are accompanied by the compensatory residue substitutions with their 

cognate E1 UFD interface, suggesting the co-evolution of the two proteins directed 

by the E1-E2 interaction.  

In vitro SUMO conjugation assays showed that SUMO1 & 2 are 

interchangeable between human and A. thaliana, consistent with the similar study 

on P. falciparum and human (17). However, AtSCE1 and human Ubc9 were not 

interchangeable. Thanks to the crystal structures of UFD-E2 complexes, we could 

construct chimeric AtSCE1 mutants substituting the different residues in the binding 

interface with residues from human to determine the E2 specificity. We also 

prepared other two chimeric AtSCE1 mutants, in which the mutated residues are in 

the E2 surface out of the UFD binding interface. Unfortunately, all the chimeric 

AtSCE1 failed to conjugate SUMO in human system. Further pull-down and 
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conjugation assays using these chimeric ATSCE1 suggested a major role of V37 in 

UFD-SCE1 interactions. Interestingly, mutation of A. thaliana E2 (SCE1) surface 

residues T62/H64/P79, which is outside the UFD binding, displayed no binding 

problems to UFD domain in pull-down assays, but lead to the decrease of protein 

stability and a reduced SUMO conjugation activity. Previous efforts of interchanging 

SUMO E2s between P. falciparum and human revealed residues 44-81, which are 

not in the UFD binding or RanGAP1 interaction, could affect the conjugation activity 

(17). Given that the corresponding residues of T62/H64/P79 in human are quite 

different, these surface residues might also contribute to the specificity of SUMO 

systems across species.  
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Ubiquitination and SUMOylation are of the most studied post-translational 

modifications (PTMs). Here, we focus on USP25, USP28, and the SUMO E1-E2 

protein-protein recognition in these two PTM pathways. USP25 and USP28 have 

important roles in cellular processes, and their enzymatic activities are regulated by 

diverse PTMs including SUMOylation, ubiquitination, and phosphorylation. SUMO 

E1-E2 protein-protein interaction is a major discrimination step in the conjugation 

pathway. In this thesis, the main goals include the elucidation of the structural basis 

for the activity regulation of USP25 and USP28, as well as to decipher the structural 

determinants for the specificity provided by the E1 UFD-E2 interaction.  

We have solved the crystal structure of human USP25 (18 – 714). Unexpectedly, 

USP25 displays a homotetrameric quaternary assembly that is directly involved in 

the inhibition of its enzymatic activity, revealing a novel tetramerization/inhibition 

mechanism. In vitro biochemical and kinetic assays with dimer, tetramer and 

truncation constructs of USP25 support this mechanism, displaying in all cases a 

higher catalytic activity in the dimer assembly. Moreover, the strong stabilization of 

tankyrases in cultured cells by the ectopic expression of the USP25 dimer verifies 

the biological relevance of this novel tetramerization/inhibition mechanism.  

Regarding to the E1 UFD-E2 interaction, we have solved the crystal structure 

of the E1 UFD-E2 complex in both human and A. thaliana. Despite the low sequence 

homology displayed by the UFD binding interface, structural comparison between 

complexes reveals common determinants in the interfaces between human, yeast, 

and A. thaliana. Structural comparison also reveals a strong conservation in the E2 

binding interface across species, despite the strong specificity displayed in SUMO 

conjugation assays for each organism. Interestingly, E2 residues outside the UFD 

interface had impact on SUMO conjugation, suggesting the contribution of 

determinants other than the primary UFD binding interface in the specificity of the 

conjugation system. 
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La ubiquitinació i la SUMOilació són dos de les modificacions post-traduccionals 

més estudiades (PTM). En aquesta tesi, ens hem centrat en estudiar USP25, 

USP28 i en el reconeixement proteïna-proteïna dels enzims SUMO E1-E2 

d’aquestes dues vies PTM. USP25 i USP28 són de-ubiquitinases que tenen papers 

importants en processos cel·lulars i les seves activitats enzimàtiques estan 

regulades per diversos PTMs, incloent SUMOilació, ubiquitinació i fosforilació. La 

interacció proteïna-proteïna de SUMO E1-E2 és un pas essencial de discriminació 

en la via de la conjugació. En aquesta tesi, els principals objectius inclouen 

l'elucidació de les bases estructurals de la regulació de l'activitat de USP25 i USP28, 

així com poder desxifrar els determinants estructurals en l'especificitat 

proporcionada per la interacció SUMO E1-E2. 

Hem resolt l'estructura cristal·lina de la USP25 humana (18 - 714). 

Sorprenentment, USP25 mostra una estructura quaternària homotetramèrica que 

està directament implicat en la inhibició de la seva activitat enzimàtica, i revela un 

nou mecanisme de tetramerització/inhibició. Assaigs bioquímics i cinètics in vitro 

amb construccions de dímer, tetràmer de USP25 donen suport a aquest mecanisme, 

mostrant en tots els casos una major activitat catalítica en el dímer. A més, la forta 

estabilització de les tankirases en cèl·lules en cultiu mitjançant l'expressió ectòpica 

del dímer de USP25 verifica la rellevància biològica d'aquest nou mecanisme de 

tetramerització/inhibició. 

Pel que fa a la interacció E1 UFD - E2, hem resolt l'estructura cristal·lina del 

complex E1 UFD - E2 tant en humans com en A. thaliana. Tot i la baixa homologia 

de seqüència presentada en la superfície d’interacció de UFD entre especies, la 

comparació estructural entre complexos revela determinants comuns en les 

interfícies entre humans, llevats i A. thaliana. La comparació estructural també 

revela una forta conservació en la superfície d’interacció de les E2 entre espècies, 

tot i la forta especificitat mostrada en assajos de conjugació de SUMO en a cada 

organisme. Curiosament, hem trobat residus de la E2 fora de la superfície 

d’interacció amb UFD que tenen un impacte en la conjugació de SUMO, el que 

suggereix la presència d’altres determinants estructurals diferents als de la 

superfície d’interacció entre E2 i E1 UFD en l'especificitat de la conjugació de 

SUMO.  
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Structural analysis and evolution of 
specificity of the SUMO UFD E1-E2 
interactions
Bing Liu1, L. Maria Lois2 & David Reverter1

SUMO belongs to the ubiquitin-like family (UbL) of protein modifiers. SUMO is conserved among 
eukaryotes and is essential for the regulation of processes such as DNA damage repair, transcription, 
DNA replication and mitosis. UbL modification of proteins occurs via a specific enzymatic cascade 
formed by the crosstalk between the E1-activating enzyme, the E2-conjugating enzyme and the  
E3-ligase. An essential discrimination step in all UbL modifiers corresponds to the interaction between 
E1 and E2 enzymes, which is mediated by the recruitment of the E2 to the UFD domain (Ubiquitin-
Fold Domain) of the E1 enzyme. To gain insights in the properties of this interface, we have compared 
the structures of the complexes between E1 UFD domain and E2 in human and yeast, revealing two 
alternative UFD platforms that interact with a conserved E2. Comparative sequence analysis of the 
E1 UFD domain indicates that the E2 binding region has been conserved across phylogenetic closely 
related species, in which higher sequence conservation can be found in the E2 binding region than in 
the entire UFD domain. These distinctive strategies for E1-E2 interactions through the UFD domain 
might be the consequence of a high selective pressure to ensure specificity of each modifier conjugation 
system.

The post-translational modification pathway of proteins by UbLs (Ubiquitin-like modifiers) is characterized by 
the presence of specific enzymatic cascades (E1, E2 and E3 enzymes), which results in the formation of an iso-
peptidic bond between the UbL and the protein target1,2. A major characteristic of this process is the specificity 
provided between all components of the UbL pathway, resulting in the formation of protein-protein complemen-
tary interfaces3,4. SUMO (Small Ubiquitin-Like Modifier) is a UbL modifier that can alter the function of a myriad 
of target proteins inside the cell5, being involved in processes such as DNA damage repair, transcription, DNA 
replication and mitosis1,6,7.

The first specificity step in the pathway corresponds to the interaction of the UbL modifier with its particu-
lar E1-activating enzyme8,9. In the SUMO pathway, the E1-activating enzyme is a large multidomain heterod-
imer (Sae1-Uba2)10 that initiates the process by adenylation of the SUMO C-terminus and the subsequently 
formation of a thioester bond with the active-site cysteine residue of E111. Next, the activated UbL-thioester is 
transferred to the active-site cysteine residue of the E2-conjugating enzyme (Ubc9 in SUMO), which represents 
a second specificity step in the pathway by the formation of the E1-E2 complex. Crystal structures of several 
E1-activating enzymes12–15 revealed the presence of a domain displaying an Ubiquitin-like Fold (UFD domain) in 
the E1-activating enzyme large subunit. The E1 UFD domain plays a major role in the binding of the E2 enzyme, 
providing specific contacts between E1 and E2 enzymes. This interaction was first observed in the crystal struc-
ture of the Nedd8 E1 in complex with E213, showing the direct binding of E2 to the E1 UFD domain. Recently, 
the crystal structure of the thio-ester transfer intermediate of ubiquitin E1-E2 complex15 revealed a dual binding 
of E2 to the UFD domain and to the catalytic E1 Cys-domain, which occurs after an significant rotation of the 
UFD domain, providing the structural basis for the isoenergetic thio-ester transfer between the E1 and the E2 
enzymes15. This interaction between E2 and the Cys domain of the E1 was proposed previously in the SUMO 
pathway by NMR analyses, although E1 UFD-E2 interactions display higher affinity (Kd =  1.2 μ M)16 than E1 
Cys-E2 interactions (Kd =  87 μ M)17, supporting a major role of the E1 UFD domain in E2 recruitment.
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Protein sequence variations in the E1 UFD domain of different UbL modifiers are quite significant, especially 
in the binding region to the E2 enzyme. All reported structures of UFD domains display an analogous β -grasp 
structure, and the interaction of the UFD domain with the E2-enzyme occurs through the same side of the β -sheet 
structure13–15,18–20. However, in all reported complex structures superposition of the E2 enzymes reveal distinct 
orientations of the UFD domain, which is a direct consequence of different contacts in each UbL system15,18. 
Conservation analysis according to sequence alignments showed that yeast and human SUMO UFD domains dis-
play little sequence homology (17% sequence identity), and it is even lower considering only the binding region 
to Ubc9. Notwithstanding this low conservation, both proteins can efficiently interact with a highly conserved 
surface in their cognate Ubc9. In this scenario, the identification of the molecular determinants that mediate E1 
UFD and E2 interactions in evolutionary distant organisms cannot rely on sequence homology analysis. Instead, 
the elucidation of these molecular determinants requires specific structural studies of the interaction.

Here we present a detailed structural comparison analysis of the two complexes between SUMO E1 UFD 
domain and Ubc9 from yeast21 and human. We also present a novel structure of the human complex solved in 
a different space group than the recently deposited22. Our results indicate that human and yeast UFD domains 
interact with a conserved surface of Ubc9, in each case by maintaining the same chemical character of the inter-
face contacts despite the lack of sequence homology. Sequence alignment of these two E2 binding region discloses 
unique consensus motifs that have been maintained across species from the same kingdom (in Metazoa) or in the 
same order (in Saccharomycetales). Phylogenetic and homology analysis revealed that the region involved in Ubc9 
binding displays a slightly higher conservation degree than the UFD domain between phylogenetically closely 
related organisms, although it also displays higher variability, highlighting the relevance of this interface in the 
protein-protein specificity for each type of UbL modification.

Results
Complex between human SUMO E1 UFD domain and SUMO E2. The interaction between the ubiq-
uitin-fold domain (UFD) of the E1-activating enzyme and the E2-conjugating enzyme has been revealed as a 
crucial discrimination step in the conjugation pathway of UbL modifiers14,18,23,24. The interface between E1 and 
E2 enzymes is unique and is required to confer specificity between cognate enzymes of each UbL conjugation 
pathway. Notably, differences in the interface are more significant in the UFD domain than in the E2-conjugating 
enzyme, which is a highly conserved enzyme. Within the same UbL family, evolutionary distant species display 
a low degree of sequence conservation between E1 UFD domains. In SUMO pathway, yeast and human UFD 
domains were shown to display only a 17% sequence identity25. To get structural insights for the different interac-
tion between yeast and human, we have determined the crystal structure of the complex between human E1 Uba2 
UFD domain and human E2 Ubc9 at 2.2 Å resolution and compared this structure to the analogous complex in 
yeast (PDB code 3ONG)25. During the preparation of the manuscript, another structure of the human E1 UFD-
Ubc9 was also published in a different crystallographic space group, supporting our results22 (PDB ID 4W5V).

Human E1 ubiquitin-fold domain (UFD) was designed based on the structure of the full-length human 
SAE1-SAE2 E1-activating enzyme (PDB code 1Y8Q)24. We alternatively prepared a UFD construct including 
the C-terminal flexible extension, however this longer UFD was unstable and displayed proteolysis after complex 
formation with Ubc9. Both native gel electrophoresis and gel filtration chromatography indicated the formation 
of the complex between human E1 UFD domain and Ubc9 (see Supplementary Fig. S1). After initial unfruitful 
crystallization trials with the purified complex, a lysine methylation protocol was conducted to induce crystalli-
zation. Suitable crystals diffracted beyond 2.2 Å resolution, contained one complex of UFD/Ubc9 per asymmetric 
unit and belonged to the tetragonal space group system (Table 1), which is different to the monoclinic crystals 
recently deposited22 (PDB code 4W5V).

An overall structural comparison of free and bound Ubc9 structures displayed little variation (0.71 Å rmsd 
Cα  deviation), although differences were observed in the binding region to UFD, displaying rmsd Cα  deviations 
between 1.50 Å and 3.66 Å in the residues forming the β 1-β 2 loop (Lys30 to Met36). Similarly, free and bound E1 
UFD structures are almost identical (overall 0.72 Å rmsd deviation). According to the PISA server26 the human 
complex buries a surface of 1493 A2 and involves 26 and 19 residues of UFD and Ubc9, respectively, which is 
comparable to the analogous complex in yeast (1557 A2 interface)25.

Yeast and human interface comparison. In contrast to the conservation proposed according to 
sequence homology between human and yeast UFD, 17% of identity, this homology is even lower, 11%, when 
a structural alignment is performed (Fig. 1a). Interestingly, differences between yeast and human are increased, 
7% of sequence identity, when comparing only the residues forming the interface of the E1 UFD domain with 
Ubc9, which are basically formed by a different set of residues capable to interact with a conserved Ubc9 surface 
(Fig. 1b). However, despite this low sequence homology between yeast and human UFD, the interaction occurs 
through the same surface22,25, forming an interdigitated complex between the α 1 helix and the β 1-β 2 loop of Ubc9 
that sits on the β -sheet surface of UFD (Fig. 1c). As a consequence of this low conservation, structural superpo-
sition of Ubc9 reveals a rotation of the E1 UFD domain between both complexes (Fig. 1e). Different orientations 
of UFD domains in complex with E2 can also be observed in other UbL systems, as revealed by the structures of 
ubiquitin and Nedd8 UFD in complex with E2 (Uba1-Ubc4 complex PDB code 4II2; and Uba3-Ubc12, pdb code 
2NVU refs 13 and 15). All these structures suggest plasticity in the UFD interface that has evolved to specifically 
interact with its cognate E2-conjugating enzyme in each UbL pathway.

The binding surface of Ubc9 in yeast and human is highly conserved, and is basically formed by similar 
backbone and side-chain interactions in the α 1 helix and the β 1-β 2 loop of Ubc9 (yeast and human Ubc9 share 
56% sequence identity). Specific side-chain interactions in Ubc9 include a hydrophobic patch formed by Leu6, 
Met36, and Leu38, and a basic patch formed by Arg13, Lys14, Arg17 and Lys18 (Fig. 2a,b). Interestingly, all these 
conserved residues in Ubc9 engage specific contacts with the non-conserved UFD surfaces of yeast and human. 
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A major contact difference in Ubc9 corresponds to Ala10, which is substituted by Gln10 in yeast, forming a polar 
interaction with Glu515 of the yeast UFD domain (Fig. 1d). Previous point mutational analysis on these two 
patches of Ubc9, namely the basic α 1 helix and the hydrophobic β 1-β 2 loop, showed impairment in the binding 
to the E1 activating enzyme, indicating a major role of these two regions in the transfer of SUMO between E1 and 
E2 proteins25,27.

The UFD interacting surface is extended and mostly formed by residues emanating from β 22 and β 23 strands 
and connecting loops (Fig. 1c,d). A general feature of this interaction, widespread so far in all characterized UbL 
pathways, is the interaction through the same β -sheet surface (Fig. 2). But in contrast to the Ubc9, the region 
involved in UFD is poorly conserved between yeast and human. For simplicity, we have designated this region as 
Low Homology region involved in E2 Binding 2 (LHEB2). The LHEB2 can be divided in two regions, each estab-
lishing interactions with the basic and hydrophobic patches of Ubc9 (Fig. 2a,b). The first contact region in human 
UFD is composed by Asp479, Ser492, Ser493, Glu494 and Glu497, which engage polar and charged contacts with 
the basic patch of Ubc9, composed by α 1 helix residues Arg13 and Arg17. The LHEB2 in human is highly con-
served in all metazoan species analyzed (see later in Fig. 3). In contrast, in yeast the basic patch of Ubc9 interacts 
with Asp488, Tyr489 and Asp490, which is also a highly conserved sequence in all Saccharomycetales species 
analyzed (see later in Fig. 3). Interestingly, in the human structure Phe522 is buried in an aliphatic pocket formed 
by Arg17, Lys14 and Lys18 (see Fig. 1c), whereas in yeast a similar Ubc9 pocket buries Tyr489 (see Fig. 1d), a 
residue located at the center of the LHEB2 sequence instead of the LHEB2 C-terminal position that occupies its 
human counterpart.

The second contact region of UFD interacts with the hydrophobic patch of Ubc9. This interface is composed 
by backbone and side chain interactions emanating from the β 22-β 23 connecting loop and β 23 strand of UFD. In 
human Ubc9 Leu6 interacts with the β 22-β 23 loop formed by Gly485 and Gly487 (Fig. 1c). In contrast, in yeast, 
the composition and length of this loop is different and Ubc9 Leu6 interacts with Leu478 (Fig. 1d). In this region 
we can observe the highest structural homology between human and yeast. In human three backbone hydro-
gen bonds are formed between Gly487 and Ile489 with Ubc9 Met36 and Asn37, but only two in yeast, between 
Leu485 and Ubc9 Met36. Additionally, the side chain of Ile489 in human (or Leu485 in yeast) is buried in both 
cases in the Ubc9 hydrophobic pocket formed by Met36 and Leu38 (Fig. 1c,d). Finally, it is worth mentioning 
that the specific contacts established by yeast Arg484 and Phe491 are absent in metazoan sequences but highly 
conserved in Saccharomycetales.

Interface comparison with other UbL E1-E2 complexes. Comparison of the UFD-E2 interfaces in 
ubiquitin and Nedd8 (Uba1-Ubc4 complex, PDB code 4II2; and Uba3-Ubc12, pdb code 1Y8X)13,15 indicate that 
only the hydrophobic patch in Ubc9 is partially conserved in the ubiquitin E2 (Ubc4), formed in this instance 
by Leu3 and Leu30, which can be aligned with Ubc9 Leu6 and Leu38 (Fig. 2). However, the basic patch in the 
α 1 helix of Ubc9, formed by Arg13, Lys14, Arg17 and Lys18, represents a specific feature of the SUMO path-
way and are not present neither in Nedd8 (Ubc12) nor in ubiquitin (Ubc4), which are replaced by acidic and 

Data collection

 Beamline ALBA-XALOC

 Space group P43212

 Wavelength (Å) 0.97946

 Resolution (Å) 46.44–2.20 (2.32–2.20)*

 a, b, c (Å) 129.61, 129.61, 66.60

 α , β , γ  (°) α  =  β  =  γ  =  90

 Unique reflections 29309

 Data redundancy 10.9 (11.0)

 Rmerge 0.043 (0.602)

 I/σ 26.4 (4.3)

 Completeness (%) 99.8 (98.4)

Refinement

 Resolution (Å) 46.44–2.20

 Unique reflections 29254

 Rwork/Rfree 0.22/0.24

 Number of all atoms 2100

 Number of waters 38

 RMSD bond (Å)/Angle (°) 0.008/1.11

 Average B factor (protein/water) 60.69/56.26

Ramachandran plot

 Favored (%) 97.64

 Allowed (%) 2.36

 Disallowed (%) 0.00

Table 1.  Summary of crystallographic analysis. *Highest resolution shell is shown in parenthesis.
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Figure 1. Structural alignment and comparison of the interfaces between UFD and Ubc9 from human and 
yeast complexes. (a) Structural alignment of the UFD domains from yeast (ScUba2) and human (HsUba2). Red 
circles indicate contact residues to Ubc9. Dotted rectangle represents the binding region to Ubc9. (b) Structural 
alignment of yeast and human Ubc9. Small red arrows indicate contact residues to UFD. Dotted rectangle 
represents the binding region to UFD. Secondary structure is depicted above sequence. (c) Left, ribbon 
representation of the complex of human Ubc9 and the UFD domain. Right, stereo representation of the interface 
residues between Ubc9 (green line) and UFD (purple ribbon). Major contacts are labeled and represented in 
stick configuration. (d) Left, ribbon representation of the complex of yeast Ubc9 and the UFD domain. Right, 
stereo representation of the interface residues between Ubc9 (yellow line) and UFD (blue ribbon). Major 
contacts are labeled and represented in stick configuration. (e) Structural superposition of Ubc9 in the human 
and yeast complex with UFD.
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aliphatic residues. Ubc4 and Ubc12 also display a shorter β 1-β 2 loop compared to Ubc9 (Fig. 2). These differences 
in the E2-conjugating enzyme between UbLs modifiers result in the presence of non-complementary surfaces 
with E1 UFD domains, which are indeed the basis for the enzyme specificity among each UbL pathway. For 
instance, SUMO E1 UFD domain contains specific polar contacts (Ser492, Ser493, Glu494 and Glu497 in human 
or Asp488, Asp490 and Asp493 in yeast) to interact with the basic patch of Ubc9, however, in ubiquitin and 
Nedd8 these positions are substituted by aliphatic residues (Ala954 and Phe956 in ubiquitin or Leu415, Val418 
and Ile421 in Nedd8) (Fig. 2).

As mentioned before, human Ile489 and yeast Leu485 adopt a similar conformation and engage identical 
backbone hydrogen bonds with the β 1-β 2 loop of Ubc9. Interestingly, despite the lack of sequence conservation, 
the equivalent residues in the ubiquitin UFD domain, namely Ser950-Leu951, also engage analogous backbone 
hydrogen bonds contacts with the β 1-β 2 loop of the E2 enzyme (Ubc4)15. Thus this backbone interaction repre-
sents a unique conserved structural element maintained in distant UbL systems such as SUMO and ubiquitin. 
This interaction does not occur in Nedd8 (Ubc12-Uba3, pdb code 1Y8X ref. 13), in which the E2 enzyme sits 
across a similar region of the UFD domain but with a different angle compared to ubiquitin, and the contacts 
between both UbL systems are poorly conserved and thus not complementary18,15.

Evolutionary conservation of the SUMO E1 UFD interfaces. Structural comparison between human 
and yeast indicate that SUMO UFD domains are composed by a different set of residues that can engage produc-
tive interactions with a conserved E2 enzyme. In order to evaluate the biological relevance of these two alternative 
structural interfaces involved in E2 interactions, we have analyzed the conservation of the LHEB2 sequence of 
the E1 UFD domains across species. In human, the LHEB2 region is comprised by residues between Pro478 and 
Phe509 (Figs 1a and 3e), whilst in yeast is composed by residues between Pro472 and Ile502 (Figs 1b and 3e). We 
searched for human E1 UFD domain orthologs at the EggNOG database and focused on metazoan and fungal 
species, for which structural information of the E1 UFD-E2 interactions is available. Since fungal E1 displayed a 

Figure 2. Comparison of the UFD-E2 interface from different UbL systems. (a) Transparent electrostatic 
representation of the interface of human SUMO E2 (hSUMO Ubc9) with the UFD domain. Major contacts 
are labeled and represented in stick configuration. Basic and aliphatic surface patches are indicated by dotted 
circles. (b) Transparent electrostatic representation of the interface of yeast SUMO E2 (ySUMO Ubc9) with 
the UFD domain. Major contacts are labeled and represented in stick configuration. Basic and aliphatic 
surface patches are indicated by dotted circles. (c) Transparent electrostatic representation of the interface 
of S.pombe ubiquitin E2 (SpUb Ubc4) with the UFD domain. Major contacts are labeled and represented in 
stick configuration. (d) Transparent electrostatic representation of the interface of human Nedd8 E2 (hNedd8 
Ubc12) with the UFD domain. Major contacts are labeled and represented in stick configuration. (e) Schematic 
representation of the human SUMO E1 UFD domain contacts with the E2 enzyme. (f) Schematic representation 
of the yeast SUMO E1 UFD domain contacts with the E2 enzyme. (g) Schematic representation of the S.pombe 
ubiquitin E1 UFD domain contacts with the E2 enzyme. (h) Schematic representation of the human Nedd8 E1 
UFD domain contacts with the E2 enzyme. Black and grey spots indicate the orientation of the side chain in the 
structure regarding the β -sheet plane.
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Figure 3. Conservation analysis of Sae2 LHEB2 domain in metazoan and Saccharomycetales. Amino acid 
sequence alignment of Sae2 LHEB2 domain orthologs from nematoda (a), arthopoda (b), chordate  
(c) and saccharomycetales (d). Residue shading correspond to 95% (white letter and dark background), 75% 
(white letter and gray background), and 55% (black letter and light gray background) of sequence identity in 
(a,b and c). In the case of saccharomycetales, the shading types correspond to 90%, 70% and 50% of sequence 
identity, respectively. Metazoan multiple sequence alignments of LHEB2 sequences were performed using 
Clustal Omega software and including yeast Uba2 (NP_010678) as outlier. Saccharomycetales multiple 
sequence alignments of LHEB2 sequences were performed using Muscle software and including human Sae2 
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high level of sequence divergence, we focused on species belonging to the Saccharomycetales order, which include 
Saccharomyces cerevisae. The phylogenetic analyses of both domains, E1 UFD and LHEB2, show that clustering of 
the E1-UFD sequences in the phylogenetic tree reflects the taxonomical relationships of the species represented 
(Fig. 4a). On the contrary, when the same analysis was performed with the LHEB2 domain, tree distribution is 
not consistent with taxonomic lineages (Fig. 4b), suggesting that this region presents higher variability than the 
UFD domain where is contained.

In addition, we analyzed the distribution of homology between pairs. Saccharomycetales UFD or LHEB2 
sequences were compared with the corresponding human (conservation to outlier) or yeast sequences (conser-
vation within the group). Similarly, metazoan UFD or LHEB2 sequences were compared with the corresponding 
yeast (conservation to outlier) or human sequences (conservation within the group). The homology pair dis-
tributions were plotted onto box plots (Supplemental Fig. S2). In general, when sequences were compared with 
an outlier, in all groups except in Saccharomycetales, the median of the obtained distribution was higher in the 
LHEB2 sequence analysis than in the UFD. At the same time, the box length, whose limits indicate the 25th and 
75th percentiles, is higher for the LHEB2 than for the UFD homology pair distributions, suggesting that this 
region also presents higher variability. These results support the phylogenetic analyses indicating that, in general, 
the LHEB2 sequence is more conserved than the UFD domain within each evolutionary group, although the indi-
vidual sequences contained in each group display higher variability. Similar results were obtained when sequences 
were compared with a reference sequence within each group, Saccharomycetales or metazoan.

The homology analysis of the residues involved in Ubc9 contacts are even higher conserved and minor differ-
ences were identified among phyla. In chordates, the highest conserved group, all the contacts described in the 
human structure are present in all species analyzed within this phylum (Fig. 3c). In arthropoda, sequence com-
parison also display little divergence, but in this case variations can be found in the composition of the β 22-β 23  
connecting loop of UFD, presenting different loop lengths but still conserving Gly485 and Gly487 in many species 
of the phylum (Fig. 3b). In nematode, the five species analyzed also display conservation in the major E2 contact 
residues, but in contrast to chordate and arthropoda, the β 12-β 13 connecting loop displays little homology and 
Gly485 and Gly487, present in chordata and arthropoda, have been substituted (Fig. 3a).

Therefore, all major specific UFD contacts with Ubc9 are basically conserved in metazoa, including contacts 
with the hydrophobic and the basic patches of the Ubc9 surface. For instance, human Asp479, Ser492, Ser493, 
Glu494 and Glu497 (occasionally replaced by aspartic), which interact with Ubc9 Arg13 and Arg17, are highly 
conserved in all species analyzed. Similarly, the hydrophobic interaction of the human UFD Ile489, which inter-
acts with Ubc9 Met36 and Leu38, is also conserved but can be occasionally substituted by valine in some species. 
The major differences in the UFD interface in metazoa are located in the β 22-β 23 connecting loop, formed in 
human by Gly485 and Gly487, which interact with Ubc9 Leu6. Whereas in chordate this connecting loop is highly 
conserved, in arthropod and particularly in nematode, this loop displays different lengths and amino acid compo-
sition. It is worth mentioning here that the extension and composition of this particular loop in UFD domains is 
highly divergent between E1-activating enzymes specific to different UbL modifiers, suggesting that this domain 
has evolved to interact with its cognate E2-enzyme.

In contrast to metazoa, sequence comparison of the E2 binding region of the yeast UFD domain with mem-
bers of the Fungi kingdom is highly diverse, and further structural analyses will be required for establishing the 
molecular basis of E1-E2 interactions in those divergent groups. In the order of Saccharomycetales, the major 
specific contacts described in the structure of S. cerevisiae UFD-Ubc9 complex25 are conserved. In this instance, 
as shown before in the structural comparison, the consensus binding sequence in Saccharomycetales is completely 
different to metazoan. Yeast UFD residues Asp488, Asp490 and Asp493, which interact with the basic patch of 
Ubc9, are highly conserved in Saccharomycetales (Fig. 3d,e), as well as Leu478, Leu485 and Phe491, which inter-
act with the hydrophobic patch of Ubc9. Other specific contacts in the structure, such as Arg484 and Tyr489, are 
replaced by residues with similar chemical properties, such as lysine for Arg484 and, phenylalanine, isoleucine or 
valine for Tyr489 (Fig. 3d,e).

In the essential SUMO conjugation pathway, protein-protein interactions have evolved to maintain specificity 
of the modifier and the targets. The SUMO conjugating enzyme constitutes the link between modifier specificity, 
which is selected by the E1 activating enzyme, and the protein substrate specificity, mediated by the cooperation 
between the E2 and the E3 ligase enzymes. In the E1-E2 interactions, a region in the E1 UFD domain, the LHEB2 
sequence, plays a major role in E2 recruitment to the E1. In evolutionary distant groups, the LHEB2 sequences are 
poorly conserved according to sequence homology and length. On the contrary, in closely related phylogenetic 

(Q9UBT2) as outlier. (e) Graphical representation of LHEB2 domain consensus sequences determined from 
amino acid sequence alignments shown in (a,b,c and d). The overall height of the stack indicates the sequence 
conservation at that position, while the symbol height within the stack indicates the relative frequency of each 
amino acid within that position. The positions of yeast Sae2 residues involved in Ubc9 interaction according to 
the previously resolved structure (3ONG) are indicated in blue below the sequences graph. Asterisks indicate 
residues shown to have a major contribution to E1-E2 interactions in mutagenesis analysis25. The positions of 
human Sae2 residues involved in Ubc9 interactions according to the resolved structure are indicated in blue 
below the chordata consensus sequence graph. Grey circles indicate residues establishing contacts with Ubc9 
α 1-helix, while grey triangles indicate residues interacting with Ubc9 residues located at the Ubc9 β 1β 2-loop. 
Conserved residues across phyla are indicated by lines. (f) Distribution of LHEB2 sequence length displayed by 
orthologs within each phylogenetic group analyzed was plotted on a box plot graph. Data points are represented 
by circles. Outliers are represented by dots. The number of data points analyzed in each phylogenetic group is 
indicated below the x-axis.
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groups, the conservation of the LHEB2 sequence is higher, highlighting the relevance of this interaction between 
E1 and E2 structures. We speculate that these distinctive strategies for E1-E2 interactions through the E1 UFD 
domain are the consequence of a high selective pressure to ensure modifier specificity. Future structural analyses 
of other evolutionary distant groups, such as plants or protozoa, will most probably uncover novel molecular 
determinants mediating E1-E2 interactions.

Conclusions
In summary, structural comparison of yeast and human SUMO UFD-E2 complexes and sequence alignment 
of SUMO UFD domains, reveal the presence of at least two complementary types of interfaces, which are con-
served across species from the same kingdom (metazoan) or in the case of the Fungi kingdom, in the same order 
(Saccharomycetales). Despite the low level of sequence homology in the UFD domains among these distant spe-
cies of different kingdoms, these two types of interfaces maintain the structural and chemical properties necessary 
to interact with a conserved E2 binding surface. Structural and sequential comparisons have also revealed at least 
two different types of consensus sequences in the E1 UFD domain, which we named LHEB2 sequences, that can 
complement the conserved surface in the E2 enzyme. Interestingly, sequence conservation in the E2 binding 
region is higher than in the overall UFD domain, suggesting the presence of an evolutionary pressure to maintain 
the contacts with the E2-conjugating enzyme, which are essential for the correct function of each UbL pathway.

Figure 4. Phylogenetic analysis of UFD and LHEB2 domains from Metazoa and Saccharomycetales. 
Maximum likelihood phylogenetic trees depicting the evolutionary relationships among 86 Sae2 UFD (a) 
or Sae2 LHEB2 (b) domain sequences from 68 metazoa species species using sequence alignments shown in 
Fig. S3 (UFD) and Fig. 3 (LHEB2). Sequences belonging to the same phylum are enclosed in colored areas. Tree 
scales are shown below each tree.
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Materials and Methods
Protein expression and purification. Expression constructs were generated by a standard PCR-based 
cloning method. The full length human Ubc9 and E1 UFD domain (residues 447–547) were cloned to pET28a 
tagged with 6x His at the N-terminal. Escherichia coli BL21(DE3) plysS containing the expression vector were 
grown in Luria Bertani medium with chloramphenicol (17 μ g/mL) and kanamycine (50 μ g/mL) at 37 °C until 
the OD600 reached to 0.8. Expression was induced by 0.1 mM IPTG, followed by overnight culturing at 28 °C. 
Recombinant proteins were purified by nickel-nitrilotriacetic acid agarose resin (Qiagen) and dialyzed against 
250 mM NaCl, 20 mM Tris-HCl (pH 8.0), 1 mM β -mercaptoethanol in the presence of thrombin protease over-
night at 4 °C to remove the 6x His tag. Proteins were further purified by gel filtration chromatography on a 
Superdex75 column (GE Healthcare), which was pre-equilibrated in 250 mM NaCl, 20 mM Tris-HCl pH 7.5, 
1 mM β -mercaptoethanol.

Protein complex preparation and methylation. Ubc9 and UFD complex was made by mixing equi-
molar amounts of proteins and purified by gel filtration chromatography using a Superdex75 column. Ubc9 and 
UFD were co-eluted in a single peak and confirmed by SDS-PAGE. After gel filtration, the complex was dialyzed 
against 250 mM NaCl, 50 mM HEPES pH 7.5, 1 mM β -mercaptoethanol for lysine methylation based on a pub-
lished strategy28. In brief, borane-dimethylamine complex (Sigma-Aldrich) and formaldehyde (Sigma-Aldrich) 
were sequentially added into protein solution and incubated overnight at 4 °C. The methylation reaction was 
stopped by a final gel filtration chromatography on a Superdex75 column pre-equilibrated in 200 mM NaCl, 
20 mM Tris-HCl (pH 7.5), 1 mM β -mercaptoethanol. Purified protein complex was concentrated to 30 g/L using 
an Amicon Ultra-10 K ultrafiltration device (Millipore) prior to crystallization.

Crystallization and data collection. Crystals were grown by the sitting-drop vapor diffusion method by 
mixing the protein complex (30 g/L) with an equal volume of reservoir solution containing 16% PEG6000 (w/v), 
100 mM MES pH 6.5, and 5% MPD (v/v), at 18 °C. Crystals appeared after 24 hours and continued to grow to full 
size in one week. Big crystals were soaked in mother liquor supplemented with gradually increasing concentra-
tion of 5%, 10%, 20% (v/v) MPD for 60 seconds each time and flash frozen in liquid nitrogen. Diffraction data 
were collected to 2.20 Å resolution at ALBA synchrotron in Barcelona (BL13-XALOC beamline). The crystals 
belong to the space group P43212 and the unit cell has a dimension of a =  129.61 Å, b =  129.61 Å, and c =  66.60 Å. 
Data were processed with XDS29 and scaled, reduced, and further analyzed using CCP430. More details are shown 
in Table 1.

Structure determination and refinement. The structure was determined by molecular replacement 
method using the full length human Ubc9 (protein data bank code 1U9B) as a search model for one molecule in 
the asymmetric unit in PHASER31. Initial electron density was manually improved to build up the final model 
using Coot32, and the refinement was performed using Phenix33. Refinement statistics are shown in Table1. The 
structure has been deposited in the PDB data bank with the code 5FQ2.

Phylogenetic sequence comparison. Human Sae2 orthologs were search in EggNOG database (http://
eggnogdb.embl.de/#/app/home) and sequences from Metazoa and Saccharomycetales were selected for homology 
analysis. Detailed information about sequence homology analysis methods is indicated in figure legends. Briefly, 
when sequences were highly divergent, multiple sequence alignments were performed using Muscle tool (http://
www.ebi.ac.uk/Tools/msa/muscle/). When sequence displayed higher conservation level, homology analyses 
were performed using Clustal Omega program (http://www.clustal.org/omega/). Phylogenetic distances were 
calculated by the maximum likelihood method and the JTT model included in the Seaview v4 software package34, 
and unrooted trees exported. Phylogenetic trees were drawn using the online iTOL software (http://itol.embl.de/).  
Consensus sequences were calculated using WebLogo software (http://weblogo.berkeley.edu/)35. Multiple 
sequence alignments were edited, analyzed and shaded using GeneDoc software36 (http://iubio.bio.indiana.
edu/soft/molbio/ibmpc/genedoc-readme.html). Data distribution was plotted on box plots using “BoxPlotR: a 
web-tool for generation of box plots”.
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