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Abstract: Members of the tripartite motif family of E3 ubiquitin ligases are characterized by the
presence of a conserved N-terminal module composed of a RING domain followed by one or two
B-box domains, a coiled-coil and a variable C-terminal region. The RING and B-box are both Zn-
binding domains but, while the RING is found in a large number of proteins, the B-box is exclusive
to the tripartite motif (TRIM) family members in metazoans. Whereas the RING has been
extensively characterized and shown to possess intrinsic E3 ligase catalytic activity, much less is
known about the role of the B-box domains. In this study, we adopted an in vitro approach using
recombinant point- and deletion-mutants to characterize the contribution of the TRIM32 Zn-binding
domains to the activity of this E3 ligase that is altered in a genetic form of muscular dystrophy. We
found that the RING domain is crucial for E3 ligase activity and E2 specificity, whereas a complete
B-box domain is involved in chain assembly rate modulation. Further, in vitro, the RING domain is
necessary to modulate TRIM32 oligomerization, whereas, in cells, both the RING and B-box
cooperate to specify TRIM32 subcellular localization, which if altered may impact the pathogenesis
of diseases.

Keywords: TRIM family; E3 ubiquitin ligases; RING domain; B-box domain; Limb-Girdle Muscular
Dystrophy type 2H

1. Introduction

Ubiquitination is a versatile form of post-translational modification that regulates a large
number of processes inside the cell through the regulation of protein turnover and activity. The
ubiquitination reaction is a three-step process beginning with the ATP-dependent activation of
ubiquitin, a 76-amino-acid peptide, by the E1 activating enzyme. In the following step of the cascade,
ubiquitin is transferred to the E2-conjugating enzyme, which then cooperates with an E3 ubiquitin
ligase to transfer ubiquitin to the final target substrate [1]. Thus, the E3 ubiquitin ligase is able to
provide substrate specificity to the ubiquitination cascade. In humans, the vast majority of E3 ligases
possess a really interesting new gene (RING) domain, which confers catalytic activity (reviewed in
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[2]). Among the RING-type E3 ligases, the tripartite motif (TRIM) family represents one of the largest
groups with over 70 members in humans. This class of E3 ligases is characterized by the presence of
a well-conserved N-terminal motif comprising the previously mentioned RING domain, one or two
B-box domains and a coiled-coil region [3]. The C-terminal domain is highly variable among different
members of the family and is supposed to provide substrate specificity [4-6].

The RING domain of several TRIM proteins was shown to fold around two Zn? ions coordinated
by conserved Cysteine and Histidine residues, while the formation of a 4-helix bundle by residues
N- and C-terminal to the Zn-binding core allows for the RING dimerization necessary for
ubiquitination activity [7,8]. Mechanistically, RING-type ubiquitin ligases were shown to contact the
ubiquitin-loaded E2, promoting a conformational change that allows for the direct transfer of
ubiquitin to the substrates without the formation of an intermediate bond between ubiquitin and the
E3 ligase [9-11]. In this context, the dimerization of the RING domains provides the proper
interaction surface to contact both the E2 and ubiquitin, ultimately allowing the discharge of
ubiquitin from the loaded E2 to the substrate. In TRIM proteins, the B-box domain, C-terminal to the
RING, assumes a fold similar to the latter through the coordination of Zn ions by conserved Cysteine,
Histidine and Aspartate residues. The B-box domain can be present in two flavors, type 1 and 2, that
have been well conserved during evolution as part of the tripartite motif, invariably located between
the RING and the coiled-coil region in a unique (type 2) or tandem arranged (type 1-type 2) manner
[5,12-14]. Whether this domain elicits or contributes to the E3 catalytic activity given its similarity
with the RING domain is still controversial. Finally, in all the TRIM proteins studied, a coiled-coil
region invariantly follows the B-box domain(s) and assumes a typical a-helical structure. The
interaction of the coiled-coil domains of two TRIM proteins allows for the formation of anti-parallel
dimers, resulting in N-terminal domains at opposed ends of the rod-like structures [15-17].
Therefore, the higher order self-association of dimers may be required to allow for the RING
dimerization necessary for catalytic activity, as has been shown in the case of TRIM5a [18-20].

The TRIM32 tripartite motif is composed of a RING domain followed by a single type 2 B-box
and a coiled-coil domain. The C-terminus in TRIM32 is composed of six NHL repeats (named after
proteins Ncl-1, HT2A and Lin-41 containing this domain) shown to be involved in the recognition of
various substrates [21]. Importantly, a cluster of mutations in the C-terminal domain or the complete
deletion of the gene were shown to be associated with the neuromuscular disease Limb-Girdle
Muscular Dystrophy type 2H, a recessive form of late-onset muscular dystrophy mainly affecting the
proximal muscles of limbs [22-24]. In the disease context, TRIM32 may affect muscle physiology at
many different levels, from atrophy to the regeneration of damaged fibers [21,25-28]. Interestingly, a
P130S mutation in the B-box domain is associated with a non-muscular phenotype, Bardet-Biedl
Syndrome (BBS), although the pathogenetic mechanism is yet to be elucidated [29]. Furthermore, like
many other members of the TRIM family, TRIM32 was also shown to play a role in cancer since
various oncogenes (e.g., MYCN) or tumor suppressors (e.g., p53) are among its substrates (reviewed
in [21]). Given the multiple roles TRIM32 can have in both physiological and pathological conditions,
understanding in detail the mechanism of action of this enzyme is important for the correct design of
therapeutic strategies.

Here, we performed a biochemical analysis aimed at investigating TRIM32 cooperation with
various E2-conjugating enzymes and the role of the Zn-binding domains in the regulation of its
activity.

2. Materials and Methods

2.1. Constructs and Mutagenesis

The mammalian expression plasmids encoding the human TRIM32 sequence in pcDNA3X(+)-
Myc-GFP and pcDNA3X(+)-HA were described previously [3]. The sequence encoding human
TRIM32 was inserted in the bacterial expression plasmid, pETM11, using the restriction-free cloning
method [30]. Briefly, the TRIM32 sequence was amplified using primers N1 and C5 (the full list of
primers used in this study is available in Table 1), containing over-hanging tails complementary to
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the destination vector, and pcDNA3X(+)-Myc-GFP-TRIM32 as a template. The PCR product was
subsequently purified and used as a primer pair for the second PCR reaction, which includes the
destination vector as a template for a linear amplification reaction around the plasmid resulting in
insertion of the sequence of interest in the vector. A primer (N2) annealing internally in the TRIM32
sequence was used in combination with the previously mentioned C5 primer to generate the mutant
lacking the N-terminal 88 amino acids (TRIM32 ARING). Point mutations and the internal deletion
of the B-box (AB-box, lacking residues 99-134) were generated by site-directed mutagenesis using
primers listed in Table 1 and the QuikChange mutagenesis kit (Stratagene). The plasmid encoding
Hiss-MBP-tagged UbE2V2 in pLou3 vector was a kind gift from Prof. Ronald T. Hay (University of
Dundee).

Table 1. List of primers used in this study. For mutagenizing primers, bases bordering the deletion
(AB-box) or corresponding to the mutations (C100A/C103A) are in red.

TRIM32 Forward (N1) 5'-gagaatctttattttcagggcgccatggctgecagcageagcettetcac-3

Reverse (C5) 5'-caagcttgtcgacggagctcgaattectatggggtggaatatctictcagatggta-3'

TRIM32 ARING Forward (N2) 5'-gagaatctttattttcagggcgccgetgggctcagegagectgtgggec-3'

(A1-88) Reverse (C5) 5'-caagcttgtcgacggagctcgaattectatgggetggaatatcttctcagatggta-3'
TRIM32 AB-box Forward 5-agctgcttctttgacagggagtgtgageagecccacagectegetgag-3’
(A99-134) Reverse 5'-ctcagcgaggctgtgggectgctcacactecctgtcaaagaageaget-3’
TRIM32 Forward 5’-cagacgccgcccageggaccgagecatgageagecec-3’
C100A/C103A Reverse 5-ggooctgctcatggcteggtccgetgggcggegtetg-3’

2.2. Protein Expression and Purification

Plasmids (pETM11) encoding Hiss-tagged human TRIM32 (wild-type or mutated forms) were
transformed into BL21(DE3) RIPL Escherichia coli cells. Cultures were grown at 37 °C in Terrific Broth
until OD600 reached 0.6-0.8 and the expression of recombinant proteins was then induced by
addition of 1 mM Isopropyl [-D-1-thiogalactopyranoside (IPTG) and 100 uM ZnCL followed by
incubation at 16 °C overnight. Bacteria were lysed in lysis buffer (50 mM TRIS, pH 8; 0.5 M NaCl; 10
mM imidazole; 5 mM p-Mercaptoethanol and protease inhibitor cocktail (Roche)). Bacteria lysis was
achieved by addition of lysozyme (250 ug/mL) and sarkosyl (0.3%) followed by sonication. Triton X-
100 was then added to a final concentration of 0.5% before centrifugation to remove the insoluble
fraction. Recombinant proteins were purified by incubation with Ni-NTA resin (Qiagen; Hilden,
Germany) followed by washes with lysis buffer containing 50 mM imidazole. The resin was eluted
in elution buffer (20 mM TRIS pH 8; 250 mM NaCl; 10% glycerol; 200 mM imidazole and 5 mM f3-
Mercaptoethanol) and the recombinant proteins were dialyzed overnight against 20 mM TRIS pH §;
0.5 M NaCl; 10% glycerol and 5 mM -Mercaptoethanol.

2.3. In Vitro Ubiquitination

Recombinant proteins used for in vitro ubiquitination assays were purchased from Boston
Biochem (Cambridge, MA, USA) (UBEL1 activating enzyme, UbE2D1, UbE2N), Sigma (St. Louis, MO,
USA) (ubiquitin) or UBPBio (Aurora, CO, USA) (E2 screening kit). Recombinant Hise-MBP-tagged
UbE2V2 was purified as described in [10]. Ubiquitination reactions were carried out at 37 °C and
contained 50 nM E1, 1 pM E2, 50 uM ubiquitin in reaction buffer (50 mM TRIS pH 7.2; 150 mM NaCl;
0.1% NP-40; 0.1 mM Tris (2-carboxyethyl) phosphine (TCEP); 3 mM ATP and 5 mM MgCL). The
quantity of E3 added varied in different assays and in assays where different TRIM32 mutants were
employed, comparable amounts of each recombinant protein were used. The E2 screening kit was
used according to the manufacturer’s instructions. Reactions were stopped by addition of Laemmli
buffer containing 100 mM Dithiothreitol (DTT) final concentration.

2.4. Cell Culture and Transfection
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The C2C12 murine myoblast cell line (kind gift from Prof. Paola D’ Andrea, University of Trieste)
was grown in high glucose Dulbecco's Modified Eagle Medium (DMEM)medium without sodium
pyruvate supplemented with 20% Fetal Bovine Serum (FBS), 4 mM L-glutamine, 100 U/mL penicillin
and 100 ug/mL streptomycin, and maintained at 37 °C in 5% COz. C2C12 cells were seeded on
coverslips and transfected with HA- or Myc-GFP-tagged constructs using Lipofectamine 3000
according to the manufacturer’s instructions the day after seeding.

2.5. Immunofluorescence

Twenty-four to forty-eight hours post-transfection, cells were fixed in 4% Paraformaldehyde
(PFA) in Phosphate Buffer Saline (PBS) for 10 min at room temperature. For immunofluorescence
analysis, cells were permeabilized with 0.1% Triton X-100 in PBS and blocked with 5% Bovine Serum
Albumin (BSA) in 0.1% Triton X-100 in PBS. Cells were stained with anti-HA antibody and FITC- or
Cy3-conjugated secondary antibodies. Coverslips were mounted with Vectashield mounting
medium with 4',6-diamidino-2-phenylindole (DAPI) and analyzed by epifluorescent microscopy.

2.6. Antibodies and Immunoblot Analysis

Samples from the in vitro ubiquitination reactions were boiled and resolved by SDS-PAGE on
4-15% gradient gels (Bio-Rad). For native PAGE, proteins were prepared in Laemmli buffer lacking
SDS and DTT and resolved without prior boiling on a 7.5% poly-acrylamide gel without SDS.
Following transfer to PVDF membranes, target proteins were detected with anti-ubiquitin (UBPBio,
clone P4D1) and anti-TRIM32 (Abcam, Cambridge, UK; ab96612), and relevant HRP-tagged
secondary antibodies. Signal was detected using ECL substrate (Millipore, Burlington, MA, USA) and
autoradiography films (GE Healthcare, Chicago, IL, USA). In some cases, membranes were stripped
with mild stripping buffer (200 mM glycine; 0.1% SDS; 1% Tween 20; pH 2.2) prior to re-probing with
a different primary antibody.

2.7. Quantification of In Vitro Ubiquitination Activity

Following the in vitro ubiquitination reaction as described in Section 2.3, proteins were resolved
on 4-15% gradient gels (Bio-Rad; Hercules, CA, USA) followed by transfer on PVDF membranes and
blotting with anti-ubiquitin antibody. For the time course in vitro ubiquitination, poly-ubiquitin
chains with sizes above 3-Ub (over 25 kDa) were quantified using Image] and values were normalized
to the quantity of E3 ubiquitin ligase used in the reaction. The resulting normalized values were
plotted and the rate was calculated by dividing the normalized absorbance of poly-ubiquitin chains
by the reaction time. The normalized absorbance and calculated rates are relative and have an
arbitrary unit.

3. Results

3.1. Deletion or Mutation of the B-box Domain Does Not Prevent TRIM32 E3 Ligase Catalytic Activity

The strictly conserved N-terminal structure of TRIM proteins suggests a potential function in
catalytic activity regulation of the single domains within the tripartite module. This module may have
evolved to serve as a scaffold to confer proper spacing and orientation to the catalytic RING domain
and the substrate interacting domain. In the case of TRIM32, the role of the tripartite motif domains
is still unclear and the available data on their contribution to E3 activity mainly rely on experiments
using short protein fragments [7,31]. In this study, we focused on characterizing the role of the B-box
type 2 domain of TRIM32 as a potential modulator of its activity. The B-box domain is a Zn-binding
domain, assuming a fold similar to the catalytic RING domain but with a still undefined role. We
generated a deletion mutant lacking the RING domain (ARING) to investigate whether the B-box
could substitute for the RING to sustain catalytic activity (Figure 1). To further analyze the role of the
B-box, we generated a mutant lacking the whole B-box domain (AB-box) and a mutant carrying
mutations in two of the B-box cysteine residues necessary to coordinate the Zn?ions (C100A/C103A),
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predicting that the resulting protein would have an unfolded B-box but would maintain the spacing
between the TRIM32’s RING and coiled-coil domains (Figure 1).

Coiled NHL
RING B-Box Coil repeats

Full Length [T HHHHHHT
ARING —H HHHHHH]

AB-Box — L HHHHHH]

C100A

C100A/C103A
C103A

Figure 1. Schematic diagram showing the domain structure of TRIM32 and the deletion/point mutants
used in this study.

We first assayed the activity of recombinant wild-type TRIM32 or mutants in the presence of the
UbE2D1 conjugating enzyme, previously shown to cooperate with TRIM32 to build poly-ubiquitin
chains [32], in the absence of specific substrates. All proteins tested but the ARING were able to build
poly-ubiquitin chains in vitro in these experimental conditions and, strikingly, no difference was
observed between the activity of the AB-box, the C100A/C103A and wild-type TRIM32 proteins
(Figure 2). These results confirm that the catalytic activity resides in the RING domain, as already
shown for other members of the TRIM family [33,34]. On the other hand, despite the structural
similarity, the B-box domain cannot substitute the RING in promoting the discharge of ubiquitin
from the loaded E2 as demonstrated by the lack of activity of the ARING mutant (Figure 2).
Furthermore, these data indicate that neither mutation nor the deletion of the B-box has dramatic
effects on the ability of TRIM32 to build poly-ubiquitin chains.

C100A/

C103A
FL AR ABB

TRIM32 ol ol A -

250K = Poly-
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Ubiquitin 2%k =
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10K =| —» Ubiquitin

Figure 2. TRIM32 carrying mutations or deletion of the B-box shows activity similar to the wild-type
protein. Increasing doses of recombinant full-length TRIM32 (FL), ARING (AR), AB-box (ABB) or
C100A/C103A mutants were used as E3 ligase in an in vitro reaction with the UbE2D1 conjugating
enzyme. Proteins were resolved by SDS-PAGE and poly-ubiquitin chains detected with anti-ubiquitin
antibody.

3.2. The B-box Domain Plays a Role in Modulating TRIM32 E3 Ligase Reaction Rate

The results of the previous section show that deletion or mutation of the TRIM32 B-box domain
has no effect on catalytic activity when the amount of poly-ubiquitin chains produced by the various
constructs is measured at the endpoint of the reaction. It is, however, possible that the B-box, either
through cooperation with the RING or simply as a spacer between the RING and the C-terminal
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domains, may be involved in modulating the rate at which TRIM32 builds the poly-ubiquitin chains,
as it was recently shown for the coiled-coil domain of the RING-type E3 ligase, TRAF6, in the
ubiquitination reaction with UbE2N/V2 [35]. We thus performed a time course experiment using
UbE2N/V2, previously shown to work with TRIM32 [32], together with full-length TRIM32, AB-box
and C100A/C103A and analyzed the progressive appearance of poly-ubiquitin chains by ubiquitin
immunoblot of SDS-PAGE-resolved reaction mixtures taken at different time points (Figure 3).
Confirming the previous results, no major difference was observed in the endpoint amounts of poly-
ubiquitin chains produced by the different constructs with this E2 enzyme too (Figure 3, Time 30
min). Interestingly however, the analysis of earlier time points revealed that the construct lacking the
B-box (AB-box) presents a slightly enhanced ability to build poly-ubiquitin chains when compared to
the full-length protein. In particular, upon quantification of the poly-ubiquitin chains produced by
the different constructs, we observed that the TRIM32 reaction rate was not affected by point
mutations in the B-box, since the wild-type and C100A/C103A mutant showed comparable ability to
build poly-ubiquitin chains with small amounts of high molecular weight chains that appeared after
5 min of reaction and progressively increased over time. However, when the B-box was deleted, we
observed an increased reaction rate and indeed, larger amounts of poly-ubiquitin chains were
produced by the AB-box construct at earlier time points compared to the full-length protein, either
wild-type or carrying point mutations in the B-box domain (Figure 3D). Altogether, these results
suggest a role for the B-box as a spacer able to modulate TRIM32 catalytic activity in vitro.
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Figure 3. Deletion of the TRIM32 B-box domain affects the rate of poly-ubiquitin chain formation.
Comparable amounts of full-length TRIM32 (A), C100A/C103A (B) or AB-box (C) mutants were used
in an in vitro ubiquitination reaction with the UbE2N/V2-conjugating enzymes. Samples were taken
at the indicated time points and proteins were resolved by SDS-PAGE. Poly-ubiquitin chains were
detected by anti-ubiquitin immunoblot (top panels) followed by stripping and reprobing of the
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membrane with anti-TRIM32 antibody (bottom panels). (D) Poly-ubiquitin chains were quantified,
normalized to the amount of E3 used in the assay and plotted (solid lines). The observed reaction rate
was calculated and plotted (dashed lines). Equations showing the calculated reaction rate for each
construct are shown. Average and standard error of five independent experiments are represented.

3.3. TRIM32 E2 Specificity Is Not Determined by the B-box

In the RING-mediated ubiquitination process, the E2-conjugating enzyme can determine the
topology of poly-ubiquitin chains on the modified substrate. However, since the latter is recognized
specifically by the E3, it follows that different E2-E3 combinations will differentially affect the fate of
substrates (reviewed in [36]). Previous data from our group indicate that the majority of TRIM
proteins interact and work with E2s with defined specificity [32]. The results above suggest a role for
the B-box in modulating TRIM32 catalytic activity, potentially by regulating the interaction between
the catalytic RING domain and the ubiquitin-loaded E2. In this scenario, we next considered whether
the B-box might thus modulate the E2 specificity, ultimately controlling the topology of the chains
built by TRIM32. To this end, we tested the ability of recombinant full-length TRIM32 or carrying a
deletion of either the RING or the B-box domain to build poly-ubiquitin chains in cooperation with
29 different E2-conjugating enzymes in vitro. Consistent with previous results and extending these
data, TRIM32 was able to build poly-ubiquitin chains with E2 enzymes of the D family (UbE2D1-D4),
UbE2N and UDbE2N in combination with UbE2V2 (Figure 4, anti-ubiquitin immunoblot). We
observed the auto-ubiquitination of TRIM32 in the presence of UbE2D-conjugating enzymes in the
form of a typical ladder (Figure 4, top panels, anti-TRIM32 immunoblot). Employing UbE2N and
UDbE2N/V2, we observed the formation of high molecular weight species (Figure 4, bottom panels,
ubiquitin immunoblots), which likely represent free ubiquitin chains [37]. Interestingly, the anti-
TRIM32 immunoblot also showed that TRIM32 promotes the self-addition of a single ubiquitin
moiety in cooperation with UbE2E1 and E3, and with the mono-ubiquitinating UbE2W enzyme,
consistent with the assessed role for these enzymes in ubiquitination [38,39] (Figure 4, bottom panels,
anti-TRIM32 immunoblot). The other assayed UbE2s did not sustain the formation of poly-ubiquitin
chains, thus indicating a marked UbE2 specificity (Figure S1).

As observed in previous in vitro experiments, the deletion of the RING domain abolishes
TRIMB32 activity in all cases, confirming that the catalytic activity resides in this domain and that the
B-box cannot mediate ubiquitination with any of the E2 tested. Of note, with all the UbE2s above, the
activity of full-length TRIM32 is comparable with the AB-box protein when used as E3 in the reaction.
No major difference was observed not only in the auto-poly-ubiquitination reactions (UbE2D1-4), but
also when mono-ubiquitination (UbE2E1, E3, W) or formation of free ubiquitin chains (UbE2N, N/V2)
was catalyzed (Figure 4). These data indicate that the deletion of the B-box domain does not affect
TRIMB32 E2 specificity or ubiquitinating ability when examined at the endpoint of the reaction. The
same holds true for the UbE2s not supporting activity with the full-length TRIM32, which do not
show variations when the AB-box mutant is employed (Figure S1). Altogether, these results indicate
that the deletion of the B-box domain does not affect TRIM32 E2 specificity in vitro.
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Figure 4. Deletion of the B-box does not prevent TRIM32 catalytic activity and does not change UbE2
specificity. Recombinant full-length TRIM32 (FL), ARING (AR) or AB-box (ABB) was used as E3 ligase
in in vitro ubiquitination reactions with a panel of UbE2-conjugating enzymes as indicated. In each
panel, the first lane is the reaction with no E3 (-). Control reactions without the addition of E2 enzymes
are shown (No E2). Proteins were resolved by SDS-PAGE and membranes incubated with anti-
ubiquitin (top panels) or anti-TRIM32 (bottom panels). Asterisks indicate SDS-resistant high
molecular weight species likely representing TRIM32 oligomers (see text below).

3.4. The RING Domain Is Involved in Higher-Order Self-Association of TRIM32

Structural and biochemical studies have demonstrated that the coiled-coil domain in TRIM
proteins is necessary for dimerization, while other domains, such as the B-box domain in the case of
TRIMb5a, are necessary to mediate the higher-order self-association of TRIM proteins [17,19,20]. In
TRIM32, the isolated RING, as well as the RING-B-box fragment, exists as a dimer; however, the
construct containing the RING, B-box and coiled-coil domains is tetrameric in solution [7]. To
investigate the potential role of RING and B-box in regulating the self-association of TRIM32, we next
examined the oligomerization status of TRIM32 full-length or carrying deletions of one of these
domains by native PAGE electrophoresis. The results in Figure 5 show the presence of high molecular
weight species formed by the oligomerization of the full-length TRIM32 protein (Figure 5). Strikingly,
the formation of high molecular weight species is greatly reduced when the construct lacking the
RING domain is examined, while the deletion of the B-box does not affect TRIM32 oligomerization.
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Indeed, SDS-resistant high molecular weight complexes were also observed in the TRIM32
immunoblots presented in Figure 4, and these were consistently not formed in the presence of the
ARING mutant. Taken together, these observations indicate that the RING domain, rather than the
B-box domain, is critical for the stabilization of higher-order oligomers in the case of TRIM32.

\/‘Z’Ql Qo
\\ %
<<° X
B
TRIM32 TRIM32
oligomers
Native PAGE
B 4
TRIM3270k =| " s =={] TRIM32

SDS PAGE

Figure 5. TRIM32 RING domain is necessary for oligomerization. Recombinant full-length TRIM32,
ARING, and AB-box mutants were run on native PAGE (top panel) or in denaturing conditions (SDS-
PAGE, bottom panel) and detected by anti-TRIM32 immunoblot.

3.5. The RING and B-box Domains Contribute to Specify TRIM32 Subcellular Localization

So far, the experiments have focused on in vitro auto-ubiquitination activity. Thus, to start
characterizing the role of different TRIM32 domains belonging to the tripartite module in an in vivo
context, we next analyzed the subcellular localization of TRIM32 constructs by expressing the GFP-
tagged full-length, RING or B-box domain deletion mutants or the B-box point mutant in the murine
myoblast cell line, C2C12 (Figure 6). Like many TRIM family members, TRIM32 was shown to form
characteristic cytoplasmic bodies that are evident when expressing the full-length protein [32,40,41].
The speckles are small and distributed throughout the cytoplasm. Interestingly, the localization of
the protein lacking the RING domain appears to be more perinuclear and the cytoplasmic bodies
formed are larger as compared to the full-length protein. The proteins lacking the B-box or carrying
mutations in the B-box Zn-coordinating residues, on the other hand, appear to have a more diffuse
cytoplasmic localization with only some cells showing the typical punctate localization (Figure 6).
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GFP-Full Length GFP ARING GFP AB-box GFP C100A/C103A

e

Figure 6. TRIM32's RING and B-box domains contribute to determine TRIM32 subcellular
localization. Representative images of C2C12 myoblasts expressing exogenous GFP-tagged full-
length TRIM32 or ARING, AB-box and C100A/C103A mutants. Localization was assessed by
fluorescence imaging with nuclei counterstaining (DAPI) at 63x and 100x magnification as indicated.

We next examined the interplay between the different TRIM32 domains in specifying its
subcellular localization by co-expressing constructs lacking the B-box with the full-length or ARING
mutant. In keeping with previous observations, the results in Figure 7 show that constructs lacking
the B-box assume a more diffuse localization within the cell, with some small cytoplasmic bodies
dispersed in the cytoplasm (Figure 7, middle panels). Interestingly, the co-localization of full-length
TRIM32 with the AB-box mutant is observed within cytoplasmic bodies; however, part of the AB-box
protein remains diffuse in the cytoplasm even in the presence of wild-type TRIM32. Likewise, in
presence of the ARING mutant, the protein lacking the B-box domain remains diffuse in the
cytoplasm. Strikingly however, the construct lacking the RING domain is able to recruit the AB-box
mutant in the large perinuclear structures typically formed in absence of the RING domain. Taken
together, these results confirm that both the RING and B-box domains are critical in specifying
TRIM32 sub-cellular localization. However, the ability of mutants lacking the N-terminal domains to
localize in the same sub-cellular structures suggests that other domains, including the coiled-coil, are
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likely involved in mediating self-association, while the N-terminal domains may be necessary to
specify sub-cellular localization by directing localization towards yet-to-be-identified specific sub-
cellular structures. This in turn may represent an important mechanism to regulate interactions with
specifically localized pools of substrates and relevant E2-conjugating enzymes, ultimately controlling
the enzymatic activity

GFP-Full Length GFP-ARING GFP-AB-box

HA-
AB-box

Merge

Figure 7. Co-localization of TRIM32 mutants. Representative images of C2C12 myoblasts co-
expressing exogenous HA-AB-box (red signal) and GFP-tagged full-length TRIM32 or ARING, AB-
box mutants (green signal). Localization was assessed by fluorescence imaging with nuclei
counterstaining (DAPI) at 40x magnification.

4. Discussion

In this work, we investigated the role of the Zn-binding domains of the tripartite motif of
TRIMB32. Biochemical studies originally identified a role for the RING domain in TRIM proteins in
promoting the direct transfer of ubiquitin from a loaded E2 to the substrate and this feature is also
conserved in other RING-type E3 ligases not belonging to the TRIM family, such as Ring Finger
protein 4 (RNF4) or Mouse double minute 2 (Mdm?2) [42,43] and reviewed in [2]. However, a hallmark
of TRIM proteins is the presence, C-terminal to the RING, of conserved B-box motifs that, in animals,
are exclusive to this protein family and are predicted to assume a fold similar to the RING itself
through Zn atom coordination [12-14]. It has been hypothesized, therefore, that the B-box domains
could act as the RING domains to promote the building of poly-ubiquitin chains. Indeed, a very weak
catalytic activity was observed in vitro for the RING-less TRIM member, TRIM16, and interestingly,
the activity was shown to depend on the presence of the B-box domains [44]. Our in vitro analysis
revealed, however, that the B-box in TRIM32 is unable to substitute for the RING to promote the
building of ubiquitin chains, as already observed for other members of the family [33,45,46]. Of note,
TRIM16 possesses a B-box tandem repeat formed by a B-box type 1 and a B-box type 2 domain, while
TRIM32 holds a single type 2 B-box domain. Of the two domains, the type 1 B-box was shown to
present a higher level of similarity to the RING domain and, furthermore, the tandem B-box repeats
of another TRIM family member, MID1, were shown to form an intramolecular complex resembling
a RING dimer [47]. It is therefore tempting to speculate that the intrinsic characteristics of the type 1
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B-box together with the possibility to dimerize with the type 2 B-box might explain the weak activity
observed for the RING-less TRIM16 and that, in other TRIM proteins possessing a single type 2 B-
box, such as TRIM32, the ubiquitination relies exclusively on the presence of the RING domain.

To further characterize the potential role of the B-box, we compared the reaction rate of full-
length TRIM32 with the AB-box and C100A/C103A constructs. One previous report indicated the
possibility that the C-terminal NHL domain in TRIM32 is involved in binding of UbE2N [48]. While,
as mentioned previously, the interaction of the loaded E2 with the RING is necessary for the
ubiquitination reaction, binding of the E2 to domains other than the RING may be a mechanism to
increase the local concentration of ubiquitin-loaded E2s and may thus affect the processivity of the
reaction. Indeed, such a mechanism was shown to be employed by the E3 ligase TRAF6 that, upon
oligomerization, binds the ubiquitin-loaded E2s with its coiled-coil domain, thus increasing their
availability for the RING domain to achieve the rapid building of long poly-ubiquitin chains [35]. In
this scenario, we hypothesized that the AB-box construct, having a reduced distance between the
NHL and the RING, may present an increased reaction rate compared to the C100A/C103A mutant,
which retains the full B-box, albeit mutated. Indeed, a comparison of the time-dependent production
of poly-ubiquitin chains generated by the full-length, AB-box and C100A/C103A constructs revealed
that the protein lacking the B-box is slightly more efficient in building poly-ubiquitin chains when
compared to the full-length and the B-box point mutant, in particular in the first stages of the reaction.
On the other hand, point mutation of the B-box resulted in an activity and reaction rate comparable
to the wild-type protein. Therefore, our results indicate that the B-box may also act as a spacer to
regulate TRIM32 processivity. However, the exact mechanism and the potential involvement of
domains other than the RING in interaction with the ubiquitin-loaded E2 need further study.

We also assessed the potential involvement of the B-box in determining E2 specificity. In our
analysis, the protein carrying a deletion of the B-box showed the same E2 specificity of the full-length
one, indicating that the B-box is likely not involved in interaction with the E2. Indeed, previous
studies have shown that the RING domain of TRIM32 is strictly necessary for interaction with
UbE2N, while a TRIM32 mutant lacking the B-box domain maintains the interaction in a Yeast Two-
Hybrid setting, further indicating that the B-box is not necessary for association with the E2 [32]. The
inability of TRIM32 B-box to interact with the E2 also potentially explains its lack of activity, since
interaction with the ubiquitin-loaded E2 was shown to be at the basis of the conformational change
necessary to promote the discharge of ubiquitin from the E2 active site (reviewed in [49]). However,
we cannot exclude that the B-box may bind the nascent ubiquitin chain. In this scenario, it would be
intriguing to investigate whether the B-box may play a role, together with the E2, in determining the
topology of the ubiquitin chain. Furthermore, experiments presented in this study did not investigate
the possibility that the B-box may be involved in substrate recognition, as is the case for the B-boxes
in MID1 [50], thus the role of TRIM32 B-box in the context of substrates modifications awaits further
studies.

The TRIM5a B-box domain was shown to be necessary to promote the formation of the lattice
required for HIV capsid recognition and for the dimerization of the RING domains necessary for
activity [15,19]. Likewise, Small-angle X-Ray Scattering (SAXS) analysis revealed that TRIM32 forms
tetramers in solution deriving from the juxtaposition of two dimers formed through coiled-coil
interactions [7]. To our surprise, while the B-box is dispensable for the formation of TRIM32
oligomers in vitro, these are greatly reduced in absence of the RING domain, which must thus play
a critical role in the stabilization of oligomers. Indeed, the RING domain of TRIM5a was also shown
to contribute significantly to self-association [51].

Within a cellular context, however, analysis of the subcellular localization revealed that both the
RING and B-box are involved in determining TRIM32 localization, as already observed for other
members of the TRIM family [3]. The typical cytoplasmic bodies formed by the oligomerization of
wild-type TRIM32 appear in fact to be altered when the RING or B-box domains are absent or
mutated, with the lack of the RING leading to the formation of larger aggregates less dispersed in the
cytoplasm while the lack of B-box, on the other hand, results in the reduced formation of
aggregates/cytoplasmic bodies, indicating that both the RING and B-box domains play a role in
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determining TRIM32 sub-cellular localization in vivo. Of note, both a complete deletion of the B-box
and a 2-residue-substitution likely leading to an improperly folded domain, despite a different
behavior shown in in vitro ubiquitination, have the same effect on TRIM32 localization. This might
suggest different roles of this conserved domain in biochemical activity and in cellular distribution.
Interestingly, a domain similar to the B-box was identified in the deubiquitinase enzyme CYLD,
where it was also shown to be necessary to determine its cytoplasmic localization probably through
interactions with cytosolic proteins [52]. Likewise, upon co-expression, we were able to observe the
co-localization of mutants lacking either the RING or B-box domain, indicating that these deletion
mutants retain the ability to self-associate. However, altered localization of the ARING and AB-box
mutants suggests the possibility that these domains may specify TRIM32 subcellular localization by
mediating interactions with specific subcellular structures. Furthermore, since cytoplasmic body
formation is a dynamic process which regulates the pool of soluble and active TRIM32 present in cells
and thus the interaction with partner proteins, the RING and B-box domains therefore assume a
critical role in the regulation of this process, ultimately controlling TRIM32 activity [53]. In future
studies, it will be interesting to assess the composition of these cytoplasmic compartments in terms
of ubiquitination machinery components and specific disease-related substrates.

Supplementary Materials: The following are available online www.mdpi.com/2073-4409/8/3/254/s1. Figure S1:
E2-conjugating enzymes showing no activity in combination of full-length TRIM32, ARING or AB-box.

Author Contributions: Conceptualization, E.L. and G.M.; methodology, E.L., 5.O. and G.M.; investigation, E.L.,
M.S.E-H, M.D.M,, E.V,, F.C,, CM.; writing—original draft preparation, E.L. and G.M.; writing —review and
editing, E.L. and G.M,; visualization, E.L.; supervision, G.M.; funding acquisition, G.M. and S.O.

Funding: This research was funded by AFM-Téléthon, grant number 17746; by PRIN2015-MIUR, grant number
20152CB22L; by BENEFICENTIA STIFTUNG 2016 to G.M. M.E.H. was funded by a mobility fellowship from
Talents for an International House (TALENTS) FP7 Marie Curie Actions — Co-Funding of Regional, National and
International Programmes, Grant Agreement number: 245574 to Area Science Park, Trieste.

Acknowledgments: We would like to thank Paola D’Andrea (University of Trieste) and Ronald T. Hay
(University of Dundee) for providing reagents; Melania Eva Zanchetta, Gabriele Baj and Cristina Busatto for
technical assistance.

Conlflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Komander, D.; Rape, M. The ubiquitin code. Ann. Rev. Biochem. 2012, 81, 203-229.

. Deshaies, R.J.; Joazeiro, C.A. RING domain E3 ubiquitin ligases. Ann. Rev. Biochem. 2009, 78, 399-434.

3. Reymond, A, Meroni, G,; Fantozzi, A.; Merla, G.; Cairo, S.; Luzi, L.; Riganelli, D.; Zanaria, E.; Messali, S,;
Cainarca, S.; et al. The tripartite motif family identifies cell compartments. EMBO J. 2001, 20, 2140-2151.

4. Meroni, G.; Diez-Roux, G. TRIM/RBCC, a novel class of ‘single protein RING finger” E3 ubiquitin ligases.
Bioessays 2005, 27, 1147-1157.

5. Sardiello, M.; Cairo, S; Fontanella, B.; Ballabio, A.; Meroni, G. Genomic analysis of the TRIM family reveals
two groups of genes with distinct evolutionary properties. BMIC Evol. Biol. 2008, 8, 225, d0i:10.1186/1471-
2148-8-225.

6.  Short, KM.; Cox, T.C. Sub-classification of the rbcc/trim superfamily reveals a novel motif necessary for
microtubule binding. J. Biol. Chem. 2006, 281, 8970-8980.

7. Koliopoulos, M.G.; Esposito, D.; Christodoulou, E.; Taylor, I.A.; Rittinger, K. Functional role of TRIM E3
ligase oligomerization and regulation of catalytic activity. EMBO J. 2016, 35, 1204-1218.

8.  Dawidziak, D.M.; Sanchez, ].G.; Wagner, ].M.; Ganser-Pornillos, B.K.; Pornillos, O. Structure and catalytic
activation of the TRIM23 RING E3 ubiquitin ligase. Proteins 2017, 85, 1957-1961.

9.  Plechanovova, A ; Jaffray, E.G.; Tatham, M.H.; Naismith, ].H.; Hay, R.T. Structure of a RING E3 ligase and
ubiquitin-loaded E2 primed for catalysis. Nature 2012, 489, 115-120.



Cells 2019, 8, 254 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Branigan, E.; Plechanovova, A.; Jaffray, E.G.; Naismith, J.H.; Hay, R.T. Structural basis for the RING-
catalyzed synthesis of K63-linked ubiquitin chains. Nat. Struct. Mol. Biol. 2015, 22, 597-602.

Sanchez, ].G.; Chiang, ].].; Sparrer, KM.].; Alam, S.L.; Chi, M.; Roganowicz, M.D.; Sankaran, B.; Gack, M.U,;
Pornillos, O. Mechanism of TRIM25 Catalytic Activation in the Antiviral RIG-I Pathway. Cell Rep. 2016, 16,
1315-1325.

Massiah, M.A.; Simmons, B.N.; Short, K.M.; Cox, T.C. Solution Structure of the RBCC/TRIM B-box1 Domain
of Human MID1: B-box with a RING. ]. Mol. Biol. 2006, 358, 532-545.

Massiah, M.A.; Matts, J.A.; Short, K.M.; Simmons, B.N.; Singireddy, S.; Yi, Z.; Cox, T.C. Solution structure
of the MID1 B-box2 CHC(D/C)C(2)H(2) zinc-binding domain: Insights into an evolutionarily conserved
RING fold. J. Mol. Biol. 2007, 369, 1-10.

Mrosek, M.; Meier, S.; Ucurum-Fotiadis, Z.; von Castelmur, E.; Hedbom, E.; Lustig, A.; Grzesiek, S.; Labeit,
D.; Labeit, S.; Mayans, O. Structural analysis of B-Box 2 from MuRF1: Identification of a novel self-
association pattern in a RING-like fold. Biochemistry 2008, 47, 10722-10730.

Goldstone, D.C.; Walker, P.A.; Calder, L.J.; Coombs, P.J.; Kirkpatrick, J.; Ball, N.J.; Hilditch, L.; Yap, M.W.;
Rosenthal, P.B.; Stoye, J.P.; et al. Structural studies of postentry restriction factors reveal antiparallel dimers
that enable avid binding to the HIV-1 capsid lattice. Proc. Natl. Acad. Sci. USA 2014, 111, 9609-9614.
Weinert, C.; Morger, D.; Djekic, A.; Grutter, M.G.; Mitt], P.R. Crystal structure of TRIM20 C-terminal coiled-
coil/B30.2 fragment: Implications for the recognition of higher order oligomers. Sci. Rep. 2015, 5, 10819,
doi:10.1038/srep10819.

Sanchez, ].G.; Okreglicka, K.; Chandrasekaran, V.; Welker, ].M.; Sundquist, W.L; Pornillos, O. The tripartite
motif coiled-coil is an elongated antiparallel hairpin dimer. Proc. Natl. Acad. Sci. USA 2014, 111, 2494-2499.
Napolitano, L.M.; Meroni, G. TRIM family: Pleiotropy and diversification through homomultimer and
heteromultimer formation. IUBMB Life 2012, 64, 64-71.

Wagpner, ].M.; Roganowicz, M.D.; Skorupka, K.; Alam, S.L.; Christensen, D.; Doss, G.; Wan, Y.; Frank, G.A.;
Ganser-Pornillos, BK.; Sundquist, W.I.; et al. Mechanism of B-box 2 domain-mediated higher-order
assembly of the retroviral restriction factor TRIM5a. eLife 2016, 5, €16309, doi:10.7554/eLife.16309.

Keown, ].R;; Yang, ].X;; Douglas, J.; Goldstone, D.C. Characterisation of assembly and ubiquitylation by the
RBCC motif of Trimba. Sci. Rep. 2016, 6, 26837, d0i:10.1038/srep26837.

Lazzari, E.; Meroni, G. TRIM32 ubiquitin E3 ligase, one enzyme for several pathologies: From muscular
dystrophy to tumours. Int. ]. Biochem. Cell Biol. 2016, 79, 469-477.

Frosk, P.; Weiler, T.; Nylen, E.; Sudha, T.; Greenberg, C.R.; Morgan, K.; Fujiwara, T.M.; Wrogemann, K.
Limb-girdle muscular dystrophy type 2H associated with mutation in TRIM32, a putative E3-ubiquitin-
ligase gene. Am. J. Hum. Genet. 2002, 70, 663-672.

Muller-Felber, W.; Schlotter, B.; Topfer, M.; Ketelsen, U.P.; Muller-Hocker, J.; Pongratz, D. Phenotypic
variability in two brothers with sarcotubular myopathy. J. Neurol. 1999, 246, 408-411.

Weiler, T.; Greenberg, C.R.; Zelinski, T.; Nylen, E.; Coghlan, G.; Crumley, M.].; Fujiwara, T.M.; Morgan, K.;
Wrogemann, K. A gene for autosomal recessive limb-girdle muscular dystrophy in Manitoba Hutterites
maps to chromosome region 9q31-q33: Evidence for another limb-girdle muscular dystrophy locus. Am. J.
Hum. Genet. 1998, 63, 140-147.

Kudryashova, E.; Kudryashov, D.; Kramerova, L.; Spencer, M.J. Trim32 is a ubiquitin ligase mutated in limb
girdle muscular dystrophy type 2H that binds to skeletal muscle myosin and ubiquitinates actin. . Mol.
Biol. 2005, 354, 413-424.

Mokhonova, E.L; Avliyakulov, N.K.; Kramerova, L; Kudryashova, E.; Haykinson, M.].; Spencer, M.J. The
E3 ubiquitin ligase TRIM32 regulates myoblast proliferation by controlling turnover of NDRG2. Hum. Mol.
Genet. 2015, 24, 2873-2883.

Cohen, S.; Zhai, B.; Gygi, S.P.; Goldberg, A.L. Ubiquitylation by Trim32 causes coupled loss of desmin, Z-
bands, and thin filaments in muscle atrophy. J. Cell Biol. 2012, 198, 575-589.

Nicklas, S.; Otto, A.; Wu, X,; Miller, P.; Stelzer, S.; Wen, Y.; Kuang, S.; Wrogemann, K; Patel, K; Ding, H.;
et al. TRIM32 regulates skeletal muscle stem cell differentiation and is necessary for normal adult muscle
regeneration. PLoS ONE 2012, 7, e30445, doi:10.1371/journal.pone.0030445.

Chiang, A.P; Beck, ].S;; Yen, H.].; Tayeh, M.K,; Scheetz, T.E.; Swiderski, R.E.; Nishimura, D.Y.; Braun, T.A.;
Kim, K.Y.; Huang, J.; et al. Homozygosity mapping with SNP arrays identifies TRIM32, an E3 ubiquitin
ligase, as a Bardet-Biedl syndrome gene (BBS11). Proc. Natl. Acad. Sci. USA 2006, 103, 6287-6292.



Cells 2019, 8, 254 15 of 16

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

van den Ent, F.; Lowe, J. RF cloning: A restriction-free method for inserting target genes into plasmids. J.
Biochem. Biophys. Methods 2006, 67, 67-74.

Streich, F.C,, Jr.; Ronchi, V.P.; Connick, J.P.; Haas, A.L. Tripartite motif ligases catalyze polyubiquitin chain
formation through a cooperative allosteric mechanism. J. Biol. Chem. 2013, 288, 8209-8221.

Napolitano, L.M.; Jaffray, E.G.; Hay, R.T.; Meroni, G. Functional interactions between ubiquitin E2 enzymes
and TRIM proteins. Biochem. J. 2011, 434, 309-319.

Gack, M.U,; Shin, Y.C,; Joo, C.H.; Urano, T.; Liang, C.; Sun, L.; Takeuchi, O.; Akira, S.; Chen, Z.; Inoue, S.;
et al. TRIM25 RING-finger E3 ubiquitin ligase is essential for RIG-I-mediated antiviral activity. Nature 2007,
446, 916-920.

Diaz-Griffero, F.; Li, X.; Javanbakht, H.; Song, B.; Welikala, S.; Stremlau, M.; Sodroski, J. Rapid turnover
and polyubiquitylation of the retroviral restriction factor TRIMS. Virology 2006, 349, 300-315.

Hu, L; Xy, J.; Xie, X.; Zhou, Y.; Tao, P.; Li, H.; Han, X,; Wang, C,; Liu, J.; Xu, P.; et al. Oligomerization-
primed coiled-coil domain interaction with Ubc13 confers processivity to TRAF6 ubiquitin ligase activity.
Nat. Commun. 2017, 8, 814, doi:10.1038/s41467-017-01290-0.

Ye, Y.; Rape, M. Building ubiquitin chains: E2 enzymes at work. Nat. Rev. Mol. Cell Biol. 2009, 10, 755-764.

Xia, Z.P.; Sun, L.; Chen, X,; Pineda, G,; Jiang, X,; Adhikari, A.; Zeng, W.; Chen, Z.]. Direct activation of
protein kinases by unanchored polyubiquitin chains. Nature 2009, 461, 114-119.

Tatham, M.H.; Plechanovova, A.; Jaffray, E.G.; Salmen, H.; Hay, R.T. Ube2W conjugates ubiquitin to alpha-
amino groups of protein N-termini. Biochem. ]. 2013, 453, 137-145.

Schumacher, F.R.; Wilson, G.; Day, C.L. The N-terminal extension of UBE2E ubiquitin-conjugating
enzymes limits chain assembly. ]. Mol. Biol. 2013, 425, 4099-4111.

Locke, M.; Tinsley, C.L.; Benson, M.A.; Blake, D.]. TRIM32 is an E3 ubiquitin ligase for dysbindin. Hum.
Mol. Genet. 2009, 18, 2344-2358.

Ryu, Y.S,; Lee, Y.; Lee, KW.; Hwang, C.Y.; Maeng, ].S.; Kim, ].H.; Seo, Y.S.; You, K.H.; Song, B.; Kwon, K.S.
TRIM32 protein sensitizes cells to tumor necrosis factor (TNFa)-induced apoptosis via its RING domain-
dependent E3 ligase activity against X-linked inhibitor of apoptosis (XIAP). J. Biol. Chem. 2011, 286, 25729-
25738.

Tatham, M.H.; Geoffroy, M.C,; Shen, L.; Plechanovova, A.; Hattersley, N.; Jaffray, E.G.; Palvimo, ].].; Hay,
R.T. RNF4 is a poly-SUMO-specific E3 ubiquitin ligase required for arsenic-induced PML degradation. Nat.
Cell Biol. 2008, 10, 538-546.

Fang, S.; Jensen, J.P.; Ludwig, R.L.; Vousden, K.H.; Weissman, A.M. Mdm?2 is a RING finger-dependent
ubiquitin protein ligase for itself and p53. J. Biol. Chem. 2000, 275, 8945-8951.

Bell, ].L.; Malyukova, A.; Holien, ].K.; Koach, J.; Parker, M.W; Kavallaris, M.; Marshall, G.M.; Cheung, B.B.
TRIM16 acts as an E3 ubiquitin ligase and can heterodimerize with other TRIM family members. PLoS ONE
2012, 7, 37470, doi:10.1371/journal.pone.0037470.

Wada, K.; Kamitani, T. Autoantigen Ro52 is an E3 ubiquitin ligase. Biochem. Biophys. Res. Commun. 2006,
339, 415-421.

Duan, Z.; Gao, B.; Xu, W.; Xiong, S. Identification of TRIM22 as a RING finger E3 ubiquitin ligase. Biochem.
Biophys. Res. Commun. 2008, 374, 502-506.

Tao, H.; Simmons, B.N.; Singireddy, S.; Jakkidi, M.; Short, K.M.; Cox, T.C.; Massiah, M. A. Structure of the
MID1 tandem B-boxes reveals an interaction reminiscent of intermolecular ring heterodimers. Biochemistry
2008, 47, 2450-2457.

Saccone, V.; Palmieri, M.; Passamano, L.; Piluso, G.; Meroni, G.; Politano, L.; Nigro, V. Mutations that
impair interaction properties of TRIM32 associated with limb-girdle muscular dystrophy 2H. Hum. Mutat.
2008, 29, 240-247.

Joazeiro, C.A.; Weissman, A.M. RING finger proteins: Mediators of ubiquitin ligase activity. Cell 2000, 102,
549-552.

Short, K.M.; Hopwood, B.; Yi, Z.; Cox, T.C. MID1 and MID2 homo- and heterodimerise to tether the
rapamycin- sensitive PP2A regulatory subunit, Alpha 4, to microtubules: Implications for the clinical
variability of X-linked Opitz GBBB syndrome and other developmental disorders. BMC Cell Biol. 2002, 3, 1,
doi:10.1186/1471-2121-3-1.

Wagner, ].M.; Christensen, D.E.; Bhattacharya, A.; Dawidziak, D.M.; Roganowicz, M.D.; Wan, Y.; Pumroy,
R.A; Demeler, B.; Ivanov, D.N.; Ganser-Pornillos, B.K; et al. General Model for Retroviral Capsid Pattern
Recognition by TRIMS5 Proteins. J. Virol. 2018, 92, e01563-17, doi:10.1128/JV1.01563-17.



Cells 2019, 8, 254 16 of 16

52. Komander, D.; Lord, C.J.; Scheel, H.; Swift, S.; Hofmann, K.; Ashworth, A.; Barford, D. The structure of the
CYLD USP domain explains its specificity for Lys63-linked polyubiquitin and reveals a B box module. Mol.
Cell 2008, 29, 451-464.

53. Ichimura, T.; Taoka, M.; Shoji, I.; Kato, H.; Sato, T.; Hatakeyama, S.; Isobe, T.; Hachiya, N. 14-3-3 proteins
sequester a pool of soluble TRIM32 ubiquitin ligase to repress autoubiquitylation and cytoplasmic body
formation. J. Cell Sci. 2013, 126, 2014-2026.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘ @ ® \ article distributed under the terms and conditions of the Creative Commons Attribution (CC

BY) license (http://creativecommons.org/licenses/by/4.0/).




