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ABSTRACT: TOPORS is the first example of a protein that possesses both ubiquitin and SUMO E3 ligase
activity. The ubiquitination activity maps to a conserved RING domain in the N-terminal region of the
protein, which is not required for sumoylation activity. Similar to other E3 ligases, it is likely that the
ubiquitin and sumoylation activities of TOPORS are regulated by post-translational modifications. Therefore,
we employed mass spectrometry to identify post-translational modifications of TOPORS. Several putative
phosphorylated regions were identified in conserved regions of the protein. We investigated the role of
phosphorylation of serine 98, which is adjacent to the RING domain, in both cells and in vitro. Mutation
of serine 98 to aspartic acid resulted in an increase in the ubiquitin ligase activity of TOPORS both in
cells and in vitro. In addition, this mutation increased the binding of TOPORS to the E2 enzyme UbcH5a
both in vitro and in cells. Conversely, a phospho-deficient mutant (S98A) exhibited little change in ubiquitin
ligase activity compared to wild-type TOPORS, both in cells and in vitro. Neither of the mutants affected
the localization of TOPORS to punctate nuclear regions. In addition, neither mutant affected the SUMO
ligase activity of TOPORS in cells or in vitro. Molecular modeling studies support a role for serine 98 in
regulating TOPORS-E2 interactions. Our findings indicate that phosphorylation of serine 98 regulates
the ubiquitin but not the SUMO ligase activity of TOPORS, consistent with a potential binary switch
function for TOPORS in protein ubiquitination versus sumoylation.

TOPORS1 is a nuclear protein that was originally identified
as a topoisomerase I-binding and as a p53-binding protein
(p53BP3) (1, 2). Expression and genetic studies implicated
TOPORS as a tumor suppressor in colon, lung, and brain
malignancies (3-5). TOPORS was shown to function as both
a ubiquitin and SUMO E3 ligase for p53 (6, 7). Although
TOPORS is the first example of a protein with this dual
activity, there are several examples of regulation of protein
function by ubiquitination versus sumoylation of the same
lysineresidue,includingIkBaandPCNA,TaxandNEMO(8-10).

A conserved N-terminal RING domain of TOPORS is
necessary for ubiquitin E3 ligase activity (6). By contrast,
the RING domain is not required for the SUMO ligase
activity of TOPORS, which maps to residues 437 to 574

(11). Post-translational modifications of E3 ligases have been
shown to regulate their activity (12-16). In particular,
phosphorylation of a ubiquitin or SUMO E3 ligase may
influence its activity by affecting E2 enzyme interaction,
substratebinding,cellularlocalization,orproteinstability(17,18).
For example, the ubiquitination activity of Cbl is regulated
by phosphorylation of a tyrosine residue near the RING
domain (19-21). Phosphorylation of this residue was shown
to increase the ubiquitin ligase activity of Cbl toward the
EGFR receptor and Src Tyr kinase (19, 21), and to affect
E2 enzyme binding (19). In addition, the ubiquitination
activity of Siah2 (a RING dependent ubiquitin E3 ligase)
toward its substrate, PHD, is regulated by phosphorylation
of Siah2, which affects its subcellular localization (14).

SUMO E3 ligases are also regulated by phosphorylation.
For example, phosphorylation of Ser445 of PIASxa enhances
its binding to SUMO-1 (16). DNA damage induces HIPK2
to phosphorylate Pc2, which in turn enhances HIPK2
sumoylation by Pc2 (22).

We questioned whether the E3 ligase activities of TO-
PORS might be regulated by phosphorylation, and used mass
spectrometry to analyze potential phosphorylation sites. We
identified serine 98 as a phosphorylated residue that is
important in the ubiquitin but not the SUMO E3 ligase
activity of TOPORS.
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EXPERIMENTAL PROCEDURES

Cell Culture and Transfections. Human cancer cell lines
H1299 and HEK293 were grown at 37 °C in DMEM
containing 10% FBS and 2% antibiotics in the presence of
5% CO2. Transfections were performed using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol.

Expression Plasmids. Vectors for mammalian expression
of GST-tagged and polyhistidine-tagged TOPORS, as well
as for bacterial expression of polyhistidine-tagged TOPORS,
were described previously (23). Using these plasmids, site-
directed mutagenesis was performed to construct plasmids
containing substitutions of alanine or aspartate for serine 98.
Briefly, a PCR-based method (Stratagene) was used with the
following primers. For alanine: sense, 5′-CCG GCT GATG
CAG(<T) CTC CTG ATT CTA AGT GTC C′-3; antisense,
5′-GGA CAC TTA GAA TCA GGA GC(<A)T GCA TCA
GCC GG-3′. For aspartate: sense, 5′-CCA GCT GAT GCA
GA(<C)T CCT GAT TCT AAG TGT CC-3′; antisense,
5′-GGA CAC TTA GAA TCA GGA(<G) TCT GCA TCA
GCT GG-3′. The resulting plasmids were sequenced to
confirm the presence of the expected mutation.

Mass Spectrometric Analyses. His-TOPORS was expressed
in H1299 cells or Escherichia coli and was purified using
nickel-based affinity chromatography. Purified proteins sub-
jected to SDS-PAGE and analyzed by both immunoblotting
with a polyclonal TOPORS antibody (6) and by Coomassie
blue staining. From the Coomassie gels, 1.5 mm gel slices
representing TOPORS bands identified by immunoblotting
were in-gel digested with trypsin, Glu C, or AspN, and
analyzed by LC-MS/MS as described previously (24). DTA
files for MS/MS spectra were generated by Bioworks
software (ThermoFinnigan, San Jose, CA) and compiled into
mgf (MASCOT generic file) and searched using the MAS-
COT search engine 2.1 (www.matrixscience.com) against
NCBI NR human database with fixed modification of
carbamoylmethylation on cysteine and variable modification
of phosphorylation (STY) and oxidation of methionine

allowing one missed cleavage. Mass tolerance was set as 2
Da for the parent ion and 0.8 Da for MS/MS. A peptide was
considered a significant match if the probability-based
MOWSE score was greater than 30. The search results were
confirmed manually.

Cellular Ubiquitination and Sumoylation Assays. HEK 293
cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum and
antibiotics. Equal numbers of exponentially growing cells
were seeded into 6 well plates and transfected using
Lipofectamine 2000 (Invitrogen) in the presence of serum-
and antibiotic-free media. For ubiquitination assays, cells
were cotransfected with 2.5 µg of pEGFP-TOPORS, pEGFP-
TOPORS (S98A) and pEGFP-TOPORS (98D) with or
without 500 ng of pMT.107 (expressing His-tagged ubiq-
uitin). For sumoylation assays, cells were cotransfected with
2.5 µg of pEGFP-TOPORS, pEGFP-TOPORS (S98A) and
pEGFP-TOPORS (98D) with or without 500 ng of pcDNA3-
His-SUMO-1 (expressing His-tagged SUMO-1). After 24 h
transfection, cells were incubated in presence and absence
of 4 µM MG132 for an additional 8 h. Cells were lysed either
in SDS sample-loading buffer (60 mM Tris-HCl, pH 6.8,
2% SDS, 10% glycerol, 0.1 M DTT, and 0.1% phenol red)
or in 6 M guanidine-HCl. His-tagged SUMO-1 conjugates
were purified from guanidine lysates using cobalt-based
affinity chromatography as described (6). Lysates were
analyzed by immunoblotting with anti ubiquitin (Santacruz),
SUMO-1 (Zymed), TOPORS (25), � Actin (cell signaling)
antibodies.

Fluorescence Microscopy. HEK 293 cells were grown in
glass coverslips and transfected with GFP-Topors wild-type
or Topors S98A and S98D mutants. After 24 h transfection,
cells were fixed in 3.7% paraformaldehyde in PBS. An
Eclipse TE2000 inverted fluorescence microscope equipped
with a TE-FM Epi-fluorescence attachment (Nikon) and a
SPOT digital camera (Diagnostic Instruments Inc., Sterling
Heights, MI) was used to visualize GFP proteins in cells
grown in culture dishes. GFP fluorescence was imaged using
a GFP filter set (Chroma Technology, Brattleboro, VT) with
excitation and emission wavelengths of 450-490 and >500
nm, respectively.

In Vitro Dual Ubiquitination/Sumoylation Assays. To
minimize effects of differential protein concentration on
enzymatic assays, we performed ubiquitination and sumoy-
lation reactions in the same tube. Additional experiments
were performed using the ubiqutination reagents only. The
reactions contained 50 mM HEPES, pH 8.0, 5 mM MgCl2,
15 µM ZnCl2, 4 mM ATP with an ATP-regenerating system
(10 mM creatine phosphate (Sigma), 3.5 units/mL creatine
kinase (Sigma), and 0.6 units/mL inorganic pyrophosphatase
(Sigma)). The reactions contained 3 nM purified GST-
TOPORS (wild-type or mutants), 150 nM human UBE1
(Boston Biochem), 150 nM SAE2/SAE1 (Sigma), 300 nM
UbcH5a (Boston Biochem), 300 nM UbcH9 (Sigma), 25 µM
ubiquitin (Boston Biochem), and 25 µM SUMO-1 (Boston
Biochem). Reactions were carried out at 30 °C for 30 min
in a 30 µL volume and were terminated by addition of SDS
sample buffer (60 mM Tris-HCl, pH 6.8, 2% SDS, 10%
glycerol, and 0.1% phenol red) containing 0.1 M DTT.
Reaction products were resolved by SDS-PAGE and

FIGURE 1: Expression and purification of TOPORS from bacteria
and H1299 cells. His-tagged TOPORS was overexpressed in
bacteria and H1299 cells, then purified by nickel-based affinity
chromatography. A representative immunoblot obtained using a
TOPORS antibody and a Coomassie blue-stained gel are shown.
The arrows indicate bands that were excised for mass spectrometry
analyses.
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analyzed by immunoblotting using monoclonal antiubiquitin
(Santa Cruz Biotechnology) or anti-SUMO-1 (Zymed)
antibodies.

In Vitro Binding Assays. For GST pulldown experiments,
50 µg of purified GST or GST-TOPORS (wild-type, S98A
or S98D) bound to GSH beads (Amersham Biosciences) were
incubated with 40 ng of UbcH5a (Boston Biochem) in 0.3
mL of buffer containing 50 mM HEPES pH 8.0, 0.5% Triton
X-100, 150 mM NaCl, 1 mM PMSF, 5 µg/µL leupeptin, 1
µg/µL pepstatin, 5 mM MgCl2 and 15 µM ZnCl2 at 4 °C for
30 min. Beads were washed three times with the binding
buffer, with the supernatant before the first wash saved for
analysis. Bound proteins were eluted with SDS sample
buffer, followed by immunoblotting with antibodies recog-
nizing UbcH5a.

Immunoprecipitation. HEK293 cells transfected with GFP
and GFP-TOPORS (wild type, S98A and S98D) expression
plasmids were lysed in a buffer containing 50 mM Tris-HCl
(pH 7.5), 150 mM NaCl, 1% (v/v) Nonidet P-40, 0.1% SDS
(v/v), 0.5% sodium deoxycholate, 1 mM PMSF and 1:50-
diluted protease inhibitor cocktail (Roche). Cell lysates were
clarified by centrifugation and preincubated with 1% BSA
(Amresco), normalized mouse serum (Calbiochem) and
protein G-agarose beads (upstate) at 4 °C overnight. After
centrifugation, GFP antibodies were added to supernatants,
followed by incubation at 4 °C for 2 h. Resins were washed
four times with lysis buffer and bound proteins were eluted
with sodium dodecyl sulfate (SDS) sample buffer (Invitro-
gen) at 95 °C for 5 min. Proteins were fractionated by
4-20% SDS-polyacrylamide gel electrophoresis (PAGE),
onto a nitrocellulose membrane, and UbcH5a was detected
with anti-UbcH5a antibody and ECL detection system.

Molecular Modeling. All graphics/workstation-level com-
putations were performed on a Sun Ultra 24 Linux worksta-
tion. All molecular dynamics computations were performed
on the Ranger supercomputer at the University of Texas at
Austin.ThehumanTOPORSsequence(UniProtKB # Q9NS56.1)
was used as a starting point for modeling of the RING-finger
(Really Interesting New Gene) domain (residues 92 to 154
in the TOPORS sequence). The NMR structure of the viral
zinc finger domain (1CHC.PDB) was used as a template for
building the homology model of the TOPORS RING domain
as the sequence from this structure gave the best alignment
with the human TOPORS RING-finger domain for compara-
tive modeling (26). The model was built using the Modeler

(9v4) program (27-29). The crystal structure of the c-Cbl-
UbcH7 complex (1FBV.PDB) (17) was used as a guide for
manual docking of the TOPORS model to the crystal
structure of human UbcH5a (2C4P.PDB) (30). The VMD
program was used as a tool for the manual docking work
(31).

We used molecular dynamics to relax the structure of the
model of the UbcH5a-TOPORS complex. The Amber 10
suite of biomolecular simulation programs was used for all
molecular dynamics calculations and results analysis (32).
The force field of Duan, et al. was used for all molecular
mechanics calculations (33). The cationic dummy atom
approach was used to model the zinc ion in the active site
of the enzyme (34). The initial models were energy mini-
mized in vacuo to remove bad steric contacts. The model
was solvated in a truncated octahedral periodic box of SPC/E
water (35) with the overall charge of the system neutralized
by the insertion of three sodium ions. A 10 Å short-range
cutoff was used for all computations. Long-range electrostat-
ics in the model was treated using the particle mesh Ewald
method (36, 37). Each system was subjected to energy
minimization of the solvent only followed by minimization
of the entire system before dynamics. A 2 fs time step was
used for all molecular dynamics work. All bonds to hydrogen
were restrained using the “shake” method (38). A preliminary
dynamics step restraining motion of the protein while
gradually increasing temperature from 0 to 300 K was run
for 100 ps. This step was followed by a constant temperature
(300 K) and constant pressure (1 bar) production run of 5800
ps (5.8 ns). The protein backbone atoms of the model
stabilized after ∼3.7 ns of simulation (Figure S1 in the
Supporting Information). The graphical illustration was
prepared with UCSF Chimera (39).

RESULTS

Identification of Phosphorylation Sites of TOPORS Using
Mass Spectrometry. To facilitate identification of post-
translationally modified regions of TOPORS, we used mass
spectrometry with multiple enzymatic digestions to analyze
polyhistidine-tagged TOPORS expressed both in H1299
human lung cancer cells and in bacteria (Figure 1). Both
phosphorylated and unmodified peptides were identified,
representing 60% coverage of the protein (Table 1, Table
S1 in the Supporting Information, and Figure S2 in the

Table 1: Phosphorylated and Corresponding Unmodified TOPORS Peptides Detected by LC-MS/MS in H1299 Cells and Bacteria. Using a MASCOT
score cutoff of 30, four phosphopeptides of TOPORS were identified in H1299 cells (upper panel)a

Mr

peptide obsdb calcc theord deltae

864SLpSVEIVYEGK874 652.221 1302.4274 1302.6108 -0.1833
491TPELVELSpSDSEDLGSYEK509 1089.423 2176.8314 2176.93 -0.0985
89LQQTVPADApSPDSK102 768.7625 1535.5104 1535.6868 -0.1764
583VYpSPYNHR590 558.202 1114.3894 1114.4597 -0.0702

864SLSVEIVYEGK874 612.2595 1222.5044 1222.6444 -0.14
491TPELVELSSDSEDLGSYEK509 1049.419 2096.8234 2096.9637 -0.1402
89LQQTVPADASPDSK102 728.8205 1455.6264 1455.7205 -0.0941
583VYSPYNHR590 518.1995 1034.3844 1034.4933 -0.1089
*

a Using this same cutoff score, both phosphorylated and the corresponding unmodified peptide were detected in H1299 cells, whereas in bacteria
(lower panel), only the corresponding unmodified peptides were identified. b Observed, measured m/z value for the peptide. c Mr (calc), peptide mass
calculated from observed m/z value. d Mr (theor), identified TOPORS peptide mass resulting from in silico enzyme digested TOPORS sequence. e Delta,
the mass difference between the calculated and theoretical peptide masses.
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Supporting Information). Importantly, in each case where a
phosphorylated peptide was identified in H1299 cells, a
corresponding unmodified peptide was identified for TO-
PORS expressed in bacteria (Table 1). Four putative phos-
phorylated peptides were identified in mammalian cells, but
not in bacteria: Ser98, Ser499, Ser585, and Ser866 (Table
1, Figure 2). Each of these putative phosphosites was
confirmed manually. For example, the presence of m/z 446.36
(y4) and 533.31/613.22 (y5/y5 + 80) ion localized the site
of phosphorylation in the 89LQQTVPADApSPDSK102 pep-
tide to S98 (Figure 2). Peptides with both phosphorylated
and non-phosphorylated forms were detected in H1299 cells.

Although we cannot exclude the possibility that dephospho-
rylation occurred during or after cell lysis, this finding
suggests that both phosphorylated and non-phosphorylated
forms of TOPORS are present in proliferating H1299 cells
(Figure 2).

Phosphorylation of Ser98 of TOPORS was reported
previously in a screen for nuclear phosphorylated proteins
in HeLa cells (40, 41) and this residue is located near the
conserved RING domain, which was shown to be required
for the ubiquitin ligase activity of TOPORS (6). Therefore,
we chose to investigate whether Ser98 might be important
in regulating the ubiquitin ligase activity of TOPORS, and

FIGURE 2: Identification of Ser98 as a phosphorylation site in TOPORS by LC-MS/MS. (A) MS spectrum of double-charged parent ions
of both a putative phosphopeptide (89LQQTVPADASPDSK102) (m/z 768.86, circled) and the corresponding non-phosphorylated peptide
(89LQQTVPADASPDSK102) (m/z 729.21, circled). (B) MS/MS spectrum of m/z 729.21 daughter ion from the non-phosphorylated peptide
(upper panel) and that of m/z 768.86 daughter ion from the phosphorylated peptide (lower panel). b and y ion refer to ions containing the
N- or C-terminal end of the peptide, respectively. Note pairs of y5 ion peaks from non-phosphorylated and corresponding phosphorylated
peptide ions that differ in mass by 80 Da. The presence of y4 and y5 ions localizes the site of phosphorylation to S98. (C) Serine 98 in
TOPORS is conserved among species. Homo sapiens, Xenopus tropicalis, Mus musculus, Pan troglodytes, Drosophila melanogaster TOPORS
orthologues were aligned using a ClustalW algorithm. Asterisks indicate identical amino acids. The box indicates the conserved Ser98.
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constructed and analyzed phospho-deficient (S98A) and
phosphomimic (S98D) mutants in cells and in Vitro.

Analysis of the Effects of Mutations of Serine 98 on the
Ubiquitination/Sumoylation ActiVity of TOPORS in Cells.
Since physiologic substrates of TOPORS are not yet known,
to investigate the role of phosphorylation of Ser98, we took
advantage of the finding that TOPORS is capable of inducing
both polymeric ubiquitin (6) and polymeric SUMO-1 chains
(42) (Kulkarni, et al., manuscript submitted) in the absence
of a specific substrate. In HEK293 cells cotransfected with
vectors expressing polyhistidine-tagged ubiquitin and a
phosphomimic TOPORS mutant (S98D), there was an

increase in steady-state levels of high molecular weight
ubiquitin conjugates, relative to cells expressing wild-type
TOPORS (Figure 3A). By contrast, mutation of serine 98 to
alanine had no detectable effect on formation of high
molecular weight ubiquitin conjugates relative to wild-type
TOPORS (Figure 3A). Similar results were obtained in cells
transfected with TOPORS vectors alone, in the absence of
expression of polyhistidine-tagged ubiquitin (Figure 3B). In
both transfection strategies, we noted that expression of the
S98D TOPORS mutant was lower than that of the wild-type
or S98A mutant (Figure 3B). Similar decreased expression
of the S98D mutant was observed in transfections performed
using H1299 cells, indicating that this phenomenon is not
cell-line specific (Figure 3 in the Supporting Information).
When HEK293 cell lysates were equilibrated for relative
TOPORS protein expression, an even greater effect of the
S98D mutant on high molecular weight ubiquitin conjugates
was observed (Figure 3B, right panel). To determine whether
the S98D mutation affected protein stability, we transfected
cells in the absence or presence of the proteasome inhibitor
MG132. Addition of MG132 abrogated the decrease in
expression of the phosphomimic mutant (S98D) (Figure 3D).
This result suggests that the S98D mutation destabilizes

FIGURE 3: Effects of phospho-deficient (S98A) and phosphomimic (S98D) mutants on the ubiquitin and SUMO E3 ligase activities of
TOPORS in cells. (A) HEK293 cells were transiently transfected with 500 ng of a plasmid expressing polyhistidine-tagged ubiquitin, along
with 2.5 µg of a plasmid expressing GFP, GFP-TOPORS, or a GFP-TOPORS mutant (S98A or S98D). Cell lysates were analyzed by
SDS-PAGE and immunoblotting with antibodies recognizing polyhistidine (top panel), TOPORS (middle panel), or actin (bottom panel).
(B) HEK293 cells were transiently transfected with 2.5 µg of a plasmid expressing GFP, GFP-TOPORS, or a GFP-TOPORS mutant (S98A
or S98D). Cell lysates were analyzed as described in A, except that ubiquitin conjugates were analyzed using a ubiquitin antibody. In the
right panel the amount of lysate in each lane was adjusted to equal amounts of TOPORS protein. (C) HEK 293 cells were transiently
transfected with 500 ng of a plasmid expressing polyhistidine-tagged SUMO-1, along with 2.5 µg of a plasmid expressing GFP, GFP-
TOPORS, or a GFP-TOPORS mutant (S98A or S98D). Cell lysates were analyzed by SDS-PAGE and immunoblotting with antibodies
recognizing polyhistidine (top panel), TOPORS (middle panel), or actin (bottom panel). The right panel shows the results of transfections
of TOPORS plasmids alone. In this case SUMO conjugates were detected using an antibody recognizing SUMO-1. (D) Cells were transfected
with expression plasmids for wild-type GFP-TOPORS or the phosphomimic mutant (S98D). After 24 h, cells were left untreated or exposed
to 2.5 µM MG132 for 4 h. Cell lysates were prepared and subjected to immunoblotting using TOPORS and actin antibodies.

FIGURE 4: Mutation of Ser98 does not affect the cellular localization
of TOPORS. HEK393 cells were transfected with plasmids encod-
ing GFP tagged TOPORS (wild type, S98A or S98D mutant) and
examined via fluorescent microscopy. Shown are representative
images of transfected cells.
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TOPORS and results in increased proteasome-dependent
degradation.

We also tested whether mutation of serine 98 affected
TOPORS SUMO ligase activity. In cells cotransfected with

vectors expressing polyhistidine-tagged SUMO-1 and TO-
PORS, there was no difference in the levels of high molecular
weight SUMO-1 conjugates among cells expressing wild-
type, S98D, or S98A TOPORS proteins (Figure 3C). Similar

FIGURE 5: Effects of phospho-deficient (S98A) and phosphomimic (S98D) mutants on the ubiquitin and SUMO E3 ligase activities of
TOPORS in vitro. (A) Silver stain of purified recombinant GST- TOPORS fusion proteins. (B) In vitro dual ubiquitin/SUMO ligase reactions
were performed using an ATP-regenerating system with either no E3, or wild-type, S98A, or S98D GST-TOPORS proteins. Concentrations
of the E1, E2, modifier (ubiquitin or SUMO-1) were 150 nM, 250 nM, and 25 µM, respectively. Reaction products were divided into two
equal portions, and analyzed by immunoblotting with ubiquitin and SUMO-1 antibodies. Brackets indicate the migration of polymeric
ubiquitin or SUMO-1 conjugates, with the migration of free ubiquitin, diubiquitin, and di-SUMO-1 indicated by arrows. (C) In vitro
ubiquitination reactions were performed using the ubiquitination components described in (B), except in the absence of sumoylation
components. Reaction products were analyzed using immunoblotting with a ubiquitin antibody. Brackets indicate the migration of polymeric
ubiquitin conjugates, with the migration of diubiquitin indicated by an arrow.

FIGURE 6: Mutation of serine 98 to aspartate increases UbcH5a binding to TOPORS in vitro and in cells. (A) Binding of purified UbcH5a
(input) to GST or to the indicated GST-TOPORS fusion proteins was assayed as described in Experimental Procedures. Bound proteins and
unbound proteins (supernatant before washing beads) were subjected to SDS-PAGE, followed by immunoblotting with UbcH5a antibodies.
A silver stain of purified GST-TOPORS (wild-type, S98A and S98D) proteins used in the in Vitro binding assay is shown in the bottom
panel. (B) As indicated, HEK293 cells were transfected with vectors expressing GFP, GFP -TOPORS, or GFP-TOPORS S98A or S98D
mutants. After 24 h, the cells were lysed and immunoprecipated with GFP antibodies as indicated in the Experimental Procedures.
Immunoprecipitates were analyzed by antibodies recognizing UbcH5a (top panel) and GFP (bottom panel). Whole cell lysates used for the
immunoprecipitations were also analyzed by immunoblotting with a UbcH5a antibody (middle panel). Single asterisks indicate the migration
of UbcH5a and double asterisks indicate the migration of GFP-TOPORS proteins.
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results were obtained in cells transfected with TOPORS
vectors alone, in the absence of expression of polyhistidine-
tagged SUMO (Figure 3C). This finding suggests that in
contrast to ubiquitination, mutation of serine 98 has no effect
on the sumoylation activity of TOPORS.

Since we previously demonstrated that TOPORS colocal-
izes with PML nuclear bodies in a dynamic manner (25),
we investigated whether alteration of S98 affected the cellular
localization of TOPORS. Transfection studies with GFP-

TOPORS constructs indicated that neither S98D nor S98A
mutations affected the punctate nuclear localization pattern
of TOPORS in proliferating cells (Figure 4).

Analysis of the Effects of Mutations of Serine 98 on the
Ubiquitination/Sumoylation ActiVity of TOPORS in Vitro. To
directly investigate the role of serine 98 in the ubiquitination
and sumoylation activity of TOPORS, we performed in vitro
assays using purified components and GST-TOPORS fusions
proteins expressed in bacteria. Previous studies indicated that

FIGURE 7: Modeling of the interaction between the serine 98 region of TOPORS and UbcH5a. Molecular modeling was performed using
the Modeler (9v4) program as indicated in the Experimental Procedures. Graphic illustrating the key residues involved in maintaining
backbone conformation in proximity to the conserved S98 residue in the TOPORS RING domain. The two zinc ions are depicted as gray
spheres. Hydrogen bonding and salt bridge interactions are indicated by yellow (stronger) and orange (weaker) lines. Note hydrogen bond
between backbone atoms of M1 (UbcH5a) and I105 (TOPORS, hidden behind P104).

FIGURE 8: Similarity of the phosphorylated residues adjacent to the RING domains of TOPORS and CBL. Phosphorylated Tyr371 of c-Cbl
and the putative phosphorylated Ser98 of TOPORS are shown in bold and are boxed. The structure of c-Cbl linker and the RING domain
has been described previously (17). Asterisks indicate identical amino acids. Dots indicate amino acids with similar characteristics. The
putative structure of TOPORS in this region was determined by a prediction algorithm (www.predictprotein.org).
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under these conditions TOPORS was capable of stimulating
formation of polymeric ubiquitin (6) and SUMO conjugates
(Kulkarni et al., manuscript submitted) in the absence of a
specific substrate. This dual activity of TOPORS allowed
us to assay the ubiquitination and sumoylation activity of
the S98 mutants in a single tube assay. Using this approach
and equal amounts of the wild-type and mutant proteins, a
greater accumulation of high molecular weight ubiquitin
conjugates was observed with the S98D mutant compared
to wild-type or the S98A mutant (Figure 5B). Similar results
were obtained in when only ubiquitination components were
included in the reaction (Figure 5C). Importantly, mutation
of serine 98 had no effect on the relative sumoylation activity
of TOPORS (Figure 5). Thus, consistent with the cellular
transfection data, a phosphomimic mutation of S98 conferred
an increase in the ubiquitination but not sumoylation activity
of TOPORS in vitro.

Mutation of S98 of TOPORS Affects Binding to the E2
Enzyme UbcH5a. RING domains of E3 ubiquitin ligases
were shown to bind E2 enzymes, with specific residues both
within and adjacent to the RING domain involved in this
binding (43, 44). In addition, a structural study of the
Cbl-UbcH7 complex suggested that phosphorylation of
residue Tyr371 on c-Cbl increased its ubiquitination activity
by affecting E2 binding (17, 19, 21). Previously, it was
reported that TOPORS stimulated p53 ubiquitination with
selected E2 enzymes (UbcH5a, UbcH5c, and UbcH6, but
not UbcH7, CDC34, or UbcH2a) (6). We chose UbcH5a to
investigate whether S98 of TOPORS was involved in E2
binding, using an in Vitro pull-down assay with purified GST-
TOPORS proteins. We observed minimal binding of UbcH5a
to wild-type TOPORS (Figure 6A). Similarly, minimal, if
any, UbcH5a binding was detected using the S98A mutant
(Figure 6A). By contrast, binding of UbcH5a to the phos-
phomimic mutant (S98D) was easily detected (Figure 6A).
To determine whether the phosphomimic mutant enhanced
UbcH5a binding in cells, we performed transient transfection
studies using GFP tagged TOPORS expression plasmids
(wild type, S98A and S98D). Immunoprecipitation of GFP-
tagged TOPORS confirmed that the phosphomimic mutant
(S98D) exhibited increased binding to UbcH5a (Figure 6B).
This result provides an explanation for the increased ubiquitin
ligase activity observed with the S98D mutant in cells and
in vitro, and suggests that S98 is involved in the binding of
UbcH5a to TOPORS.

Molecular Modeling of a TOPORS-UbcH5a Complex.
Molecular modeling of a TOPORS-UbcH5a complex was
performed to evaluate the impact of S98D mutation or
phosphorylation of the S98 side chain on the binding of E2
enzymes by TOPORS (Figure 7). The model indicates that
conversion of serine 98 to a negatively charged species (like
aspartate or a phosphate conjugate) would lead to charge
repulsion with D100 of TOPORS and would compete with
D100 for a salt bridge with the side chain of K122 of
TOPORS. This could lead to a change in backbone confor-
mation which would impact weaker interactions between
K102 and backbone atoms of TOPORS residues L107 and
D108. All of these downstream changes in backbone
conformation could affect binding of TOPORS to UbcH5a
because TOPORS residues 104 to 107 along this stretch of
backbone are directly involved in making contacts either to

the E2 UbcH5a (residues M1, K4, P61 and F62) or a zinc
ion (Figure 7).

DISCUSSION

In this study, we identified Ser98, Ser499, Ser585, and
Ser866 as phosphorylated residues in TOPORS expressed
in H1299 cells. Ser98 phosphorylation was reported
previously (40, 41). Although we did not investigate other
post-translational modifications, sumoylation of TOPORS has
also been reported (11). We did not achieve complete
coverage of TOPORS, likely due to genesis of short peptides
as a result of enzymatic digestion of RS-rich regions.

Similar to proteins involved in RNA splicing (45, 46), it
is likely that some or many of the RS dipeptides in TOPORS
are phosphorylated in eukaryotic cells. Nevertheless, treat-
ment of His-tagged TOPORS obtained from H1299 cell
lysates with calf intestinal alkaline phosphatase (CIP) did
not result in a significant decrease in the migration of
TOPORS on SDS-polyacrylamide gels (data not shown),
suggesting that modifications other than phosphorylation are
responsible for the slow gel mobility of TOPORS expressed
in mammalian cells compared to bacteria.

While we were particularly interested in S98 due to its
proximity to the RING domain, we note that S499, S585,
and S866 are all conserved across species, suggesting that
they may be important in the regulation of TOPORS. In
particular, we note that S499 is located near a SIM-like
region (CVIV, residues 478-481). SIM regions are impli-
cated in binding directly to SUMO, and thus it is possible
that phosphorylated S499 might regulate the sumoylation
activity of TOPORS. Since we used an overexpression
(transfection) model to investigate the functional relevance
of phosphorylation of serine 98 of TOPORS, the results have
to be interpreted with caution. Nevertheless, the results of
these transfection studies indicate that phosphorylation of
S98 regulates the ubiquitin but not the SUMO ligase activity
of TOPORS. Since the N-terminal region of TOPORS (which
contains the RING domain) was shown to be dispensable
for sumoylation, it is not surprising that mutation of S98
did not affect the sumoylation activity of TOPORS in cells
or in vitro. It was reported that E3 ubiquitin ligase activities
canbeenhancedbyincreasedE2enzymebindingaffinity(47,48).
The finding that an S98D phosphomimic mutant of TOPORS
increases E2 binding provides an explanation for the increase
in ubiquitination activity conferred by this mutant.

The RING domain of TOPORS shares sequence homology
with that of the ubiquitin E3 ligase Cbl (17) (Figure 8). Y371
of Cbl was shown to be part of a loop structure that binds
the E2 UbcH7 via an R helix, which contacts two loop
structures in UbcH7. This interface contains primarily polar
and charged residues, which create intermolecular hydrogen
bonds (17). The majority of the residues within the Cbl helix,
as well as the loop structures of UbcH7, are conserved (49).
Tyr phosphorylation of c-Cbl affects its ability to bind to
UbcH7 and enhances its ubiquitination activity by changing
its conformation (13, 19, 20). Prediction algorithms (www-
.predictprotein.org) suggest that S98 of TOPORS is also part
of a loop (Figure 8). Therefore, it can be speculated that
similar to Cbl, S98 of TOPORS is part of a loop structure
that is important in E2 binding. The S98 residue is distal in
relation to direct binding interactions between TOPORS and
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the E2 UbcH5a. Modeling studies of a TOPORS-UbcH5a
interaction supports our finding that S98D of TOPORS
affects UbcH5a binding. However, it should be emphasized
that from the TOPORS-UbcH5a model alone it is not clear
whether phosphorylation of S98 would be expected to
increase or decrease binding of E2 enzymes by TOPORS.
Additional modeling studies of TOPORS with phosphory-
lated S98 or with an S98D substitution may provide further
insight into the role of serine 98 phosphorylation on E2
enzyme binding by TOPORS.

Although we chose UbcH5a to investigate the effect of
mutations of S98 on E2-TOPORS interactions, we note that
it is not clear whether the UbcH5a-TOPORS interaction is
physiologically relevant, and whether additional variables,
such as differential expression of E2 enzymes, might be
important in regulating E2-TOPORS interactions.

It would be interesting to identify the kinases/phosphatases
that regulate the phosphorylation of Ser98 of TOPORS.
Predicted kinases for S98 of TOPORS include the CMGC
group (cyclin-dependent kinase (CDKs), mitogen-activated
protein kinase (MAPKs), glycogen synthase kinase (GSKs),
and CDK-like kinase (CLKs)) (50) (http://pred.ngri.re.kr/
PredPhospho.htm). In addition, Ser98 is part of a SP
dipeptide, which is a MAPK consensus site (51). Other
predicted kinases for Ser499 include CK2 (www.predict-
protein.org).

In summary, we identified Ser98 as a phosphorylated
residue in TOPORS that regulates ubiquitination activity,
likely by increasing E2 binding affinity. Since mutation of
Ser98 does not affect the sumoylation activity of TOPORS,
phosphorylation of Ser98 may function as a switch to control
ubiquitination versus sumoylation of TOPORS substrates.
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SUPPORTING INFORMATION AVAILABLE

Table S1 lists TOPORS peptides detected by LC-MS/
MS analysis. Figure S1 shows protein sequence coverage
by LC-MS/MS analysis using multiple enzymes for diges-
tion, including trypsin, Glu-C and Asp-N. Figure S2 il-
lustrates protein backbone atom rmsd during the course of
the molecular modeling stimulation. Figure S3 shows the
relative protein expression of TOPORS WT and mutants
(S98A and S98D) in H1299 cells, as detected by immuno-
blotting with a TOPORS antibody. This material is available
free of charge via the Internet at http://pubs.acs.org.
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