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Abstract
Camptothecins kill mammalian cells by stabilizing topoisomerase I-DNA strand passing
intermediates that are converted to lethal double strand DNA breaks in DNA replication fork
collisions. Camptothecin-stabilized topoisomerase I-DNA cleavage intermediates in mammalian
cells are uniquely modified by ubiquitin-family proteins. The structure, composition and function of
these ubiquitin-family modifications are poorly understood. We have used capillary liquid
chromatography-nanospray tandem mass spectrometry to analyze the endogenous ubiquitin-family
modifications of topoisomerase I purified from camptothecin-stabilized topoisomerase I-DNA
cleavage complexes in human breast cancer cells. Peptides shared by SUMO-2 and SUMO-3 were
abundant, and a peptide unique to SUMO-2 was identified. Ubiquitin was also identified in these
complexes. No SUMO-1 peptide was detected in human topoisomerase I-DNA cleavage complexes.
Identical experiments with purified SUMO paralogs showed that SUMO-1 was well digested by our
protocol and that fragments were easily analyzed by LC-MS/MS. Spiking experiments with purified
SUMO paralogs determined that we could detect as little as 0.5 SUMO-1 residue per topoisomerase
I molecule. These results indicate that SUMO-1 is below this detection level and that SUMO-2, or
a mixture of SUMO-2 and SUMO-3 predominates. SUMO-1 capping seems unlikely to be limiting
the growth of SUMO-2/3 chains formed on camptothecin stabilized topoisomerase I-DNA cleavage
complexes.

Ubiquitin-family modifiers are small proteins that are covalently attached to other proteins to
regulate proteolysis, transport, localization, and other functions (1,2). SUMO-1 was the first
member of the SUMO1 (Small Ubiquitin-like MOdifier) family (3). Two other SUMO
paralogs, SUMO-2 (Swiss-Prot P61956) and SUMO-3 (Swiss-Prot P55854) have only about
43–42% homology to SUMO-1 but are about 96% identical to one another. With such a high
degree of homology, SUMO-2 and SUMO-3 may be functionally equivalent, and are often
designated SUMO-2/3. Recently, mice lacking SUMO-1 have been shown to be viable, with
SUMO-2/3 being able to functionally substitute for it with only apparently minor effects (4).
The much smaller sequence difference between SUMO-2 and SUMO-3 suggests that they may
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serve much the same functions in cells. However, the conservation of these two distinct
paralogs in vertebrates hints at some selection pressure.

Ubiquitination and sumoylation of proteins are accomplished by similar systems of specialized
enzymes (5). Sumoylation starts with activation by formation of a thioester linkage between
SUMO and the E1 (SUMO-activating enzyme) enzyme, which then transfers SUMO to the
conjugating enzyme, Ubc9, an E2 protein (SUMO carrier protein), in a transesterification
reaction. Ubc9 then transfers the SUMO residue to a target protein, usually at ΨKX(E/D) (the
sumoylation consensus sequence, where Ψ is a large hydrophobic amino acid, × is any amino
acid, and the 4th amino acid is either E or D). Ubc9 does not discriminate between SUMO
paralogs, and can sumoylate most target proteins in vitro, however, the majority of in vivo
sumoylation reactions requires an E3 protein which guides Ubc9 to specific protein targets
(5). Sumoylation and de-sumoylation are highly dynamic. Known functions for sumoylation
include antagonism of ubiquitin dependent degradation, nuclear-cytoplasmic trafficking,
targeting to subnuclear structures, regulation of transcription, mitochondrial fission, cell
division, DNA damage repair, genetic instability, and assembly of protein complexes (5).

Sumoylation is precisely controlled in vivo. Intracellular distributions, mobility, and protein
modification patterns by SUMO-1 and SUMO-2/3 are very different (6–9). Heat shock and
oxidative stress cause depletion of the free SUMO-2/3 pool and SUMO-2/3 conjugation to
high molecular weight proteins while having no effect on the distribution of SUMO-1, which
remains on RanGap1 during these stresses. Such precise targeting of different SUMO paralogs
indicates levels of regulation that remain incompletely understood (8,10). A mechanism for
selective targeting of SUMO-2/3 paralogs to specific proteins by their preferential binding to
SUMO Interaction Motifs (SIMs) has been reported (11,12). However, the SIM binding regions
of SUMO-2 and SUMO-3 are identical (13). Since sumoylation can promote protein
interactions and localization, the small differences in SUMO-2 and SUMO-3, localized to the
N-terminal region, may favor binding of different proteins to a sumoylated target protein.

Topoisomerase I (topo I), an enzyme that removes superhelical stress generated by DNA
replication and transcription, is the target of an important class of anticancer drugs,
camptothecins (CPTs) (14). Like the parent drug, camptothecin (CPT), CPTs stabilize an
intermediate in the topo I DNA strand passing reaction in which the topo I is covalently attached
to the DNA at a strand break (15). CPTs are toxic to proliferating cells due to DNA replication
fork collisions with the CPT-stabilized covalent topo I-DNA cleavage complexes (CptTop1cc)
resulting in complex DNA lesions that include double strand DNA breaks, gaps, and ligations
of parental DNA strands to nascent strands (16,17). When mammalian topo I trapped in
CptTop1cc by CPT is released by nuclease digestion, it shows a laddered pattern of bands,
extending to very high molecular weights (18), and attributed to numerous SUMO-1 additions
to the topo I (19).

Many functions for the SUMO modifications of CptTopIcc have been reported, including
nuclear export, nuclear localization, degradation, repair of complexes, and enhancement of
DNA cleavage (18–24). The possible role of sumoylation in degradation of CptTop1cc (20,
21) is interesting since the ubiquitin and sumoylation pathways interact, or crosstalk, in the
cases of PCNA and IκBα (25). Sumoylation of CptTop1cc has also been suggested to be
involved in delocalization of topo I from the nucleolus following inhibition of transcription by
RNA polymerase inhibitors or DNA damage (23,24). However, other studies do not support
a role for sumoylation in topo I nucleolar delocalization (22,26–28), so the function of this
sumoylation remains elusive. Defects in Ubc9 leading to alterations in global sumoylation
increase sensitivity to topo I-targeting drugs, but also increase sensitivity to a wide range of
other genotoxic treatments, underscoring the complexity of sumoylation and its relation to
DNA damage (29).
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Although the laddering of CptTop1cc is thought to be due to sumoylation, the topo I in
CptTop1cc is also modified by ubiquitin and degraded by the proteasome pathway (18).
Exposure to CPTs causes down regulation of topo I (18,30,31), and this down-regulation is an
important determinant of cancer cell sensitivity to CPTs (20). Although the topo I released
from CptTop1cc distributes in a ladder pattern on gel electrophoresis, Western blotting of these
complexes for ubiquitin shows a distinctly different pattern, typically a high molecular weight
smear, that does not match the laddered distribution of the bulk of topo I from CptTop1cc
(20,22). This suggests that ubiquitin and SUMO may occur on separate subpopulations of topo
I in CptTop1cc. Although topo I contains 18 candidate sumoylation sites, mutational
inactivation of candidate sites has indicated that K117 in the N-terminal region of topo-I is the
only significant topo I sumoylation site (22,24). This, together with the high levels of
sumoylation observed, strongly suggests branching SUMO chains. The composition and
structure of SUMO chains formed on CptTop1cc in vivo is not known, but it was shown that
in vitro conjugation of SUMO-1 to human topo I resulted in formation of polymeric SUMO-1
chains attached to K117 (32), supporting earlier evidence of SUMO-1 modification of topo I
in CptTop1cc (19,22). Some studies have found that SUMO-1 cannot form homogeneous
chains due to the absence of an internal sumoylation consensus sequence (33). However, in in
vitro reactions SUMO-1 clearly can form homogeneous SUMO-1 chains (32,34–37) with the
SUMO-1 residues forming chains by isopeptide bond formation to other SUMO-1 residues at
amino acids K7, K16, and K17 in the SUMO-1 N-terminal region (36). It has been suggested
that sumoylation is much more efficient in vitro than in intact living cells (38). Topors, a dual
ubiquitin and SUMO ligase for p53, has been shown to greatly facilitate the formation of
polymeric SUMO-1 chains on topoisomerase I in vitro and in vivo, resulting in the formation
of extended SUMO-1 chains attached to topoisomerase I mainly at K117 and to a lesser extent
at K103 and K153 (39).

Because of the unresolved issues concerning the composition and structure of ubiquitin-family
modifications of topo I in CPT-treated cells, we have purified CptTop1cc from human cells
expressing only endogenous SUMO paralogs, and studied the ubiquitin family modifications
by mass spectrometry.

MATERIALS AND METHODS
Cell Culture and Camptothecin Treatment

MCF-7 (human breast adenocarcinoma) cells were grown to 80% confluence in Dulbecco’s
modified Eagle’s medium (Invitrogen, Carlsbad, CA) with 10% fetal bovine serum (Invitrogen)
and penicillin/streptomycin in a humidified 5% CO2 atmosphere at 37°C. For CPT treatment,
growth medium was replaced with serum-free medium with10 µM CPT (Calbiochem, San
Diego, CA) for 30 min at 37°C.

Isolation of CPT-Stabilized Covalent Topoisomerase I-DNA Complexes
After drug treatment, medium was removed and the cells were lysed immediately by the
addition of 800 µl of lysis solution (8 M guanidinium chloride, 0.2 N NaOH and 5% β-
mercaptoethanol) per 10 cm plate. The lysates were collected in 50 ml polypropylene centrifuge
tubes, sheared with vortexing (4 stainless steel nuts 3 mm in diameter per tube) for 2 min,
followed by heating at 65°C for 15 minutes. The sheared lysates from four plates were applied
to a CsCl (cesium chloride) step gradient prepared by the successive layering of 200 µl of CsCl
solution A and 2 ml volumes of CsCl solutions B through D (A, 1.75g/ml; B, 1.62 g/ml; C,
1.42 g/ml; D, 1.32 g/ml) in a polyallomer tube (14 × 89 mm). The samples were centrifuged
in a Beckman SW41 rotor at 30,000 rpm for 20 hr at 20°C. After centrifugation the samples
were collected in 0.6 ml fractions. Spectrophotometric measurement of absorbance at 260 nm
and 280 nm was used to calculate the amount of DNA in each fraction. The DNA containing
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fractions were combined, dialyzed against distilled water (4°C), and ethanol precipitated. The
DNA pellet was transferred to a microcentrifuge tube, and rinsed three times with ice-cold 70%
ethanol.

The DNA pellets were air-dried briefly, solubilized in 200 µl of nuclease buffer (50 mM Tris
HCl pH 8.0 and 1 mM MgCl2), then incubated at 37°C for 6 hr, with two additions (80 units
each) of Omnicleave nuclease (Epicentre Biotechnologies, Madison, WI). The sample volume
was reduced to 50 µl, and the sample was extracted four times with 1 ml of ice-cold acetone
with vortexing. The insoluble material was pelleted by centrifugation at 14,000 rpm for 15 min
at 4 °C. The air dried pellet was resuspended by vortexing in 1 ml of 100% ice-cold ethanol,
and centrifuged at 14,000 rpm for 15 min at 4°C (four times). The final protein pellet was air
dried and resuspended in sterile distilled water. Protein content was determined using the Bio-
Rad DC protein assay (Bio-Rad, Hercules, CA).

Mass spectrometry
Trypsin and Chymotrypsin Digestion of the protein—Purified CptTop1cc samples
were analyzed after trypsin or chymotrypsin digestion at the Ohio State University Mass
Spectrometry and Proteomics Facility. Several buffers were used for tryptic digestion: Buffer
A: 25 mM ammonium bicarbonate, Buffer B: 25 mM ammonium bicarbonate buffer containing
6% acetonitrile (final concentration) and Buffer C: 25 mM ammonium bicarbonate containing
1 M urea (final concentration). The protein was diluted into 100 mM ammonium bicarbonate
buffer (or 100 mM ammonium bicarbonate with 4 M urea), then 5 µl of a 5 mg/ml of DTT
(dithiothreitol) in 100 mM ammonium bicarbonate buffer was added and incubated with the
sample at 50°C for 15 min to reduce the cystines. The mixture was then brought to room
temperature and 5 µl of a 15 mg/ml of iodoacetamide in 100 mM ammonium bicarbonate was
added. The mixture was incubated in the dark for 15 min to alkylate the cysteines. Sequencing
grade trypsin (Promega, Madison WI) was added to the mixture with an enzyme:substrate ratio
of 1:25. Distilled water and/or acetonitrile were then added to the mixture to reach the desired
final concentrations. Digestion was carried out at 37°C for 30 or 60 min and stopped by
acidification. The digested fragments were analyzed by LC/MS/MS and the results were
searched with MASCOT (Matrix Science, Boston, MA) for protein identification. Similar
sequence coverage was obtained when the sample was digested with trypsin in buffers A-C.
Chymotrypsin (Roche Diagnostic, Basel, Switzerland) digestion was performed using a similar
approach except the final buffer composition was 25 mM ammonium bicarbonate and 5%
acetonitrile.

Matrix-assisted laser desorption/ionization time-of- flight mass spectrometery
(MALDI-TOF MS)—MALDI–TOF MS was performed on a Reflex III (Bruker Daltonics Inc,
Billerica, MA) mass spectrometer. The instrument was calibrated with peptide standards with
masses ranging from 500–2500 Da. The matrix, α-cyano-4-hydroxy cinnamic acid, was
prepared as a saturated solution in 50% acetonitrile with 0.1% trifluoroacetic acid in water.
Aliquots consisting of 5 µl of matrix and 1 µl of sample were thoroughly mixed, spotted on
the target plate (1.0 µl) and allowed to dry before analysis. The instrument was operated in
reflection, positive ion mode at an accelerating voltage of 28 kV. The N2 laser was operated
at minimum threshold level required to generate signal and minimize dissociation. The
instrument was calibrated with a mixture of 4 peptides (Bradykinin 1–5, Angiotensin I, Glu-
Fib and ACTH 18–39). Data was acquired continuously using FlexControl software (Bruker
Daltonics Inc, released in 2005) until suitable signal intensity was obtained. A peak list was
generated using FlexAnalysis 2.4 (Bruker Daltonics Inc). The cut-off threshold for signal-to-
noise ratio was set at 6 and resolution cut-off threshold was set at 5000. Peaks less than 800
Da were excluded from the peak list to avoid contaminations from the MALDI-TOF MS matrix.
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Only peaks with mass error less than 25 ppm, compared with theoretical mass, were considered
as valid identification.

Nano-LC/MS/MS—Capillary-liquid chromatography-nanospray tandem mass spectrometry
(Nano-LC/MS/MS) was performed on a Thermo Finnigan LTQ (linear quadrupole ion trap)
mass spectrometer equipped with a nanospray source operated in positive ion mode. The LC
system was an UltiMate™ Plus system from LC-Packings (Sunnyvale, CA) with a Famos
autosampler and Switchos column switcher. Five microliters of each sample was first injected
into the trapping column (LC-Packings), and washed with 50 mM acetic acid. The injector port
was switched to inject, and the peptides were eluted off of the trap onto a 5 cm, 75 µm (inner
diameter) ProteoPep II C18 reverse-phase column (New Objective, Inc. Woburn, MA) packed
directly in the nanospray tip. Solvent A was 50 mM acetic acid in water and solvent B was
acetonitrile. Peptides were eluted directly off the column into the LTQ system with a flow rate
of 300 nl/min. The gradient was started and maintained at 2% B for the first 3 min, then B was
increased to 50% in 27 min, and further increased to 80% in 15 min. B was kept at 80% for
another 5 min, then returned to 2% in 0.1 min. The total run time was 65 minutes. The scan
sequence of the mass spectrometer was programmed for a full scan and MS/MS scans of the
10 most abundant peaks in the spectrum. Dynamic exclusion was used to exclude multiple MS/
MS of the same peptide after detecting it three times. Sequence information from the MS/MS
data was processed using the Mascot 2.0 active Perl script with standard data processing
parameters (first scan number, last scan number, number of different intermediate scans,
minimum number of grouped scans, and minimum number of ions were set to 0, 0, 1, 0, and
8 respectively). Database searches were against the NCBInr 20060402 database using
MASCOT 2.0 (Matrix Science). The mass accuracy of the precursor ions was set to 1.5 Da to
accommodate accidental selection of the C13 ion, and the fragment mass accuracy was set to
0.5 Da. The number of missed cleavages permitted in the search was 2 for both tryptic and
chymotryptic digests. Considered modifications (variable) were methionine oxidation,
cysteine carbamidomethylation, phosphorylation, acetylation, and ubiquitin diglycine tags. An
individual peptide was considered as a good match if it produced a probability-based MOWSE
(MOlecular Weight SEarch) score (40) greater than 20 (P<0.05). The cut-off score for
significant protein identification was set at 45 and the matched peptides were all manually
verified.

Purified SUMO paralogs and Spiking Experiments—Purified human recombinant
SUMO-1 (Boston Biochem UL-712, Cambridge, MA), SUMO-2 (Boston Biochem UL-752),
SUMO-3 (Boston Biochem UL-762) were digested with trypsin and chymotrypsin for analysis
by MALDI-TOF MS and LC/MS/MS as described for purified CptTop1cc. For spiking
experiments, SUMO-1 was spiked into purified CptTop1cc with the molar ratios of 5:1, 1:1,
0.5:1, 0.2:1 and 0.1:1 (SUMO 1:Topo I). Briefly, 2.45, 0.49, 0.24, 0.12 and 0.049 µg of
SUMO-1 was added into 4µg of purified CptTop1cc, respectively. The mixture was digested
with trypsin or chymotrypsin using the digestion conditions described above for purified
CptTop1cc. After 4 hours, the digestion was quenched by adding 0.1% trifluoroacetic acid.
Samples were then concentrated until the final volume was 25µl, and 2.5µl of the sample was
used for LC/MS/MS analysis. There is some confusion in the literature concerning the identity
of SUMO-2 and SUMO-3. For our study, SUMO-2 is the protein identified as Swiss-Prot
accession number P61956, with the amino acid sequence: MADEKPKEGV KTENNDHINL
KVAGQDGSVV QFKIKRHTPL SKLMKAYCER QGLSMRQIRF RFDGQPINET
DTPAQLEMED EDTIDVFQQQ TGG. SUMO-3 is Swiss-Prot accession number P55854,
and differs from SUMO-2 (P61956) at the positions indicated by underlining in the SUMO-2
sequence above and the first 20 amino acids of the SUMO-3 sequence here: MSEEKPKEGV
KTEN—DHINL. Many contributors to the field have designated Swiss-Prot P55854 as
SUMO-2 and Swiss-Prot P61956 as SUMO-3 (9,33,41,42).
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Electrophoresis and Western Blotting
Laemmli buffer (Bio-Rad) was added to each sample in amounts determined to equalize the
protein concentration of each sample after the DNA digestion, acetone and ethanol washes.
Samples were analyzed by one dimensional SDS-PAGE using a 7.5% separating gel and silver
staining (Bio-Rad). Western blotting of CptTop1cc was done with rabbit anti-SUMO-2/3
(Zymed Laboratories, San Francisco, CA), goat anti SUMO-1 (Roche Applied Science,
Indianapolis, IN), and human scleroderma anti-human topoisomerase I antibody (TopoGen,
Port Orange, FL). Anti-ubiquitin antibody was a kind gift of Arthur Haas, and has been
described (43). Chemiluminescent detection was done using Supersignal West Pico substrate
(Pierce, Rockford, IL), x-ray film, and horseradish peroxidase conjugated secondary antibodies
(Roche Applied Science, and Pierce). Acrylamide gradient gel electrophoresis was done using
pre-formed 4–15% gels (BioRad).

RESULTS
Isolation of covalent topoisomerase I-DNA complexes

Proteins released by nuclease digestion of the purified DNA of CPT-treated cells showed a
pronounced ladder pattern by Coomassie Brilliant Blue staining (Figure 1). We allowed the
Omnicleave nuclease (about 26.6 kDa) to run off the gel. This ladder pattern has been seen by
Western blotting of CptTop1cc released from DNA by shearing or nuclease digestion and
analyzed by Western blotting in cell lysates (19), and consists of a major unmodified topo I
band, followed by more slowly migrating sumoylated topo I bands which become more closely
spaced at the higher levels of sumoylation until they are unresolved. The major band (band 1)
had a molecular weight of about 104 kDa and seven bands of higher molecular weight were
clearly visible (115 kDa, 137 kDa, 160 kDa, 190 kDa, 202 kDa, and 214 kDa.). Some of the
band spacings correspond to the approximate molecular weights of sumo proteins (~11 kDa)
and some to twice this value (or more). Free sumo proteins are known to migrate anomalously
on SDS gels, at ~ 20 kDa, or twice their actual molecular weights (3). Anomalous migration
on SDS gels is known for many proteins, including topoisomerase I. Anomalous migration
may be due to retention of some peptide conformation or uneven SDS binding. The branching
of SUMO chains may also contribute to anomalous migration, so that exact matches of the
spacing to SUMO molecular weights should not be expected. The Coomassie stained
CptTop1cc were analyzed by direct laser densitometry of the stained gel. Integration of the
densitometry trace (Figure 1, left of the gel image) showed that band 1 (104 kDa) represents
44% of the Coomassie stained protein in the gel, and the more slowly migrating sumoylated
forms represent 56%. These results indicate that our isolation of CptTop1cc results in the
expected gel pattern reflecting extensive modification of the topo I by ubiquitin-family
proteins. We believe this is the first quantitation of the ubiquitin family modifications of
CptTop1cc by a biochemical method.

To further characterize the isolated CptTop1cc we used acrylamide gradient gel electrophoresis
(Supporting Figure 1S). Lanes loaded with only the Omnicleave nuclease used to release
CptTop1cc from cellular DNA showed only a single band at a position corresponding to a
molecular weight of ~27 kDa. Lanes loaded with purified CptTop1cc showed the ladder of
topoisomerase I and higher molecular weight bands of sumoylated topoisomerase I. Control
samples from cells that were treated with solvent only and processed identically to those from
the CPT treated cells were free of protein bands, except for a single band of Omnicleave
nuclease. The gradient gel showed faint smears below the main topoisomerase I bands. This
was not detected in non-gradient gels such as that in Figure 1, or in topoisomerase I Western
blotting (see below) of CptTop1cc. Since the faintly staining smear was not detected in the
control lanes of the gradient gel (cells not treated with CPT), it is dependent on CPT treatment,
and we conclude that it represents heterogeneous proteolytic fragments of CptTop1cc that were
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released from DNA by nuclease digestion. We feel that our alkaline GuHCl lysis with
mercaptoethanol is very efficient at denaturation and inactivation of proteases, so this may
represent proteolytic processing of CptTop1cc that occurs during CPT treatment of the cells.

Proteomic Analysis of Camptothecin-Stabilized Topoisomerase I-DNA Complexes
MALDI-TOF MS of the CptTop1cc samples identified human topo I peptides and SUMO-2/3
peptides as summarized in Figure 2. LC/MS/MS analysis of the CptTop1cc samples using
trypsin and chymotrypsin digestions identified human topo I with 76.2% sequence coverage
(Figure 3). SUMO-2 was identified with 67.7% sequence coverage, and ubiquitin was
identified with 21.1% sequence coverage. No peptides of other human topoisomerases were
detected and no SUMO-1 peptides were detected. One peptide at 894.802+ was observed and
was sequentially identified as 12TITLEVEPSDTIENVK27 from ubiquitin (mass error 0.6727
Da, MASCOT score 56). The fragment ion sequence assignments of this ubiquitin peptide are
shown in Figure 4 and Table 1S (Supporting Information). Many of the peptides of SUMO-2
are shared with SUMO-3. However, one tryptic fragment, 12TENNDHINLK21 at 599.58+2

(mass error 0.5742 Da, Mascot score 43), is unique to SUMO-2. The corresponding peptide
TENDHINLK, unique to SUMO-3, was not detected. The fragment ion sequence assignments
for 12TENNDHINLK21 and for a peptide common to SUMO-2 and SUMO-3
(54SMRQIRF60) are shown in Figure 5 and Table 2S (Supporting Information). No peptides
of proteins other than topoisomerase I, ubiquitin, and SUMO-2/3 were detected. No
phosphorylated or acetylated peptides were detected, and no peptides with masses expected
for topoisomerase I or SUMO-1, SUMO-2, or SUMO-3 with diglycine tags (indicating
ubiquitination at lysines) were detected.

Proteomic Analysis of Camptothecin-Stabilized Topoisomerase I-DNA Complexes from heat
shocked cells

Heat shock is known to prevent sumoylation of topo I in CptTop1cc (23,44) so that only a
single band is obtained upon electrophoresis, rather than the sumoylation ladder typically seen.
We have confirmed this (Fig 2S, Supporting Information), and analyzed the CptTop1cc isolated
from heat shocked cells by LC/MS/MS. Only peptides from human topo I (29.5 % sequence
coverage) were detected (Figure 2S, Supporting Information). No peptides matching ubiquitin
family proteins were detected. Although CsCl density gradient centrifugation is well
established as a way to cleanly separate cellular DNA from free proteins, this gel and LC/MS/
MS result additionally demonstrate that the ubiquitin family proteins identified in CptTop1cc
(Figure 2–Figure 5) are covalently attached to the topo I in CptTop1cc, and do not co-isolate
with cellular DNA under the denaturing conditions of the alkaline CsCl gradient.

Purified SUMO Paralogs and SUMO Spiking Experiments
The absence of SUMO-1 in purified CptTop1cc was surprising, given the literature suggesting
that these complexes are extensively modified by SUMO-1. To rule out the possibility that
SUMO-1 does not digest well under the conditions used, or that the SUMO-1 peptides are
present but not detected in the nanospray experiments, we carried out experiments with purified
recombinant SUMO paralogs and with purified CptTop1cc spiked with purified SUMO-1.
Experiments with recombinant SUMO-1 showed no problems with protease digestions,
MALDI-TOF MS, or LC/MS/MS detection of SUMO-1 peptides, with 87% overall sequence
coverage (Fig. 3S and Fig. 4S, and Table 3S, Supporting Information). Recombinant SUMO-2
gave 77% overall sequence coverage and recombinant SUMO-3 gave 52% sequence coverage
(Figure 3S, Supporting Information). These results suggest that SUMO-1 digests at least as
well as SUMO-2 and SUMO-3 under our conditions and that the resulting peptides are detected
at least as well as those of SUMO-2/3 by LC/MS/MS. To determine what molar ratio of topo
I to SUMO-1 would allow detection, we carried out spiking experiments using LC/MS/MS.
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SUMO-1 was detected in both trypsin and chymotrypsin digestions when 0.24 and 0.49 µg
(respectively) was spiked into 4µg of purified CptTop1cc. These numbers correspond to molar
ratios of 1:2 (SUMO-1:topo I) for trypsin, and 1:1 (SUMO-1:topo I) for chymotrypsin. Topo
I and SUMO-2 were detected in all the samples. This result suggests that we should be able to
detect SUMO-1 in our original experiments on purified CptTop1cc if there were as little as 0.5
SUMO-1 modification per topo I molecule (trypsin experiments) or one SUMO-1 modification
per topo I (chymotrypsin experiments). Since slightly over half of the topo I in our preparations
is sumoylated, we should detect SUMO-1 if the sumoylated fraction of CptTop1cc has as little
as one SUMO-1 residue per sumoylated topo I molecule in CptTop1cc.

Western blotting
Western blotting was carried out on purified CptTop1cc and cell lysates using antibodies to
ubiquitin, SUMO-2/3, SUMO-1 and topoisomerase I (Supporting Figure 5S). Western blotting
of a whole cell extract detected a distinct band at ~90 kDa, the position of RanGAP1, an
abundant protein known to be modified by SUMO-1. The SUMO-2/3 Western blot showed
the pattern expected if the laddering of topo I from CptTop1cc is due to SUMO-2/3
modification. SUMO-1 Western blotting of identically isolated CptTop1cc showed no bands.
Western blotting of a whole cell extract showed numerous bands of ubiquitin-positive proteins.
The ubiquitin Western blotting of the purified CptTop1cc from cells treated with CPT at 37°
C showed that the first topoisomerase I band at ~100 kDa and the topoisomerase I sumoylation
bands were ubiquitin-positive. ATP depletion was done as described by Sorensen et al. (45)
before addition of CPT and isolation of CptTop1cc. The CptTop1cc from ATP depleted cells
showed no laddering, but the main topoisomerase I band remained ubiquitin-positive.
CptTop1cc from heat shocked cells (42°C) also showed no laddering, but the main
topoisomerase I band became more ubiquitin positive. Western blotting with anti-human
topoisomerase I showed a single topoisomerase I band at ~100 kDa in whole cell extract. The
topoisomerase I Western blot of purified CptTop1cc from cells treated with CPT at 37°C
showed a complete topoisomerase I ladder. CptTop1cc from heat shocked cells and ATP
depleted cells appeared similar, with loss of laddering due to sumoylation.

DISCUSSION
Our analysis of purified, endogenous CptTop1cc formed in CPT-treated human cells gave
extensive sequence coverage for topo I and SUMO-2/3, and confirmed the presence of ubiquitin
on CptTop1cc (18). In contrast to SUMO-1, SUMO-2 and SUMO-3 contain internal
sumoylation consensus sites which allow them to form branching structures (33). Thus, a
protein target could be modified by many SUMO-2/3 residues in a chain attached to a single
sumoylation site. The only peptide unique to one of these two paralogs was the TENNDHINLK
peptide unique to SUMO-2. Interestingly, it has been suggested that SUMO-3 (Swiss-Prot
accession # P55854) forms polymeric chains more readily than SUMO-2 (Swiss-Prot accession
# P61956) (33). However, we cannot rule out the possibility that the SUMO chains on
CptTop1cc are mixed SUMO-2/3 chains. No peptides of topoisomerase II or SUMO-1 were
detected by either MALDI-TOF MS or LC/MS/MS. Gel analyses of purified CptTop1cc and
control samples from solvent treated cells show no evidence of topoisomerase II, which
together with the absence of topo II peptides indicates that topoisomerase II complexes are
below the levels detectable by gels or mass spectrometry. Heat shock prevents sumoylation of
CptTop1cc (23), and no SUMO peptides were detected from CptTop1cc in our heat shocked
samples. Proteomic studies of poly-SUMO-1 chains formed in vitro show that SUMO-1 chains
digest well with trypsin (36), so poor digestibility of such chains seems unlikely to account for
the absence of SUMO-1 peptides.
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It has been suggested that SUMO-1 may cap polymeric chains of SUMO-2/3, acting as a chain
terminator (32) and some evidence that this can occur has been obtained with an in vitro - in
vivo SUMO conjugation experiment in mammalian cells extracts (46). Our data does not rule
out such caps at levels below 0.5 SUMO-1 per topo I molecule (or 1 SUMO-1 residue per topo
I molecule in the sumoylated fraction). Also, the N-terminal threonine of the TENNDHINLK
peptide unique to SUMO-2 results from tryptic cleavage at K11, the lysine modified by
isopeptide bond formation in SUMO-2/3 chains. Since isopeptide bond formation at this lysine
would block cleavage at this site by trypsin, it seems likely that at least some SUMO-2 residues
in the topoisomerase I DNA cleavage complex are neither branched nor capped. The high levels
of SUMO chain formation on some fractions of topo I in CptTop1cc also suggest that chain
formation is not being efficiently terminated by SUMO-1 capping. This makes sense in terms
of the earlier observation that cells contain about four times more SUMO-2/3 than SUMO-1,
and that most of the SUMO-1 is conjugated to RanGap1 (Ran GTPase-activating protein 1)
in vivo (8). In in vitro experiments, it was shown that the SUMO ligase Ubc9 does not
discriminate between SUMO paralogs, and in vivo experiments with a tagged substrate having
a single sumoylation site demonstrated that SUMO-1 formed a mono-adduct, while SUMO-3
(Swiss-Prot accession # P55854) formed chains (33). It has also been suggested that SUMO-1
capping of SUMO-2/3 chains may inhibit their degradation (47).

A number of published reports have found SUMO-1 modifications of topo I. These studies
have used either immunological or proteomic detection methods, and typically involve over-
expression of proteins or expression of tagged proteins. Studies of in vivo CptTop1cc have
been done with Western blotting of whole cell extracts, or with immunoprecipitates from these
extracts. Single immunoprecipitations, even with antibodies directed against tagged protein
targets, can be heavily contaminated with spurious proteins (48), and Western blotting, even
when directed against tagged antigens, is only semi-quantitative. Since each Coomassie stained
gel band contains > 0.1 µg of protein, the CptTop1cc sumoylation ladder bands might be
positive in a SUMO-1 Western blot with SUMO-1 making up far less than 1% of the SUMO
residues. In addition, both overexpression of SUMO paralogs or expression of SUMO forms
with bulky tags can alter patterns of sumoylation (7,49,50), thus, the possible perturbation of
the systems by overexpression of tagged SUMO paralogs remains a possibility. Our Western
blots of purified CptTop1cc detected SUMO-2/3 and topoisomerase I but did not detect
SUMO-1.

Global searches for sumoylation targets have been done, often using proteomic analysis and
tagged SUMO paralogs that facilitate isolation of sumoylated proteins. To our knowledge, two
of these studies have reported topo I to be a SUMO-1 target. One study used anti-HA-beads
to isolate SUMO-conjugated proteins in cells transiently transfected with vectors expressing
HA-tagged (hemagglutinin fusion tagged) SUMO-1 (51). Since single affinity tag isolations
tend to have high levels of contaminating proteins (48), a tandem affinity purification, which
greatly reduces contaminating proteins, was used in another study which found evidence of
topo I as a target of both SUMO-1 and SUMO-3 (52). The latter study involved stressing of
the cells with heat shock and treatment with MG-132 to increase levels of proteins conjugated
to His-S-double tagged proteins expressing the SUMO-1 or SUMO-3 paralogs, and the authors
acknowledge that spurious co-purifications are still probable. Neither of these studies
employed camptothecin. In the absence of CPT, topo I from mammalian cells migrates as a
single band at a position corresponding to 100 kDa and this is also true of topo I expressed in
baculovirus or yeast (53). Heat shock blocks sumoylation of topo I in CPT treated cells,
preventing the CPT-induced high molecular weight ladder of sumoylated topo I bands, but
without affecting the density or electrophoretic migration of the 100 kDa topoisomerase I band
(23,44). Thus, topo I is not thought to be sumoylated in the absence of CPT or other topo I
poisons. Two other searches for SUMO-1 targets did not find topo I (38,54). A study of
SUMO-3 (SwissProt # P55854) target proteins did not identify topo I as a target of SUMO-3
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conjugation in the absence of CPT (55), and a SILAC (Stable Isotope Labeling with Amino
acids in Cell culture) study of SUMO-1 and SUMO-3 (SwissProt P55854) targets did not
identify topo I as a target of either (9). As with the other studies, the latter two did not employ
camptothecin, consistent with the idea that topo I is not normally sumoylated.

Our Western blotting experiments on purified CptTop1cc indicated the presence of SUMO-2/3
in the topoisomerase I sumoylation bands, but did not detect SUMO-1. Although the
ubiquitinated and sumoylated topo I released from the DNA of CPT treated cells may represent
different populations of CptTop1cc, it is also possible that both modifications are on the same
topo I molecules. SUMO-dependent ubiquitination is known to occur in some systems
(reviewed in: 56), so it is possible that sumoylation of topo I in CptTop1cc drives subsequent
ubiquitination. It is also possible that the SUMO-2/3 chains are themselves ubiquitinated
(47), or even capped by ubiquitin. Ubiquitination of all of the CptTop1cc ladder bands was
detected by Western blotting, including the most rapidly migrating band assumed not to be
sumoylated. As discussed in the introduction, there is evidence that the sumoylation of topo I
in CptTop1cc is involved in down-regulation of topo I and that this down-regulation is an
important determinant of cancer cell sensitivity to camptothecins. We speculate that our
gradient gel evidence for release of topo I proteolytic fragments from DNA of CPT treated
cells may represent down-regulation of topoisomerase I by degradation of sumoylated and
ubiquitinated CptTop1cc during CPT treatment of the cells. Heat shock and ATP depletion
resulted in CptTop1cc without sumoylation ladder bands as detected by anti-SUMO-2/3 and
anti-topoisomerase I Western blots. ATP depletion is expected to stop ATP-dependent
conjugation of ubiquitin family proteins to their substrates, but would not be expected to inhibit
ATP-independent SUMO hydrolases. Heat shock appeared to intensify ubiquitination of the
un-sumoylated CptTop1cc.

Our study is the first biochemical analysis of highly purified, endogenous CptTop1cc. The
cells used in our study were neither over-expressing SUMO paralogs, nor expressing tagged
SUMO forms, the cells were not stressed or treated with proteasome inhibitors, and the
CptTop1cc were purified away from other cellular proteins. Our evidence shows that
CptTop1cc from camptothecin treated human breast cancer cells are heavily modified by
SUMO-2 or SUMO-2/3.

If present, SUMO-1 residues must be lower than 0.5 per topo I molecule in CptTop1cc. At this
low level, SUMO-1 capping seems unlikely to be significantly restricting the growth of
branching SUMO-2/3 chains.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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MALDI-TOF MS, Matrix-assisted laser desorption/ionization time-of-flight mass
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ACTH, adrenocorticotropic hormone
Glu-Fib, [Glu1]-Fibrinopeptide B
LC, liquid chromatography
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MS/MS, tandem mass spectrometry
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FIGURE 1.
Protein crosslinked to cellular DNA by camptothecin treatment of cells. Protein covalently
bound to the DNA of CPT-treated post-confluent MCF-7 cells (4.5 × 107 cells) was isolated
as described, separated by SDS PAGE, and stained with Coomassie Brilliant Blue. Global
adjustments of brightness and contrast (Photoshop) were made for the digital image to
compensate for the flattening effects of digital photography and show bands visible to the eye.
A laser densitometric tracing (LKB UltroScan XL) of the stained gel is shown to the left of the
gel image and molecular weight markers are shown to the right. Densitometry was done directly
through the stained gel, not from the image.
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FIGURE 2.
MALDI-TOF MS analysis of camptothecin-stabilized covalent human topoisomerase I-DNA
complexes. A, MALDI-TOF mass spectrum. B, list of peptides identified. The SUMO-2
peptides identified by MALDI-TOF MS are shared with SUMO-3.
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FIGURE 3.
LC/MS/MS Sequence coverage for camptothecin-stabilized covalent human topoisomerase I-
DNA complexes. Amino acids observed in the tryptic digest, the chymotryptic digest, and both
are indicated.
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FIGURE 4.
Sequence assignments for a ubiquitin peptide observed in purified camptothecin-stabilized
topoisomerase I-DNA complexes.
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FIGURE 5.
Sequence assignments for the unique SUMO-2 peptide, TENNDHINLK and the SUMO-2/3
shared peptide SMRQIRF.
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