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Abstract

Topoisomerase (topo) 1l catalyzes topological changes in DNA. Although both human isozymes,
topo lla and B are phosphorylated, site-specific phosphorylation of topo 1 is poorly
characterized. Using LC-MS/MS analysis of topo 11, cleaved with trypsin, Arg C or cyanogen
bromide (CNBr) plus trypsin, we detected four +80-Da modified sites: tyr656, ser1395, thr1426
and ser1545. Phosphorylation at ser1395, thr1426 and ser1545 was established based on neutral
loss of H3PO4 (98 Da) in the CID spectra and on differences in 2-D-phosphopeptide maps

of 32P-labeled wild-type (WT) and S1395A or T1426A/S1545A mutant topo I1B. However,
phosphorylation at tyr656 could not be verified by 2-D-phosphopeptide mapping of 32P-labeled
WT and Y656F mutant protein or by Western blotting with phosphotyrosine-specific antibodies.
Since the +80-Da modification on tyr656 was observed exclusively during cleavage with CNBr
and trypsin, this modification likely represented bromination, which occurred during CNBr
cleavage. Re-evaluation of the CID spectra identified +78/+80-Da fragment ions in CID spectra of
two peptides containing tyr656 and tyr711, confirming bromination. Interestingly, mutation of
only tyr656, but not ser1395, thr1326 or ser1545, decreased topo I activity, suggesting a
functional role for tyr656. These results, while identifying an important tyrosine in topo 11,
underscore the importance of careful interpretation of modifications having the same nominal
mass.
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1 Introduction

DNA topoisomerases catalyze topological transformations of DNA and are involved in
several different DNA metabolic processes, including DNA replication, transcription,
chromosome condensation and segregation. Among the topoisomerases, the topoisomerase
Il (topo I1) enzymes, which function as dimers, create transient double-stranded breaks in
the DNA molecule and transport an intact strand of DNA through the cleaved one [1-3]. In
humans, two homologous but physiologically distinct topo Il isozymes, topo lla and topo
I1B are present [2, 4-6]. The topo lla isozyme, which is expressed in rapidly dividing cells
during the S and G,+M phases of the cell cycle, is essential for cell proliferation and is
involved in key cell cycle events such as DNA synthesis and chromosome condensation/
segregation [7-10]. In contrast, the topo 11 isozyme, which is expressed in all cells, is
primarily involved in cell differentiation and required for ligand-induced gene transcription
[10-17].

The functional differences between the structurally and enzymatically similar topo Ila and
topo 11 proteins suggest that these two isozymes are subject to distinct regulatory
mechanisms [18]. Although topo Ila and topo 1B display significant homology in the N-
terminal and central catalytic core regions, the homology in the C-terminal region, which is
dispensable for catalytic activity, is rather poor [19]. Thus, it has been proposed that the C-
terminal domain may be important for regulating the activity of the enzyme [20]. In this
regard, the C-terminal domain is subject to different post-translational modifications,
including phosphorylation, sumoylation and ubiquitination, which may play important roles
in regulating the functional activity of the enzymes [21-24]. Although site-specific
phosphorylation of topo lla has been extensively characterized and the biological function
of some of these sites determined [9, 25-30], phosphorylation of the topo 1Ip isozyme has
been minimally evaluated. Recent studies employing global phosphoproteomic mass
spectrometric analysis have reported several phosphorylation sites in the topo 11 enzyme
([31-39] and www.phosphosite.org). However, characterization of specific phosphorylation
sites in the purified enzyme has not been carried out.

Studies of protein phosphorylation, a key post-translational mechanism regulating several
cellular processes and signaling cascades, have been greatly advanced due to recent progress
in mass spectrometry. This procedure is highly sensitive and allows for high-throughput
analysis of phosphorylation sites in proteins. However, the nominal +80-Da modification
characteristic of phosphorylation on serine, threonine or tyrosine is also representative of
other modifications, viz. sulfonation and bromination. The latter two modifications can
occur physiologically or artifactually during processing of the sample [40-43]. Although
phosphorylation at serine and threonine residues is characteristically identified by neutral
loss of H3PO4 (—98-Da) during collision-induced dissociation in positive ion mode,
identification of tyrosine phosphorylation, which is usually present in low abundance, can be
challenging. Although tyrosine phosphorylated peptides can be identified by detection of the
characteristic pY immonium fragment ion at /772216, formation of this ion is dependent on
the size and sequence of the peptide and the type of mass spectrometer used in the analysis
[44, 45]. Instruments with low m/z cut-offs, like ion trap instruments, may not be capable of
detecting the phosphotyrosine-specific immonium ion. Thus, tyrosine phosphorylation is
often identified by observing nominal +80-Da shifts in fragment ions of the modified as
compared to the unmodified peptide, which is also characteristic of brominated peptides.
Therefore, unambiguous identification of tyrosine phosphorylation could be difficult with
low-resolution instruments. In this study, we demonstrate that of the four detected +80-Da
modified sites, only three were phosphorylated; the fourth modification on tyr656, initially
considered to be due to phosphorylation, was subsequently shown to be due to bromination
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(+78/+80-Da doublet), which occurred during the CNBr cleavage reaction. Another tyrosine
residue, tyr711, was also shown to be brominated (+78/+80 Da) during the CNBr cleavage
reaction. Interestingly, the reactive tyr656 residue was shown to be functionally important
for the catalytic activity of the enzyme. In contrast, the three confirmed phosphorylation
sites at ser1395, thr1426 and ser1545 minimally influenced the in vitro catalytic activity of
topo 11p.

2 Materials and methods

2.1 Reagents and cell culture

TPCK-treated trypsin was purchased from Worthington (Lakewood, NJ, USA). Trypsin
Gold (mass spectrometry grade) was obtained from Promega (Madison, WI, USA).
Endoproteinase Arg C was purchased from Roche (Indianapolis, IN, USA), and CNBr
(97%, reagent grade) was obtained from Sigma (St. Louis, MO, USA). Kinetoplast DNA
(KDNA) was obtained from Topogen (Columbus, OH, USA). The topo 11 polyclonal
antibody used in this study was raised in rabbits using a C-terminal peptide of topo 11
(amino acids 1583-1601, SDFPTEPPSLPRTGRARKE) conjugated to keyhole limpet
hemocyanin (generous gift of Dr. lan Hickson, University of Oxford, Oxford, UK) as the
immunogen. Cultures of HL-60 cells were maintained in RPMI-1640 supplemented with
10% FBS and 2 mM glutamine at 37°C in a humidified atmosphere of 5% CO, and 95% air.

2.2 Expression of wild-type (WT) or mutant human topo lIf in Saccharomyces cerevisiae

cells

The S. cerevisiae yeast strain, BJ201 (generous gift of Dr. Anni Andersen, Aarhus
University, Aarhus, Denmark) was transformed with the pHT212 plasmid containing WT
human topo 1B (generous gift of Dr. Anni Andersen, Aarhus University, Aarhus, Denmark)
or mutant (Y656F, S1395A, T1426A, S1545A or T1426A plus S1545A) topo I (topo I
sequence based on isoform 1 comprising of 1621 amino acids — NCBI accession
NP_001059) as described earlier [29]. The mutant topo 11 plasmids were obtained by site-
directed mutagenesis of WT topo IIp using the Quick-change site-directed mutagenesis kit
(Stratagene, La Jolla, CA, USA). The primers used for mutation were Y656F mutation, 5’-
CGCATCTTG TTT AGA TTT GCT GGT CCT GAA GAT GAT GC -3” and 5’-GC ATC
ATC TTC AGG ACC AGC AAA TCT AAA CAA GAT GCG -3”; S1395A mutation 5'-
GAG GAA TTG AAA GTT AAA GCA GCT CCC ATA ACA AAT GAT GGG G -3’ and
5-C CCC ATC ATT TGT TAT GGG AGC TGC TTT AACTTT CAATTC CTC-3';
T1426A mutation, 5"-CCA GGC AAA TCA AAA GCC GCT CCA GAA AAATCT TTG
C-3"and5-GCAAAGATTT TTC TGG AGC GGC TTT TGA TTT GCC TGG -3’; and
S1545A mutation, 5'-GCA AAG AAA AGG AAA GCA GCT GGC TCT GAA AAT GAA
GG -3" and5'-CC TTC ATT TTC AGA GCC AGC TGC TTTCCTTTTCTTTGC C-3’.
Site-directed mutageneis was confirmed by PCR and DNA sequence analysis.

2.3 Protein isolation

Total cell lysates of HL-60 cells were prepared in radio-immunoprecipitation assay (RIPA)
buffer as described earlier [29]. The lysates were then incubated with topo 11 antibody and
protein A-agarose (Bio-Rad, Hercules, CA, USA) at 4°C overnight. The antigen-antibody
complex was washed with RIPA buffer, dissociated in lithium dodecyl sulfate sample buffer
(Invitrogen, Carlsbad, CA, USA) and subjected to SDS-PAGE in NUPAGE® 3-8% Tris-
acetate gels (Invitrogen). The separated proteins were stained with GelCode Blue (Pierce,
Rockford, IL, USA) either in the gel for tryptic digestion or following transfer to 0.45-pm
nitrocellulose membranes (Bio-Rad) for CNBr digestion. Recombinant human topo 11
expressed in yeast cells was purified by Ni2*-nitrilotriacetic acid (Ni-NTA) agarose
chromatography essentially as described earlier [29].

Proteomics. Author manuscript; available in PMC 2013 March 26.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Grozav et al. Page 4

2.4 CNBr digestion

The stained topo I1p band was excised from the nitrocellulose membrane, feathered and
incubated with 160 mg/mL CNBr in 70% formic acid at 47°C for 90 min. The released
peptides were concentrated by evaporation in a Savant Speed-Vac, washed twice in 150 pL
of water and separated by SDS-PAGE on Tris-tricine peptide gels (Invitrogen). In vivo 32P-
labeled topo 11 was used for CNBr digestion to determine distribution of phosphorylated
peptides. For this experiment, the separated 32P-labeled peptides were transferred to PVDF
membrane and visualized with the Cyclone imager (Perkin Elmer Life Sciences). However,
when sequential digestion of topo 11p with CNBr and trypsin was employed for mass
spectrometric analysis, label free-topo 11B was used for proteolysis. In this case, the CNBr
fragments were first separated by gel-electrophoresis and visualized by staining with
GelCode Blue. Several of the stained bands were excised and used for in-gel trypsin
digestion.

2.5 Proteolytic digestion with trypsin or ArgC

Stained bands of full-length or CNBr fragments of topo |1 protein cut from the
polyacrylamide gel, were cut into smaller pieces, washed and destained in two aliquots of
50% ethanol/5% acetic acid v/v for 1 h each. Following washing in 0.1 M ammonium
bicarbonate and dehydration in ACN, topo |1 was reduced with DTT and alkylated with
iodoacetamide (30 min each). The gel pieces were dried in a Speed-Vac after dehydration in
ACN and washing in 0.1 M ammonium bicarbonate. Trypsin was driven into the gel pieces
by rehydrating with 30 L of 20 ng/pLL trypsin in 50 mM ammonium bicarbonate on ice, for
10 min. Excess trypsin solution was removed and samples were digested overnight at room
temperature in 20 pL of 50 mM ammonium bicarbonate. The peptides were extracted in two
aliquots of 30 pL 50% ACN/5% formic acid v/v and the extracts were combined,
evaporated to approximately 5 L and reconstituted to a total volume of 20 L in 1% acetic
acid for LC-MS/MS analysis. For 2-D phosphopeptide mapping (Supporting Information
Method), the stained topo I1B band was cut out from a nitrocellulose membrane, the
membrane was first blocked with 0.5% PVP in 100 mM acetic acid at 37°C for 1 h and
washed extensively with water, prior to overnight digestion with 0.1-0.5 g of trypsin in 1%
ammonium bicarbonate, pH 8.3, at 37°C. The tryptic peptides released in the supernatant
solution were transferred to another tube, pooled with ACN (20%) washes of the membrane
and evaporated in a Savant Speed-Vac. Following washing with reducing volumes of water,
the peptides were solubilized in 10-20 pL of pH 1.9 buffer (2.2% formic acid and 7.8%
acetic acid). Digestion of topo 11 bound to nitrocellulose membrane with Arg C was carried
out according to the manufacturer’s protocol following blocking of the membrane in 0.5%
PVP.

2.6 LC-MS/MS analysis and data analysis

The tryptic peptides from the in-gel digestion (2 L) were injected and separated by
reversed-phase liquid chromatography in a 10 cm x 50 um (id) Phenomenex Jupiter 10 um
C18 self-packed capillary column. Elution was achieved using a linear gradient of 2-70%
ACN containing 0.05 M acetic acid in 50 min, at a constant flow rate of 0.2 pL/min. The
effluent was analyzed using a Finnigan LCQ-Deca ion trap mass spectrometry system
equipped with a Protana microelectrospray ion source (Thermo Fisher, San Jose, CA, USA)
operated at ~3 kV. This mode of analysis produced about 2000 CID spectra, which were
collected in positive ion mode over the mass range of 300—2000 amu. Initially, the digests
were analyzed with data-dependent acquisition methods to map as many peptides
(unphosphorylated and phosphorylated) as possible from the protein. A 4-step data-
dependent acquisition cycle including a first full-scan mass spectrum for determining the
molecular masses of co-eluting peptides followed by acquisition of three CID spectra (MS/
MS) at 30% collision energy was used. This approach is routinely used in our laboratory and
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insures the sequence analysis by fragmentation of three most abundant ions collected at the
respective time point. To confirm the identified phosphorylation sites, LC-MS analyses were
carried out in multiple reaction monitoring (MRM) mode using immunoprecipitated full-
length topo Il protein purified by gel electrophoresis. MRM on the ion trap was performed
by fragmenting specific m/zratios over the entire course of the LC experiment and taking
full mass scans of the product ions. The data were interrogated by plotting chromatograms
looking for specific product ions. The chromatographic peaks were then manually
interrogated to check whether the spectra matched the peptide of interest. This type of
experiment is more sensitive and is used for qualitatively determining if specific peptides are
present and can also be used for quantitative analysis. The setup for the MRM experiment
was a 5-scan event analysis in which one scan event was a standard MS scan, and the other
four were different MRM descriptors directed to various sets of phosphopeptides. To verify
the recovery of the peptides from the digestion procedure and the mass spectrometer
response, we typically monitored a trypsin autolysis peptide, VATVSLPR at m/z 422 (+2)
and an unmodified native peptide NTVEITELPVR at m/z636 (+2) in topo 1Ip. Remaining
MRM descriptors were directed to the examined phosphopeptides.

Peak lists were extracted using Thermo Fisher Xcalibur v2.0 subroutine extract.msn.exe.
The resultant peak lists were searched with an in-house licensed Mascot search engine
version 2.0 (Matrix Sciences, London, UK) against the human reference sequence database
NCBI.nih.gov/genomes/H_sapiens/protein, August 24, 2006, 39 391 total entries. The
search parameters were as follows: species = human; enzyme = trypsin; number of missed
cleavages allowed = 2; fixed modifications = carbamidomethylated cysteine; variable
modifications = oxidized methionine, phosphorylated serine, threonine and tyrosine;
precursor ion mass tolerance of 2.0 Da; fragment mass tolerance of +1.0 Da. Individual
spectra were accepted for a Mascot score of minimum 25. Since peptide mixtures in the
samples analyzed by MS were not very complex each spectra was subjected to manual
inspection. In addition to the Mascot searches, each analysis was also searched directly
against the topo 11 sequence (NCBI accession NP_001059, isoform 1 — 1621 amino acids
or Swiss-Prot Q02880, isoform 2 — 1626 amino acids) with the program TurboSequest
(Thermo Fisher) using essentially the same search parameters and an Xcorr minimum value
of 2.0 for accepting individual spectra. Phosphopeptides were recognized by combinations
of characteristic additions of 80 Da multiples (depending on the degree of phosphorylation)
to peptide molecular weights and/or by characteristic neutral losses of 98 Da for H3PO4 for
phosphoserine and phosphothreonine in the CID spectra. Again, all matching spectra were
verified by manual inspection. All the major ions in the spectra were assigned to sequence
specific y and b ions (see Supporting Information Table 1 for all identified ions). If all of the
major ions could not be identified, we did not consider this a correct match. However, the
spectrum was still considered if some low intensity peaks could not be assigned. For
peptides of lower abundance, sequence specific peaks with abundance around 5% were also
considered.

2.7 Decatenation of kDNA by topo IIf and determination of covalent topo IIB-DNA complex

The catalytic activity of WT or mutant topo 11 was determined by measuring decatenation
of kDNA. Varying amounts of WT or mutant topo 11 protein were incubated at 37°C with
300 ng of ADNA in 20 pL of buffer containing 50 mM Tris, pH 7.9, 88 mM KCI, 10 mM
MgCl,, 0.5 mM EDTA, 10 mM ATP, 10 mM DTT and 100 pg/mL BSA. The reaction was
stopped at different times by the addition of 5 L of a stop solution containing 5% SDS,
25% Ficoll and 0.5% bromophenol blue. The decatenated and catenated DNA were
separated by agarose (1%) gel electrophoresis in Tris acetate EDTA buffer and visualized by
ethidium bromide staining. The relative decatenation activity was calculated as the percent
ratio of the intensity of decatenated to total (catenated+decatenated) DNA.
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Formation of covalent topo 11B-DNA complex was determined by precipitation of 3”-end
labeled 32P-pcDNA3 [29]. 32P-pcDNA3 (0.1 g) was incubated with 0.1-10 pmol of
purified topo 11 protein (WT or mutant) in the presence of ATP at 37°C for 30 min. The
reaction was stopped by addition of SDS and the complex precipitated with KCI. Following
two washes, the precipitate was dissolved in water at 65°C and the radioactivity present in
the precipitate was determined by liquid scintillation counting.

2.8 Homology modeling of the frame 449-1108 of human topo 1I8

3 Results

The frame 449-1108 of topo I, comprising tyrosine 656 and 711, was modeled starting
from topo Il from S. cerevisiae PDB code 314j [46]. Refined alignment and interactive
threading were performed with ClustalW [47] and SLIDE [48]. Side chain modeling in
sequence conserved regions and ab initio generation of variable loops were performed with
the Homology module of Insight Il from Accelrys. To relieve for steric conflicts, the model
was further refined by local simulated annealing in nonconserved loops followed by global
simulated annealing and repeated rounds of energy minimization with absolute positional
harmonic restraints on backbone atoms found in definite secondary structure states (H, I, E).
Model refinement was performed using the Discover module of Insightll using the cvff
force field. Finally, the model quality was evaluated with PROCHECK V.3.4.4 [48] to
verify if it met the crystallographic standards.

3.1 Detection of potential phosphorylation (+80-Da modified) sites in topo I by LC-MS/MS

Since topo 11 is a relatively large protein (M, = 183 kD) and the tryptic digest is composed
of a complex peptide mixture, initial attempts to identify phosphorylation sites by
conventional LC-MS/MS of topo 11 digested with trypsin yielded poor sequence coverage
and led to the detection of one +80-Da modified

peptide, 13K ASGSENEGDYNPGRK1%%8, 1/7597.7 (+3). Analysis of the CID tandem
mass spectra (Fig. 1) demonstrated an abundant fragment ion corresponding to a neutral loss
of H3PO4 from the precursor ion, m/z564.9 (+3) and from the b3, b7, b10, y14 (+2) and y15
(+2) fragment ions, indicating the presence of a phosphate group. The site of
phosphorylation was determined to be ser1545 based on detection of an unmodified y13
(+2) ion, m/z712.4, but modified y14 (+2), m/z795.9/y14 (+2)-H,0, m/z786.9 ions and a
modified b3-NHj3 ion, m/z350.1 (Fig. 1).

To improve sequence coverage so as to detect additional phosphorylation sites, we
employed two other proteolytic cleavage procedures. These included digestion with Arg C
and a sequential two-step proteolytic cleavage procedure, involving initial cleavage with
CNBr followed by digestion with trypsin. The latter procedure was employed since the
CNBr cleavage map of topo 1Ip (Supporting Information Fig. 1) predicts the generation of
several reasonably sized peptides, including the large C-terminal peptide (amino acids
1250-1624, M, = 41 kDa), wherein majority of the phosphorylation sites are thought to
reside. Cleavage of immunoprecipitated topo |1 with CNBr and separation of the resulting
peptides by SDS-PAGE revealed a range of peptides with varying molecular weights
(Supporting Information Fig. 2A). The two slowest migrating bands (labeled 1 and p2) that
had apparent M of 65 and 54 kDa, respectively, corresponded to the C-terminal region
(based on N-terminal sequencing and LC-MS/MS analysis of tryptic digests). These two
bands incorporated most of the radioactivity when cells were labeled with 32P-inorganic
phosphate (Supporting Information Fig. 2B).

LC-MS/MS analysis of tryptic peptides of the 1 and p2 CNBr bands revealed the presence
of two additional +80-Da modified peptides, 1392VKASPITNDGEDEFVPSDGL-
DKDEYTFSPGK1422 177/71147.4 (+3) and 1423SKATPEKSLHDKK435 77/7517.9 (+3),
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which were detected in both CNBr bands. The CID spectrum of

the 1392VK ASPITNDGEDEFVPSDGLDKDEY TFSPGK1422peptide contained several ions
undergoing neutral loss of H3POy4 [precursor ion (+3), m/z1114.7, precursor ion—-H,0 (+3),
m/z1108.4, b6 and b15] (Fig. 2A). The site of phosphorylation was determined to be
ser1395 based on the mass difference between the y27 (+2), m/z 1486.8 and y28 (+2), m/z
1570.2 ions, which corresponds to phosphorylated serine, and on the presence of a +80-Da
modified b6 ion, /m/2676.6. Absence of modified y ions, with the exception of y28 (+2),
indicated that the other four potential phosphorylation sites in this peptide were not
phosphorylated. The +80-Da modification in the 1423SKATPEKSLHDKK435 peptide was
also confirmed to be due to phosphorylation, since abundant peaks corresponding to neutral
loss of H3PO, from the precursor ion (+3) /2 484.9, precursor ion-H,0 (+3) m/z479.2,
b4, b1l (+2), y11 (+2) and y11-H,0 (+2), were observed (Fig. 2B). The site of
phosphorylation was identified to be thr1426, based on the mass difference between the b2,
m/z216.4 and b4, m/z 468.4 ions and between the y9 (+2), m/z541.9 and y11, m/z667.7
(+2) ions, which corresponds to alanine-phosphorylated threonine (Fig 2B). The presence of
an unmodified b2 ion, /m/z216.4 and modified b6 ion, /7/2694.4 also indicated that thr1426
was phosphorylated. In addition to detecting phosphorylation at ser1395 and thr1426 in the
CNBr p1 and B2 bands, phosphorylation of ser1545 was also detected in the p1, but not in
the B2, fragment. We were also able to confirm, in subsequent experiments, phosphorylation
at ser1395 and thr1426 by LC-MS/MS analyses of tryptic digests of full-length topo 11p
protein and of thr1426 and ser1545 in Arg C digests.

Phosphorylation at ser1395, thr1426 and ser1545 was confirmed by comparing 2-D-
phosphopeptide maps of in vivo 32P-labeled WT topo 1B with that of mutant topo 1IB, in
which the phosphoserine or threonine residue was mutated to alanine (Supporting
Information Fig. 3A and B). Comparison of the 2-D-phosphopeptide of 32P-labeled WT with
S1395A mutant topo 11 demonstrated the absence of a single phosphorylated peptide in the
mutant protein (Supporting Information Fig. 3A) and comparison of the 2-D-phosphopeptide
maps of WT with T1426A plus S1545A mutant topo 1 demonstrated the absence of two
phosphorylated peptides in the 2-D map of the double mutant protein (Supporting
Information Fig. 3B). The phosphorylated amino acid in the phosphopeptide that was
deficient in the 2-D phosphopeptide map of S1395A mutant topo 11 was identified to be
serine. The phosphorylated amino acids in the two peptides that were deficient in the 2-D
phosphopeptide maps of T1395A/S1545A double mutant topo 1P protein were identified to
be threonine (indicated as thr1426 in the map of the WT protein) and serine (indicated as
serl545 in the map of the WT protein).

In addition to the three serine or threonine phosphorylation sites, a fourth +80-Da modified
peptide was detected by LC-MS/MS analysis in the tryptic digest of a CNBr band migrating
at ~15 kDa (labeled B5 in Supporting Information Fig. 2A). This

peptide, 56Y AGPEDDAAITLAFSKS®71 was detected in both the unmodified 77/ 835.8
(+2) and modified m/z875.2 (+2) form (Fig. 3), with the modified form being present in low
abundance. Of the three possible sites, tyr656, thr666 and ser670, that could have a +80-Da
modification, tyr656 was identified as the modified site based on absence of neutral loss of
H3PO4 (-98), no change in the mass of y ions in the CID spectrum of the modified as
compared to the unmodified peptide ion and a shift of +80 Da for the b9 ion, m/2971.2
(present in low abundance). Unlike detection of the +80-Da modification at ser1395,
thr1426 and ser1545 in tryptic digests of either full-length topo 11 or CNBr fragments of
topolIB, we were unable to detect the +80-modification on tyr656 in MRM analysis of
tryptic digests of full-length topo 11B. Further, comparison of 2-D phosphopeptide maps

of 32P-labeled WT topo 1B with that of mutant topo 11, in which tyrosine 656 was mutated
to phenylalanine (Y656F), did not reveal any significant difference (Supporting Information
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Fig. 3C). This result suggested that the +80-Da modification on tyr656 may not have
resulted from in vivo phosphorylation of tyr656.

3.2 The +80-Da modification at tyr656 observed in LC-MS/MS is not due to in vivo
phosphorylation but due to in vitro oxidative bromination

Since the 2-D phosphopeptide maps of WT and Y656F mutant protein were similar and the
+80-Da modification on tyr656 was not observed by LC-MS/MS analysis following tryptic
digestion of the full-length protein, we performed Western blot analysis of
immunoprecipitated WT and mutant Y656F topo 11p as well as CNBr-digested topo |1 with
a phosphotyrosine-specific antibody to determine whether topo |18 was phosphorylated at
tyrosine. However, no tyrosine phosphorylation was detected in full-length or CNBr-
digested topo IIp (data not shown), further suggesting that the modification at tyr656 was
likely not due to phosphorylation. Because a nominal mass increase of 80 Da could
represent three near-isobaric modifications, viz., phosphorylation, sulfonation or
bromination, we re-examined the CID spectra to consider alternative possibilities, i.e.
sulfonation or bromination. Of these two possibilities, we first considered the latter one,
primarily because modification at tyr656 was observed only when topo |1 was cleaved with
CNBr and trypsin. In our studies, bromination would be expected to result as a side-reaction
of CNBr cleavage, rather than due to an in vivo oxidative reaction. Since elemental bromine
comprises two stable isotopes (atomic mass of 79 and 81 Da) that are present in equimolar
proportions, the CID spectrum for a brominated tyr656 peptide would comprise a doublet
corresponding to +78- and +80-Da mass shifts. Indeed, re-analysis of the fragmentation
spectra revealed the presence of +78/+80-Da doublets in the CID spectrum of two modified
peptides, 556Y AGPEDDAAITLAFSKS71 m/7875.2 (+2) (Fig. 4) and "®HLTYNDFINK'1?
m/z672.4 (+2) (Fig. 5B), respectively. These modified peptides along with the unmodified
forms, 656Y AGPEDDAAITLAFSKS71 m/7875.2 (+2) (data not shown)

and "OHLTYNDFINKY? m/7633.7 (+2), (Fig. 5A) were detected in the tryptic digest of
the CNBr band 6, located adjacent to 5 band (Supporting Information Fig. 2A) in which
the +80-Da modification on tyr656 was first identified. Although the fragmentation
spectrum of the 656Y AGPEDDAAITLAFSK®71 peptide contained only one distinct
+78/+80-Da doublet corresponding to modified b9 ions and a low intensity (<5%) doublet
corresponding to modified b11 ion (Fig. 4), several distinct +78/+80-Da modified ions (b6,
b6-H,0, b7, b7-H,0, b8, b8-H,0, y7, y8, y8—H,0 and y9) were observed in the CID
spectrum of the "HLTYNDFINK'17 peptide. The site of modification in

the 708HLTYNDFINK 'L/ peptide was determined to be tyr711 based on detection of
unmodified y6 ion, m/z750.8, but +78/+80-Da modified y7 ions, m/2991.7/993.7,
respectively. This result strongly suggested that tyr656, as well as tyr711, were brominated
during cleavage with CNBr.

3.3 Phosphorylation at ser1395, thr1426 and ser1545 does not significantly affect the
activity of topo lIf, whereas mutation of tyr656 leads to a significant decrease in the
catalytic activity of topo I

To determine whether phosphorylation at ser1395, thr1426 and ser1545 affects enzyme
activity, we compared the ability of WT topo IIp to decatenate AKDNA and to form protein—
DNA cleavable complex with that of mutant topo 11p proteins, S1395A, T1426A, S1545A
and T1426A plus S1545A. No significant difference in the decatenation activity of WT topo
I8 and mutant topo 11 proteins, S1395A, T1426A and S1545A, mutated at a single amino
acid residue, was observed (Fig. 6A, B). Similarly, no difference was observed for the
amount of topo 11 DNA cleavable complex formed by the WT, S1395A or T1426A plus
S1545A mutant topo 1B (Fig. 6D). However, mutation at both thr1426 and ser1545 led to a
modest decrease (twofold) in the decatenation activity (Fig. 6A).
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Since, detection of a +80-Da modification on tyr656 was initially interpreted by us to result
from in vivo phosphorylation at this site; we mutated this tyrosine residue to simultaneously
confirm in vivo phosphorylation and to determine whether phosphorylation, if present, was
essential for regulating enzyme activity. Although we were unable to confirm in vivo
phosphorylation at tyr656, the decatention activity of the Y656F mutant protein was
significantly less than that of WT topo |18 (Fig. 6C), indicating that this amino acid was
important for enzyme activity. The rate of decatenation, based on the initial slope of the
reaction curve, by the Y656F mutant protein was five to six-fold less as compared to the rate
of decatenation by WT topo IIp (Fig. 6C). Further, formation of the topo 11 DNA cleavable
complex was significantly less in the Y656F mutant protein as compared to WT topo 11
(Fig. 6D). Thus, detection of an artifactual modification on tyr656 led to the identification of
an amino acid residue that was important for the catalytic activity of the topo 1 enzyme.

3.4 Homology modeling of the frame 449-1108 of human topo lI comprising tyr656 and

tyr711

Since mutation of tyr656 significantly altered the catalytic activity of topo 11 and
preliminary studies of mutation of tyr711 revealed that this residue may also be important
for topo 11 function (data not shown), we modeled the region of topo I (amino acids 449-
1108) containing these two reactive residues to determine whether the structural location of
these two amino acids could potentially influence functioning of the topo 11p enzyme.
Modeling was based on the crystal structure of the S. cerevisiae topo 11 enzyme that was co-
crystallized with a 15-bp polydeoxyribonucleotide. The crystal structure was determined at
2.4 A resolution with no missing coordinates over a frame corresponding to amino acids
449-1108 of human topo 1B [45]. The level of homology (over 48% identity and 75%
similarity) between human topo IIp and the yeast homologue made comparative modeling
highly reliable, in close limit to the crystal structure resolution, especially in the sequence
conserved regions of the structure which comprise also the amino acids of interest. Based on
the derived model (Fig. 7), it can be seen that tyr656 and tyr711, which are separated in
sequence by over 50 amino acids, are in close proximity to each other (dcq-cq ~ 7.6A),
within the B domain of topo I1B. Although tyr711 is buried, tyr656 is highly exposed on the
surface of B” in a region opposite to the groove hosting the DNA. Functional and coarse
grained models of topo Il [50] indicate that this region is within or very close to the
dimerization interface, which suggests that these amino acids may be critical for topo I1
dimer formation. Thus, mutation or possible oxidation of these residues might interfere
directly or indirectly with the formation of topo 11 dimer.

4 Discussion

In this study, we identified four +80-Da modified sites, tyr656, ser1395, thr1426 and
serl545 in LC-MS/MS analysis of in vivo phosphorylation sites in the human topo 11
enzyme. Three of the +80-Da modified sites at ser1395, thr1426 and ser1545 were
confirmed to be phosphorylated in vivo. However, the modification at tyr656, which was
initially thought to be due to in vivo phosphorylation, was subsequently shown to result
from artifactual bromination that occurred during the CNBr cleavage reaction. Bromination
was also shown to occur on another tyrosine residue, tyr711. Although phosphorylation at
ser1395, thr1426 and ser1545 did not significantly influence the in vitro decatenation
activity of the enzyme, the reactive tyr656 residue was shown to be functionally involved in
topo 11 enzyme activity. These results while enhancing our knowledge of the biochemical
characteristics of the topo 11 enzyme, underscore the importance of accurately identifying
modifications of same nominal mass, especially when using low-mass accuracy instruments.

Of the three phosphorylation sites, ser1395, thr1426 and ser1545, identified in this study,
phosphorylation of ser1395 and ser1545 has been reported previously in experiments
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employing global proteomic LC-MS/MS analysis of phosphorylated peptides [[31-39] and
www.phosphosite.org]. However, this is the first report identifying phosphorylation at
thr1426. All of the identified phosphorylation sites were found to reside in the C-terminal
region of topo 1B, which is consistent with previous studies demonstrating predominant
phosphorylation of topo 1B in the C-terminal region and our observation that most of the
radioactivity is incorporated in the C-terminal CNBr peptides of in vivo 32P-labeled topo
I1B. Since most of the phosphorylation sites in the topo Ila isozyme are also located in the
C-terminal domain, phosphorylation within this region may represent an important
mechanism by which the two isozymes are regulated. Indeed, phosphorylation of some of
the sites in the C-terminal region of topo Ila has been shown to be functionally important
[9]. However, in this study, we were unable to demonstrate a significant effect of
phosphorylation at the three individual sites in the C-terminal domain on the in vitro
catalytic activity of topo I1B. Although phosphorylation at individual sites did not affect the
in vitro decatenation activity of topo 1B, phosphorylation at both thr1426 and ser1545
modestly enhanced (two-fold) the decatenation activity. Thus, it is possible that
phosphorylation at multiple sites may be important for regulating the enzymatic activity of
topo I1B. Alternatively, since topo 11 has been shown to associate with protein complexes
involved in hormone- or ligand-induced gene transcription [16, 17], phosphorylation at
different sites may regulate the ability of topo |1 to associate with different DNA binding-
protein complexes and thereby influence the physiologic activity of the enzyme.

Tandem mass spectrometry has become the method of choice for identifying in vivo
phosphorylation of proteins. Although a nominal mass increase of 80 Da is associated with
protein phosphorylation, this shift is also observed for other modifications, viz. sulfonation
and bromination. Although it is possible to distinguish phosphorylation from the other two
modifications, based on accurate mass measurements (<5ppm) with high-resolution mass
spectrometers or by distinct characteristics of the CID spectra, instrument limitations could
result in misinterpretation of the +80-Da modifications as phosphorylation, especially when
the modified peptide is present in low abundance. This problem may be particularly
important for modifications on tyrosine residues, since phosphorylated tyrosine is present in
low abundance and fragmentation in positive ion mode of phosphotyrosine containing
peptides does not lead to the characteristic neutral loss of H3PO,4 (-98 Da). Although, a
characteristic feature of the fragmentation pattern of tyrosine phosphorylated peptides is
formation of the immonium ion of pY at m/2 216, efficiency of generation of this species is
dependent on collisional offset and on the size and sequence of the peptide [44]. Further,
because of the low /2 value of this species, it may not be possible to detect it with
instruments that have low mass cut-offs, such as the ion trap instrument used in this study.
Typically, tyrosine phosphorylation is identified by detecting +80-Da shifts in fragment y or
b ions in the CID spectrum of the modified peptide as compared to that of the unmodified
ion. This pattern is distinct from that observed for tyrosine sulfonated peptides, since the
CID spectrum of sulfonated peptides do not contain +80-Da fragment y or b ions due to
rapid elimination of the labile SO3 group, which occurs prior to fragmentation of the peptide
backbone. However, the CID spectrum of brominated peptides also exhibit +80-Da mass
shifts in fragment ions and in addition displays +78-Da shifts due to the presence of two
stable isotopes of atomic mass 79 and 81 Da for elemental bromine. Nevertheless, if the
brominated sequence specific ions are present in low abundance, it may not always be
possible to detect the characteristic doublet (separated by + 2 Da) in the CID spectrum. This
could lead to misidentification of bromination for phosphorylation. This scenario was indeed
encountered by us in this study when initial data-dependent analysis followed by
TurboSequest searches for +80-Da shifts in fragment ions of tryptic peptides of CNBr-
digested topo 1P led to the detection of a fragment ion at /7/z971.2, which was assigned as
a +80-Da modified b9 ion (theoretical m/zvalue 970.3). Since low intensity signals detected
by ion trap instruments are often observed at higher /m/z values and we were not searching
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for +78-Da shifts, the low intensity fragment ion at /7/2968.1 (b9+78), which was separated
from the fragment ion at /m/z971.1 by +3 Da was not considered at that time to represent the
characteristic bromination doublet. Only upon subsequent re-analysis of the CID spectra,
which was carried out when we were unable to conclusively demonstrate phosphorylation
on tyr656 by other independent methods, were we able to detect a distinct doublet in another
CID spectrum of the tyr656 containing peptide and confer that the modification on tyrosine
was due to bromination. Interestingly, this re-analysis also led to the detection of +78/+80-
Da shifts in several fragment ions of another peptide 7%®HLTYNDFINK’17, in which tyr711
was identified as the modified residue. These spectra, which were not analyzed in our initial
data-dependent analysis, indicated that CNBr cleavage of topo I1f led to artifactual
bromination on, at least, two tyrosine residues.

The rationale for using CNBr as a proteolytic cleavage reagent in this study was to improve
sequence coverage of the large topo IIp protein for detecting phosphorylated amino acids.
However, this procedure led to the bromination of at least two tyrosine residues, tyr656 and
tyr711, which enabled us to identify functionally important residues in topo 11. Homology
modeling of the region containing these reactive tyrosine residues revealed that tyr656 and
tyr711, which are separated in sequence by over 50 amino, are located in close proximity to
each other and are within, or very close to the dimerization interface. This suggests that
these amino acids may be critical for topo 11 dimer formation.
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Figure 1.

Identification of phosphorylated ser1545 in the 143K ASGSENEGDYNPGR1558 tryptic
peptide of topo 1. CID spectrum of the triply charged peptide at /m/2597.7 (+3)
demonstrating neutral loss of H3PO, from the precursor ion, m/z564.9 (+3) and from the
b3, b7, b10, y14 (+2) and y15 (+2). The site of phosphorylation was determined based on
detection of an unmodified y13 (+2) ion, m/z712.4, but modified y14 (+2), m/z 795.5/y14
(+2)-H,0, m/z786.9 and modified b3-NH3 ion, m/z350.1. ¥ denotes loss of H,O; B

denotes loss of NH3.
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Figure2.

Identification of phosphorylated ser1395 and thr1426. (A) CID spectrum of triply charged
ion 1392VK ASPITNDGEDEFVPSDGLDKDEYTFSPGK1422 /7 1147.4 demonstrating
neutral loss of H3PO,4 from the precursor ion (+3), m/z1114.7, precursor ion-H,0 (+3), m/z
1108.4, b6 ion and b15 ion. The site of phosphorylation was determined to be ser1395 based
on the detection of an unmodified y27 (+2) and modified y28 (+2) ion and a modified b6
ion. (B) CID spectrum of the triply charged peptide 1423SKATPEKSLHDKK1435, m/2517.9
demonstrating neutral loss of H3PO, for the precursor ion (+3), m/z484.9, precursor ion—
H,0 (+3) m/z479.2, b4, b1l (+2), b12 (+2), y11 (+2) and y11-H,0 (+2). The site of
phosphorylation was identified to be thr1426, based on detection of an unmodified b2 ion
and modified b4 ion, and an unmodified y9 (+2) ion but modified y11 (+2) ion. ¥ denotes
loss of H,O; M denotes loss of NH3.
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Figure 3.

Identification of a +80-Da modification on tyr656. CID spectra of the doubly charged
peptide 56Y AGPEDDAAITLAFSK671 detected in both the unmodified /7/7835.8 (A) and
modified m/z875.2 (B) forms. Tyr656 was identified as the modified residue based on a
shift of +80 Da for the b9 ion in the spectrum of the modified peptide. ¥ denotes loss of
H,0. *corresponds to a modification.
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Figure 4.

Identification of bromination at tyr656 in the modified doubly charged
peptide, 556Y*AGPEDDAAITLAFSKS71, 77/7875.2 (+2). CID spectrum of the modified
peptide displaying two +78/+80-Da doublets corresponding to a modified b9 ion (also see
inset showing the region of the b9 ion scaled-up 4 x) and b11 ion (low intensity), which are
characteristic of bromination.* corresponds to a modification.
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Figure5.

Identification of bromination at tyr711. CID spectra of the doubly charged
peptide 798HLTYNDFINK 17 detected in both the unmodified /7/7633.7 (A) and modified
m/z672.4 (B) forms. The site of bromination was identified as tyr711 based on detection of
unmodified y4, m/z521.6 and y6 m/z750.8 ions, but +78/+80-Da modified y7 ions, m/z
991.7/993.7, respectively, in the CID spectrum of the modified peptide. ¥ denotes loss of
H,0. *corresponds to a modification.

Proteomics. Author manuscript; available in PMC 2013 March 26.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Page 20

>
vy)

120 4

e WT

~o— T14264

—a— 515454

—a— TI426A+ 515454

120
100 4 — A WT
100 —=—S1395

80 4

& S
s c
2 S A
c T
g 5
S 60 / ®
3 /] &
° 4 o
2 40 'y o
T 20 V4 °
/2////
0 — - - . ‘
0 10 20 30 40 5

Time (min) Protein (pmol)

O
O

120 1 T ——wr
= S 35000 —o—Tt426A + S1545A
€ 100- S —e—S1395A
s < 300001 o veser
B Q
g 807 T 25000
g 5
S 60 g 20000
P o
15000
S 404 —A—WT P
5 c
< —0—YB56F 3 10000
[
= © 5000
0 T T ] 04 . : : K
0 20 40 60 0 2 4 6 ;
Time (min) Protein (pmol)
Figure®6.

Comparison of the decatenation activity and DNA cleavable complex formation of WT and
mutant forms of topo 1Ip protein. Recombinant human topo If protein expressed in yeast
cells was purified by Ni2*-nitrilotriacetic acid agarose chromatography and incubated with
300 ng ADNA (A-C) at 37°C. An aliquot of the reaction mixture was electrophoresed on 1%
agarose gel to separate the decatenated DNA (mini circles) from the ADNA substrate.
Percent decatenation was calculated as the relative intensity of the decatenated DNA to that
of the substrate DNA plus decatenated DNA. (A) Time course of percent relative
decatenation/ng of WT, T1426A, S1545A or T1426A plus S1545A topo lIp. (B) Percent
relative decatenation catalyzed by varying concentrations of WT or S1395A mutant topo 11
protein in 30 min. (C) Time course of percent relative decatenation/ng of WT or tyr656F
mutant topo 1B protein. (D) Varying concentrations of purified WT, Y656F, S1395A or
T1426A plus S1550A topo 11B protein were incubated with 32P-labeled pcDNA3 as
described in Section 2. The protein-DNA complex was precipitated following addition of
KCI and the radioactivity in the precipitate determined by liquid scintillation counting.
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Y821

Figure?.
Spatial location of tyr654 and tyr711 with respect to the active site tyrosine, tyr821. The A’

domain is shown in blue, the B” domain is shown in purple while the DNA is shown in
cyan.
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