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Abstract Bleomycin is an anti-tumour agent that is
clinically used to treat several types of cancers. Bleomy-
cin cleaves DNA at specific DNA sequences and recent
genome-wide DNA sequencing specificity data indicated
that the sequence 5'-RTGT*AY (where T* is the site of ble-
omycin cleavage, R is G/A and Y is T/C) is preferentially
cleaved by bleomycin in human cells. Based on this DNA
sequence, we constructed a plasmid clone to explore this
bleomycin cleavage preference. By systematic variation of
single nucleotides in the 5’-RTGT*AY sequence, we were
able to investigate the effect of nucleotide changes on bleo-
mycin cleavage efficiency. We observed that the preferred
consensus DNA sequence for bleomycin cleavage in the
plasmid clone was 5'-YYGT*AW (where W is A/T). The
most highly cleaved sequence was 5-TCGT*AT and, in
fact, the seven most highly cleaved sequences conformed to
the consensus sequence 5’-YYGT*AW. A comparison with
genome-wide results was also performed and while the
core sequence was similar in both environments, the sur-
rounding nucleotides were different.
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Introduction

Bleomycin was originally isolated from Streptomyces ver-
ticillus by Umezawa et al. [1] and belongs to a group of
water-soluble glycopeptides. Bleomycin has potent tumour
destroying properties and is an important drug in cancer
chemotherapy [2, 3]. Bleomycin is isolated as a copper
complex but is administered to patients in the metal-free
form, which reduces irritation at the injection site [4-6].
The drug binds to Cu(Il) in the blood plasma and is trans-
ported into the cell. The bleomycin—Cu(Il) complex is
reduced to bleomycin—Cu(I) and is then displaced by Fe(II)
[7]. Bleomycin is used effectively in combination chemo-
therapy to treat Hodgkin’s lymphoma, squamous cell carci-
noma and testicular cancer [7-9]. Clinically, bleomycin is
90% curative for testicular cancer when used in combina-
tion with etoposide and cisplatin [7, 10].

The bleomycin molecule is made up of four domains:
a metal-binding domain, a linker region, a carbohydrate
moiety and a bithiazole tail [11-14]. The metal-binding
domain contains ligands that form complex bonds with
the transition metals. The collaborative interaction of the
pyrimidine moiety of bleomycin and the bithiazole tail
is responsible for DNA binding and sequence specific-
ity [15]. Drug-DNA binding can occur due to intercala-
tion or minor groove interaction [15, 16] although more
recent research indicates that intercalative binding is the
main form of DNA binding [11, 17]. The linker region
improves the DNA cleavage efficiency. The role of the
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carbohydrate remains unclear [11, 18]; however, there is
evidence that it is involved in tumour cell uptake [19, 20].

Studies have suggested that the cytotoxic properties
of bleomycin are due to its effect on the physical integ-
rity of the DNA by causing strand scission. The incuba-
tion of DNA with bleomycin under appropriate condi-
tions results in both single- and double-strand breaks [2,
5, 15, 21]. In vitro studies show that a single bleomycin
molecule can cause both single- and double-strand DNA
breaks [11]. The ratio of single-strand breaks to double-
strand breaks is approximately 6-10 [22-25].

The anti-tumour properties of bleomycin are the result
of the ability of the drug to cause oxidative degradation
of DNA [26]. Previous studies have established that DNA
strand scission requires oxygen, a reductant and a transi-
tion metal ion (with Fe?* as the most extensively studied
metal ion) [11, 27-30]. Bleomycin and a ferrous ion form
a coordinated complex that reduces molecular oxygen
and results in a ferric-iron-bleomycin complex (bleo-
mycin-Fe(III)-OOH) [30-32]. This complex produces a
free radical at the C-4’ deoxyribose and in the presence
of oxygen, strand breaks occur with the production of
3’-phosphoglycolate and 5’-phosphate ends at the DNA
cleavage site [11, 33]. In the absence of oxygen, a 4’-oxi-
dised abasic site is formed [34, 35].

Bleomycin preferentially cleaves DNA at pyrimidine
nucleotides. The primary targeted sites are 5-GY (5'-
GT and 5’-GC) [2, 15, 36-49]. The cellular bleomycin
DNA sequence cleavage specificity also occurs at 5'-GT
and 5’-GC dinucleotides [25, 50-56]. Using next-gener-
ation Illumina sequencing, we recently determined the
genome-wide DNA sequence specificity of bleomycin
cleavage in human cells [57-59]. Our analysis of over
200 million bleomycin double-strand break sites revealed
a longer consensus sequence than previously deter-
mined. Bleomycin preferentially cleaved at the sequence
5'-RTGT*AY (where R is G/A and Y is T/C) in human
cells [59]. In parallel, we also investigated the bleomy-
cin genome-wide DNA sequence specificity in purified
human DNA and found a slightly different sequence pref-
erence of 5-TGT*AT [59]. In both cellular and purified
human DNA, a core trinucleotide 5'-GT*A and tetranu-
cleotide 5’-TGT*A were found.

There were two main aims in this paper. First, we con-
structed a plasmid clone (Fig. 1) that contained core 5'-GT,
5’-GTA and 5'-TGTA sequences with systematic flanking
single nucleotide variations that enabled us to elucidate
the crucial sequences involved in the bleomycin sequence
cleavage recognition. Second, the plasmid clone contained
the DNA sequence, 5-RTGT*AY with nucleotide varia-
tions that enabled our genome-wide bleomycin sequence
specificity studies to be compared with the same sequences
in purified plasmid DNA.
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We utilised 5’- and 3’-end fluorescent labelling and anal-
ysis on both strands to precisely determine the bleomycin
sequence specificity in the plasmid clone. The use of capil-
lary electrophoresis with laser-induced fluorescence detec-
tion (CE-LIF) [60, 61] enabled the exact determination of
the sites of bleomycin cleavage and also permitted accurate
quantification of the cleavage intensity [62, 63]. If a labelled
DNA molecule is cleaved more than once, then only the
cleavage site closest to the labelled end is observed [56, 62,
64—67]. The use of both 5’- and 3’-end fluorescent labelling
enables the removal of this end-label bias problem [68].

Materials and methods

The bleomycin preparation, Blenoxane® (Bristol Laborato-
ries), was used in this study and is a mixture of bleomycin
A2 ~ 60%, bleomycin B2 ~ 30% and other minor compo-
nents. Blenoxane® was utilised since this bleomycin prep-
aration is used in the clinic as a cancer chemotherapeutic
agent. The RTGTAY plasmid was synthesised by GenScript
[35]. The oligonucleotides were obtained from Invitrogen
and the deoxynucleotide triphosphates (ANTPs) were from
Thermo Fischer Scientific. The Klenow fragment (DNA
polymerase I) and exonuclease I were purchased from New
England Bio-labs. Shrimp alkaline phosphatase (SAP) was
sourced from Promega. Aminoallyl-dUTP-6-FAM (FAM-
dUTP) was from Jena Bioscience (Germany). Tug DNA
polymerase was obtained from Life Technologies.

3’-End-labelling procedure

The 3’-end-labelling procedure [61, 63, 69] produces a
PCR product labelled at only one 3’-end. The primers
used for the top strand were SEQ3 (5-TGTGCTGCAA
GGCGA-3’) and REV2 (5-ATTGTGAGCGGATAAC-3');
and for the bottom strand REV3 (5-TTGTGAGCGCGGA
TAAC-3') and SEQ2 (5/-ATGTGCTGCAAGGCGA-3').
A 20-p1 reaction volume was prepared which consisted of
approximately 3 ng plasmid DNA, 10 pmol of each primer,
0.3 mM each dNTP, 16.6 mM (NH,),SO,, 67 mM Tris—
HCI, pH 8.8, 6.7 mM MgCl, and 0.1 U Taq DNA polymer-
ase. The Bio-Rad DNA Engine Dyad Peltier thermal cycler
was utilised and the thermal cycling conditions were 95 °C
for 5 min; 25 cycles of 95 °C for 45 s, 55 °C for 1 min,
72 °C for 2 min; and a single cycle of 72 °C for 10 min.
The PCR products were treated with Exo-SAP (exonu-
clease I and shrimp alkaline phosphatase) which removes
excess primers and dNTPs [61]. The reaction mixture
(12 1) which consisted of 10 pl PCR product, 0.1 pl of
20 U/l exonuclease I, 0.1 pl of 1 U/l of shrimp alka-
line phosphatase, 0.2 pl of 10x exonuclease I buffer
and 1.6 ul Milli-Q H,O was then incubated at 37 °C for
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Seq2 Primer

1 ATGTGCTGCA AGGCGATTAA GTTGGGTAAC GCCAGGGTTT TCCCAGTCAC GACGTTGTAA
TACACGACGT TCCGCTAATT CAACCCATTG CGGTCCCAAA AGGGTCAGTG CTGCAACATT
6l AACGACGGCC AGTGAATTCG GGGGGGGGGT AATTCGtttG TGTAGtttGT GTAAtttGTG
TTGCTGCCGG TCACTTAAGC CCCCCCCCCA TTAAGCaaaC ACATCaaaCA CATTaaaCAC
121 TATtttGTGT ACtttATGTA GtttATGTAA tttATGTATt ttATGTACtt tTTGTAGttt
ATAaaaCACA TGaaaTACAT CaaaTACATT aaaTACATAa aaTACATGaa aAACATCaaa
181 TTGTAAtttT TGTATtttTT GTACtttCTG TAGtttCTGT AAtttCTGTA TtttCTGTAC
AACATTaaaA ACATAaaaAA CATGaaaGAC ATCaaaGACA TTaaaGACAT AaaaGACATG
241 tttGGTAGtt tAGTAGtttT GTAGtttCGT AGtttGGTAA tttAGTAAtt tTGTAAtttC
aaaCCATCaa aTCATCaaaA CATCaaaGCA TCaaaCCATT aaaTCATTaa aACATTaaaG
301 GTAAtttGGT ACtttAGTAC tttTGTACtt tCGTACtttG GTATtttAGT ATtttTGTAT
CATTaaaCCA TGaaaTCATG aaaACATGaa aGCATGaaaC CATAaaaTCA TAaaaACATA
361 tttCGTATtt tGGGtttGGA tttGGTtttG GCtttGAGtt tGAAtttGAT tttGACtttG
aaaGCATAaa aCCCaaaCCT aaaCCAaaaC CGaaaCTCaa aCTTaaaCTA aaaCTGaaaC
421 TGtttGTAtt tGTTtttGTC tttGCGtttG CAtttGCTtt tGCCtttAGC TCGGTACCCG
ACaaaCATaa aCAAaaaCAG aaaCGCaaaC GTaaaCGAaa aCGGaaaTCG AGCCATGGGC
481 GGGATCTTAG GGTTAGGGTT AGGGTTAGGG TTAGGGTTAG GGTTAGGGAA GCTTGGCGTA
CCCTAGAATC CCAATCCCAA TCCCAATCCC AATCCCAATC CCAATCCCTT CGAACCGCAT

541 ATCATGGTCA TAGCTGTTTC CTGTGTGAAA TTGTTATCCG CTCACAAT

TAGTACCAGT ATCGACAAAG GACACACTTT AACAATAGGC GAGTGTTA

Rev Rev2 primer

Fig. 1 The sequence of the T7.RTGTAY.G10 plasmid. For the top
strand the sequence is written in a 5'-3' direction (left to right) and
for the bottom strand the sequence is written in a 3/~5’ direction (left
to right). The Seq2 and Rev2 oligonucleotides were used as PCR

30 min, followed by enzyme inactivation at 80 °C for
15 min. To the 12 ul Exo-SAP-treated sample, 13 pl of
the labelling reaction mix (2.5 pl of 10x NEB Buffer 2,
0.5 pl of 50 uM FAM-dUTP, 1 w1 of a mixture of dATP,
dGTP and dCTP at 1 mM, 0.1 pl of 5 U/l Klenow frag-
ment and 8.9 pl of Milli-Q H,O. The labelling reaction
mixture was incubated at 37 °C for 20 min and 75 °C for
20 min for heat inactivation.

5’-End-labelling procedure

The 5'-end labelling for the top strand was obtained with
a fluorescently labelled forward primer, SEQ2-FAM

primers. The insert region is indicated in bold and corresponds to bp
97-467. The plasmid also contains a run of ten guanines and seven
telomeric repeats. The sites of bleomycin cleavage have been high-
lighted on both strands

(5’-FAM-ATGTGCTGCAAGGCGA-3’) and a non-labelled
reverse primer (REV2). For the bottom strand, a fluorescently
labelled primer REV2-FAM (5'-FAM-ATTGTGAGCGGA-
TAAC-3') and SEQ2 were used. PCR was performed using
the above described protocol. Both 5'- and 3’-end labelled
DNA fragments were purified by 6% (w/v) polyacrylamide
gel electrophoresis and dissolved in 10 mM Tris—HCl, pH 8;
0.1 mM EDTA before use in the bleomycin cleavage reaction.

Bleomycin cleavage reaction

The bleomycin damage assay was performed on 3’- or
5’-end labelled PCR products. A 10-pl total reaction
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«Fig. 2 Electropherogram showing the bleomycin damage on the
3/-end labelled PCR product (top strand) derived from the RTG-
TAY plasmid. Relative fragment sizes (nucleotides) are shown on the
x-axis whereas, the relative fluorescent intensity is along the y-axis.
a A no drug control. b The 3’-end labelled PCR product treated with
0.05 mM bleomycin. ¢ The Maxam-Gilbert G+A size marker for the
3/-end labelled PCR product. The peak at the far-right end is the full-
length product at 590 bp

mixture consisted of approximately 12 ng of the end-
labelled DNA, 720 ng of purified chicken DNA as carrier
DNA [61-63, 70] and an equal concentration (0.05 mM) of
FeSO, and bleomycin. Carrier DNA was included to enable
experimental consistency, but required a higher bleomycin
concentration for effective cleavage. The reaction mixture
was incubated at 37 °C for 30 min followed by ethanol pre-
cipitation and dissolved in 10-15 pl 10 mM Tris—HCI, pH
8; 0.1 mM EDTA.

DNA sequencing reactions as molecular weight size
markers

Maxam-Gilbert G+A cleavage and dideoxy sequenc-
ing were used as size markers for 3’- and 5’-end labelling,
respectively, and were produced as previously described
[61, 63, 71, 72]. The bleomycin cleavage produces 3’-phos-
phoglycolate ends that show unusual mobility in capillary
electrophoresis [63, 71]. The 5’-end labelled samples were
treated with endonuclease IV as previously described [63]
before comparison with the dideoxy sequencing reactions.
Endonuclease IV treatment converts the 3’-phosphoglyco-
late to 3’-hydroxyl termini.

DNA cleavage analysis

The bleomycin-treated DNA samples (2 pl) were sent for
CE-LIF fragment analysis at the Ramaciotti Centre for
Genomics, University of NSW. The samples were pro-
cessed on an ABI3730 Sequencer and the data were ana-
lysed with GeneMapper software version 3.7 (Applied Bio-
systems) [60-62]. The relative fluorescence intensity for
each damaged peak was quantified using the area under the
peak using GeneMapper. The damage intensity values were
calculated after subtracting the values of background peak
area from the equivalent damaged peak area. The percent-
age damage was calculated for each damaged site and the
end-label bias was corrected using an algorithm [60-63].
The damage percentage was then calculated for each peak
by dividing it by the sum of all peaks including the full-
length peak [61]. Three independent bleomycin experi-
ments were performed for each strand and at both the 5'-
and 3’-ends.

Results
Bleomycin cleavage with end-labelled PCR products

Bleomycin cleavage was examined on both strands of the
RTGTAY plasmid insert DNA sequence (Fig. 1). Using
the RTGTAY plasmid as template, PCR products were
generated that were fluorescently labelled at either the
3’- or 5’-ends. These PCR products were gel purified and
subjected to bleomycin damage. These bleomycin-treated
samples were then analysed by capillary electrophoresis
(ABI 3730) and the cleavage sites were quantified using
Gene Mapper software. Maxam—Gilbert G+A chemical
sequencing (for 3’-end labelled fragments) and dideoxy
sequencing products (for 5’-end labelled fragments) were
used as size markers to determine the precise sites of ble-
omycin cleavage in the analysed sequence.

The experiments were performed in triplicate. Both
strands of the RTGTAY plasmid were analysed and each
strand was labelled at either the 5- or 3’-ends. Thus,
four sets of triplicate experiments were performed. After
quantification and use of an algorithm to remove end-
label bias [56, 62], the 5’- and 3’-labelled experiments for
the top strand were combined to give an accurate quan-
tified profile of the bleomycin cleavage sites on the top
strand. Similarly, the bottom strand 5’- and 3’-labelled
experiments were combined to provide the intensity of
the bleomycin cleavage sites on the bottom strand.

Quantitative analysis

The fluorescently labelled PCR products were treated
with 0.05 mM bleomycin and electrophoresed on an ABI
3730 capillary sequencer. The electropherogram in Fig. 2
shows the bleomycin cleavage profile for the top strand
of the RGTAY plasmid that was fluorescently labelled at
the 3’-end. The electropherogram shows a no drug con-
trol, a 0.05 mM bleomycin-treated sample along with a
G+A size marker. The cleavage pattern in the damaged
sample was well defined since the no drug control had a
very low background. The far-right peak at the end of no
drug control and damaged sample is the full-length PCR
product (590 bp). Higher levels of cleavage were seen
with increasing concentration of bleomycin; however, the
cleavage sites were highly biased towards the labelled
end and presented as shorter fragments.

The bleomycin cleavage sites were quantified and sites
having a damage percentage above 0.02% were used for
further analysis. The quantified damage sites are depicted
as bar charts and Fig. 3 represents the percentage cleav-
age of bleomycin for the insert sequence in the top strand
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of the RTGTAY plasmid. The quantified damage percent-
age for each cleavage site with 5’-end labelling is shown
above x-axis and the data for 3’-end labelling are shown
below x-axis. The standard error of mean is depicted as
error bars.

The bleomycin DNA damage intensities from the 5'-
and 3’-end labelling experiments were combined to give
an average intensity at each site. These combined intensi-
ties can be seen in Fig. 4 for the top strand of the RTGTAY
plasmid. Figure 4 shows the analysed sequence in the insert
region (97-467 bp) of the RTGTAY plasmid excluding the
telomeric and polyguanine repeats. The DNA damage per-
centage for the top strand varied from 0.03 to 2.70%.

The strongest cleavage sites for bleomycin were found
to be at 5-GT and 5'-GC dinucleotides. The top strand
of RTGTAY plasmid shows cleavage at all 5'-GT and all
5’-GC dinucleotides sites, but none of the 5’-GA sites were
cleaved by bleomycin. For the bottom strand, the most
intense cleavage sites were at 5'-GT and 5'-GC dinucleo-
tides and 5’-GTA trinucleotides.

The 30 most intense bleomycin cleavage sites from the
insert region of the top strand of the RTGTAY plasmid are
summarised in Table 1. The cleavage site (read 5-3') is
depicted as six nucleotides with the dinucleotide cleav-
age site represented in capital letters and the * indicating
the cleavage site. Of the 30 most intense bleomycin sites in
Table 1, 29 contain the dinucleotide 5’-GT* with one 5’-GC*

as the 27th most intense site. The top 26 most intense sites
all have 5’-GT*A at the bleomycin cleavage site.

Systematic variation of neighbouring nucleotides
around the bleomycin cleavage site

The sequence on the top strand of the RTGTAY plasmid
was specifically designed to have systematic variation
of neighbouring nucleotides around 5'-GT, 5'-GTA and
5'-TGTA sequences. This detail from the top strand was
used to determine the effect of neighbouring nucleotides
on the damage intensity. This region is shown in Fig. 4
and is the insert region from 97 to 467 bp of the top strand
of RTGTAY plasmid. Figure 4 also shows the bleomycin
cleavage intensities at the various sites.

Table 2 reveals the influence of single nucleotide varia-
tions on bleomycin cleavage intensity for bleomycin cleav-
age sites on the top strand of the RTGTAY plasmid. The
data are presented as nucleotides positioned at —3, —2, —1,
0, 1 and 2 with respect to the bleomycin cleaved nucleotide
at position 0. X is the variant nucleotide and the values for
G, A, T and C are indicated.

In Table 2a, the effect of nucleotide variation at position
—3 is shown for the sequence 5'-XTGT*A that is located
in the region 100-240 bp. The C nucleotide has the high-
est percentage damage, followed by T, A and G. Hence the
preferred nucleotide at position —3 is a pyrimidine, C or T.
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Fig. 3 The percentage bleomycin cleavage for the fop strand of the
RTGTAY plasmid. The sites are ordered in 5’3’ direction (left to
right). The percentage bleomycin cleavage is shown on the y-axis.
Each bar represents a bleomycin cleavage site. The bars (in pink)
above the x-axis represent the cleavage sites from 5’-end labelling
and the bars (in green) below the x-axis from 3’-end labelling. Each
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bar is labelled with the base number and the hexanucleotide sequence
for the cleaved site. For example, the bar labelled 58-ttGTaa indicates
that the nucleotide ‘T’, at base pair 58, is cleaved. These values are
derived from three independent experiments and the error bars repre-
sent the standard error of the mean



J Biol Inorg Chem (2017) 22:881-892 887
2.0
15
1.0 ~ B = = S
1) c - R' 2 S; — 0 © — —
58 o 23 a8 ef 2 g g =
) 1K I I ] I ] I I ﬁ I I ﬁ
. 11 [ [ [ [
tttGTGTAGtttGTGTAALttGTGTATtttGTGTACtttATGTAGLt tATGTAALttATGTATtttATGTACtttTTGTAGELETTGTAALL

2.0
15
— < 2
N
1.0 & — & N
— g oM}
X 3
05 I i

EtTTGTATLttTTGTACLtLttCTGTAGLEtEtCTGTAALttCTGTATLtEtEtCTGTACLttEGGTAGELELtAGTAGLELT

2.0
1.5
S
PN @ ©
1.0 o~ o~
™

I 310
Il 318

©
@©
~
0.5 I
0

238

. 254
. 257

. 246
249

358
365

334

. 342
I 350
Il 375

GTAAtttTGTAALttCGTAALtttGGTACLEttAGTACLELtTGTACLtEtCGTACLtELtGGTATLtLttAGTATEEEtTGTATELtEtCGTATELEGGGLELEGGA

2.0
1.5
1.0
- o
N~
0.5 © N - <
- 1
™ o
™
o " | -
tttGGTtttGGCLtttGAGLttGAALtEtGATLLtEtGACLLLEGTGLLEG

Fig. 4 Percentage bleomycin damage in the insert region of the top
strand of the RTGTAY plasmid. The insert sequence is 371 base pairs
long and corresponds to bp 97-467. The sites are ordered in 5'-3'
direction (left to right). The region has core sequences of 5'-GT,
5/-GTA** and 5’-TGTA with comprehensive variations in the neigh-
bouring nucleotide sequences. The percentage damage is shown on

For Table 2b, nucleotide variation at position —2 in the
sequence 5'-XGT*A is depicted. The order of nucleotides
with the highest percentage damage is C =T > A > G.
Thus the preferred nucleotide at position —2 is C or T.

At the —1 position, G is always present. In Table 2c, the
variation at position 0 is shown for the sequence 5’-GX*.
In Table 2c (i), the cleavage sites in the region 372-464
are presented. The T nucleotide has the highest percent-
age damage at position 0, followed by C. In Table 2c (ii), a
larger number of sites are shown covering the whole insert
region and T again had the highest percentage damage at
position 0, followed by C. For G and A, none of the sites
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the y-axis and is the average of data from 5’- and 3’-end labelling.
Each bar (in pink) above the horizontal axis represents a bleomycin
cleavage site. The cleavage sites are marked in bold and is labelled
with the corresponding base pair. The figure shows the effect of the
neighbouring nucleotide on the bleomycin cleavage intensity

had appreciable cleavage. Thus T is the preferred nucleo-
tide at position 0.

For Table 2d, nucleotide variation at position +1 is
depicted. In Table 2d (i), the cleavage sites in the region
372-464 are shown for the sequence 5-GN*X. The
5’-GT*A sequence has the highest percentage damage with
a value of 1.03% that is larger than the other values by an
appreciable margin. For 5/-GT*X, the intensity order was
A > C> G >T, while for 5-GC*X it was C > T >A > G.
Hence for the +1 position, the A nucleotide was only pre-
ferred when present as 5-GT*A and not as 5'-GC*A. The
5’-GG*X and 5’-GA*X sites had no appreciable cleavage.
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Table 1 The 30 most intense bleomycin cleavage sites in the insert
sequence of the top strand of RTGTAY plasmid

Base pair number Damage % Sequence
366 1.09 tcGT*at
427 1.03 ttGT*at
302 1.02 tcGT*aa
358 0.98 ttGT*at
229 0.90 ctGT*at
294 0.89 ttGT*aa
220 0.88 ctGT*aa
211 0.80 ctGT*ag
193 0.79 ttGT*at
326 0.79 ttGT*ac
148 0.78 atGT*aa
175 0.78 ttGT*ag
184 0.77 ttGT*aa
238 0.76 ctGT*ac
262 0.75 ttGT*ag
334 0.74 tcGT*ac
157 0.69 atGT*at
270 0.68 tcGT*ag
112 0.64 gtGT*aa
202 0.61 ttGT*ac
121 0.60 etGT*at
286 0.57 taGT*aa
130 0.56 gtGT*ac
254 0.56 taGT*ag
139 0.56 atGT*ag
350 0.55 taGT*at
463 0.54 ttGC¥*ct
110 0.53 ttGT*gt
447 0.52 gcGT*tt
439 0.52 ttGT*ct

The 30 most intense bleomycin cleavage sites from the insert region
of the top strand of the RTGTAY plasmid from 97 to 467 bp are
shown. The position of the bleomycin cleavage is shown in bp. The
sites are sorted by damage percentage in decreasing order. The cleav-
age site (read 5'-3') is depicted as six nucleotides with the dinucleo-
tide cleavage site represented in capital letters and the * indicating
the cleavage site. For example, for the sequence 5'-tcGT*at, the T*
nucleotide is destroyed during the bleomycin cleavage reaction

A larger number of sites was examined in Table 2d (ii) for
the 5’-GT*X sequence at position +1. The percentage dam-
age order was A > C > G > T. Hence at the +1 position, the
preferred nucleotide was A.

Table 2e reflects the effect of nucleotide variation at posi-
tion 4-2. In Table 2e (i), the region 100-240 bp was examined
for the sequence 5'-TGT*AX. The nucleotide preference was
A>T >G> C. In Table 2e (ii), the region 244-368 bp was
investigated for the sequence 5-GT*AX. The nucleotide
preference was T > A > G > C. In Table 2e (iii), the values
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in parts (i) and (ii) are averaged for the eight sites and the
nucleotide preference was T = A > G > C. Hence at the 42
position, the preferred nucleotide was T or A.

In summary, from the above results, we can infer the
bleomycin cleavage preferences for positions from —3 to
+2. For position —3, it was C > T > A > G; for posi-
tion —2, C = T > A > G: for position —1, G; for posi-
tion 0, T > C; for position +1, A > C > G > T; for posi-
tion +2, T = A > G > C. A briefer nucleotide preference
that only shows the most highly preferred nucleotides is
shown in Table 3. From the preferences in Table 3, a con-
sensus sequence for bleomycin cleavage can be derived
as 5-YYGT*AW (where Y = C/T and W = A/T). Also
shown in Table 3 is human genome-wide data from our
previous paper [59] that reveals a consensus sequence of
5’-WTGT*AW.

From Table 1, the most highly cleaved sequence
was 5'-TCGT*AT and the seven most highly cleaved
sequences conformed to the consensus sequence
5-YYGT*AW. Eight out of the ten most cleaved
sequences also conformed to this consensus sequence.

Discussion

In this study, the DNA sequence specificity of the can-
cer chemotherapeutic agent, bleomycin, was investigated.
In this paper, we wished to comprehensively define the
DNA sequence specificity of bleomycin cleavage. This
paper represents the first occasion that a systematically
altered DNA sequence has been employed to examine
the DNA sequence specificity of bleomycin. In previ-
ous experiments, random sequences were used that did
not include every possible DNA sequence combination.
When random DNA sequences are employed, there is the
possibility that a particular sequence is missing from the
analysed sequence. In this paper, every possible combi-
nation of DNA sequences around the bleomycin cleavage
site was examined.

Bleomycin utilises the oxidation of ferrous ions to fer-
ric ions as the driving force for the DNA damage reaction
and results in the cleavage of specific DNA sequences.
The bleomycin cleavage data from the insert region of the
RTGTAY plasmid was used to study the sequence speci-
ficity of bleomycin. This insert region contained system-
atic nucleotide variations in the flanking DNA sequences
around the bleomycin cleavage site and allowed a precise
evaluation of the crucial sequences involved in the bleo-
mycin DNA cleavage reaction. A consensus sequence
for the most cleaved bleomycin sites was found to be
5-YYGT*AW (Table 3). This plasmid DNA sequence
specificity data also permitted a comparison with recent
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Table 2 The influence of single nucleotide alterations on bleomycin
cleavage intensity

Position (bp)  Sequence X=G X=A X=T X=C
(a) Effect of nucleotide variation at position —3
100-132 XTGT*A  0.48 0.56 0.78 0.80
136-168 XTGT*A  0.64 0.78 0.77 0.88
172-204 XTGT*A  0.60 0.69 0.79 0.90
208-240 XTGT*A  0.56 0.51 0.61 0.75
Average 0.57(4) 0.634) 0.74 (4) 0.83 (4)
(b) Effect of nucleotide variation at position —2
244-272 XGT*A 0.46 0.56 0.75 0.68
276-304 XGT*A 0.41 0.57 0.88 1.02
308-336 XGT*A 0.40 0.24 0.79 0.74
340-368 XGT*A 0.46 0.55 0.98 1.09
Average 043(4) 0484 085(4) 0.88(4)
(c) (i) Effect of nucleotide variation at position O
372-392 GX* 0 0 0.46 0.22
396-416 GX* 0 0 1.02 0.46
420-440 GX* 0 0 0.32 0.48
444464 GX* 0 0 0.52 0.55
Average 04 04 0.58(4) 0.43(@4)
(c) (ii) Effect of nucleotide variation at position 0
- GX* 0(8) 04 0.58(53) 0.43(5)
(d) (i) Effect of nucleotide variation at position +1
372-392 GG*X 0(1) 0() 0(1) 0(1)
396-416 GA*X 0(1) 0(1) 0(1) 0(1)
420-440 GT*X 046 (1) 1.03(1) 032(1) 0.52(1)
444-464 GC*X 022 (1) 0.46(1) 048 (1)  0.55(1)
(d) (ii) Effect of nucleotide variation at position +1
- GT*X 046 (5) 0.69 (33) 0.22(14) 0.52(1)
(e) (i) Effect of nucleotide variation at position +2
100-132 TGT*AX 0.48 0.64 0.60 0.56
136-168 TGT*AX 0.56 0.78 0.69 0.51
172204 TGT*AX 0.78 0.77 0.79 0.61
208-240 TGT*AX 0.80 0.88 0.90 0.75
0.66 (4) 0.77 (4) 0.754) 0.61(4)
(e) (ii) Effect of nucleotide variation at position +2
244-272 GT*AX 0.46 0.41 0.46 0.40
276-304 GT*AX 0.56 0.57 0.55 0.24
308-336 GT*AX 0.75 0.88 0.98 0.79
340-368 GT*AX 0.68 1.02 1.09 0.74
0.61 (4 0.724) 0.77(4) 054 4)
(e) (iii) Effect of nucleotide variation at position +2
100-368 Average 0.63(8) 0.75(8) 0.76 (8)  0.58(8)

The influence of single nucleotide variation on the bleomycin cleav-
age intensity is shown for cleavage sites on the top strand of the RTG-
TAY plasmid from 97 to 467 bp. The data are presented as nucleo-
tides positioned at —3, —2, —1, 0, 1 and 2, respectively. The position
0 (with an *) defines the bleomycin-cleaved nucleotide and X is the
variant nucleotide. The values for the variant X nucleotides, G, A,
T** and C, are the average percentage bleomycin damage from three
independent experiments. The combined average is written at the bot-
tom of each part and the number of sites is written in brackets. Sec-
tion a shows variants at position —3; section b at position —2; section
¢ at position 0; section d at position +1; section e at position 42

genome-wide data in purified human DNA and in human
cells [59].

The effect of neighbouring nucleotides on the intensity
of bleomycin cleavage

The RTGTAY plasmid contained 5'-GT, 5'-GT*A and
5’-TGT*A as core sequences with comprehensive varia-
tions of the flanking DNA sequences. The study involved
bleomycin cleavage of both 5'- and 3’-end labelled DNA
that enabled the elimination of end-label bias [68]. The
use of fluorescently labelled DNA and detection by CE-
LIF permitted a precise and accurate quantitative deter-
mination of the bleomycin DNA sequence specificity.

The bleomycin sequence specificity was investigated
by quantifying the intensity of the cleavage sites in the
insert sequence of the top strand of RTGTAY plasmid
(Tables 1, 2, 3). The bleomycin cleavage intensity var-
ied with alteration of the surrounding nucleotides. The
top cleaved trinucleotide for bleomycin was found to be
5’-GT*A that had been previously demonstrated [61, 68,
73]. For tetranucleotides, it was 5’-YGT*A. The most
intense bleomycin DNA cleavage sites conformed to the
sequence 5’-YYGT*AW (Table 3). Eight of the ten most
cleaved sequences conformed to this consensus sequence
(Table 1).

There are previous studies that sought to determine a
larger bleomycin DNA cleavage consensus sequence than
a simple dinucleotide. Murray and Martin [39] found that
T at the —2 position produced more intense bleomycin
cleavage sites. Chen et al. [73] observed a consensus
sequence of 5-TTGT*AW that was consistent with the
consensus sequence 5'-YYGT*AW found in this paper.

Earlier studies have reported that alternating purine—
pyrimidine nucleotide sequences are strong damage sites for
bleomycin [25, 39, 40]. This was proposed to be due to a spe-
cific conformation of DNA at this alternating purine—pyrimi-
dine sequence [74]. The central part of the 5-YYGT*AW
consensus sequence, 5-YGT*A, corresponds to an alter-
nating purine-pyrimidine nucleotide sequence and could be
extended to the 42 position when T is present at the W posi-
tion. However, Y at the —3 position is not consistent with an
alternating purine-pyrimidine sequence.

One drawback with the current study was the non-ran-
dom nature of the RTGTAY plasmid. In order to have the
presence of all possible DNA sequence combinations, the
analysed sequence was necessarily non-random. Chung
and Murray [68] utilised two random sequences for the
determination of the DNA sequence specificity of bleo-
mycin and found a consensus sequence of 5'-TGT*A.
This was very similar to the consensus sequence found in
this paper but had a minor difference at the —2 position
where there was a T instead of Y (T/C).

@ Springer
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Table 3 The preferred neighbouring nucleotides at the bleomycin
cleavage site

Position RTGTAY plasmid insert Genome-wide preferred
preferred nucleotide nucleotide (50 k purified
DNA)
-3 C>T A>T
-2 C=T T
-1 G G
0 T T
+1 A A
+2 T=A T>A

The preferred nucleotides at the bleomycin cleavage site are shown
from the —3 to the 42 positions. The data for the RTGTAY plasmid
insert are from Table 2. Only the most highly preferred nucleotides
are shown. The preferred nucleotides from genome-wide data from
purified human DNA are depicted for the top 50,000 cleavage sites
(data from [59])

Comparison of bleomycin sequence specificity
in plasmid DNA with the entire human genome

The second aim of this paper was to compare the bleomy-
cin genome-wide DNA sequence specificity with the same
sequences in purified plasmid DNA. A comparison of the
bleomycin DNA sequence specificity in plasmid DNA with
the human genome-wide data is shown in Table 3. For the
most highly cleaved sequences, it can be observed that a
consensus sequence of 5-YYGT*AW can be derived from
the plasmid and 5-WTGT*AW for the human genome-
wide data [59]. The human genome-wide data in Table 3
was obtained from the 50,000 most highly cleaved sites
with purified human DNA (not cellular DNA). A com-
parison with purified human DNA, and not human cellular
DNA, was considered to be more appropriate since cellular
DNA is complexed with chromosomal proteins that could
affect the bleomycin cleavage reaction (see below).

The core 5'-GT*A sequence was the same for both envi-
ronments. The difference at position —3 was C > T for the
plasmid and A > T for the genome-wide environment. For
the genome-wide data, the —3 position was not found to
be significantly different to the surrounding sequence as
assessed by the Mahalanobis distance [59]. Hence, a com-
parison at this position is not likely to be valid.

For the —2 position, C = T was found for the plasmid
sequence and T for the genome-wide data; however, with
genome-wide a C was the lowest ranked nucleotide at the
—2 position. At the 42 position, T = A is observed for the
plasmid and T > A for the genome-wide data.

Hence, there are minor differences at the —2, +2 and
possibly the —3 positions between the two environments.
There are several possible reasons for these differences
[68]. First, the plasmid data detect single-strand breaks
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whereas the genome-wide data detect double-strand breaks.
As mentioned previously, there are thought to be 6—10 sin-
gle-strand breaks for every double-strand break [22-25]. A
double-strand break is thought to be derived from a similar
process to a single-strand break but is a more extreme event
[11,75].

Second, during the Illumina genome-wide procedure oli-
gonucleotide linkers are ligated to the double-strand breaks
before being placed on the flowcell. These processes may
not be DNA sequence independent and may introduce dif-
ferences compared with the simpler CE-LIF process for the
plasmid data.

Third, even though the plasmid has been designed to
contain all of the possible DNA sequence combinations,
there were fewer DNA sequences analysed with the plas-
mid data. In the genome-wide data, the most frequent
50,000 sites were examined; hence a greater number of
sites were investigated that leads to a higher level of confi-
dence in the genome-wide results.

Fourth, for the plasmid sequences the neighbouring
sequences to the hexanucleotide cleavage site were three
or four consecutive T nucleotides because these oligo T
sequences are never cleaved by bleomycin. In contrast for
the genome-wide data, random sequences were present
next to the bleomycin cleavage sites.

With reference to the cellular genome-wide data, the
consensus DNA sequence was 5'-RTGT*AY [59]. Again
the 5-GT*A core was the same in the two environments,
and the flanking sequences at positions —2 and +2 were
slightly different. The main difference was at the —3 posi-
tion and that position was also different for the purified
genome-wide DNA. The cellular environment is very dif-
ferent to the purified DNAs because of the presence of
chromosomal proteins, different chemical constituents,
and the dynamic nature of the DNA inside the cells with
ongoing replication and transcription processes [59]. Bleo-
mycin preferentially cleaves at the linker regions of nucle-
osomes in the cellular DNA. The DNA encased around the
nucleosome core is supercoiled and distorted which alters
the bleomycin cleavage intensity [50, 51, 57, 76, 77]. The
different cellular environment, especially proteins bound
to DNA, will affect the bleomycin cleavage reaction and
could be responsible for these differences.

In conclusion, this paper has investigated a longer con-
sensus DNA sequence for the bleomycin cleavage site.
By use of systematic alteration of flanking sequences,
the effect of neighbouring nucleotides on the intensity of
bleomycin was evaluated. We attempted in this paper to
fully document the DNA sequences that were preferen-
tially cleaved by bleomycin. Knowledge of the sequence
specificity will help us identify the crucial gene sequences
or gene features that are cleaved by bleomycin and are
important for the anti-tumour activity of bleomycin. This
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deeper understanding of the bleomycin DNA cleavage pro-
cess may enable the development of more effective cancer
chemotherapeutic agents based on bleomycin.
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