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Abstract

Bleomycin (BLM) is used clinically in combination with a number of other agents for the 

treatment of several types of tumours. Members of the BLM family of drugs include zorbamycin 

(ZBM), phleomycin D1, BLM A2 and BLM B2. By manipulating the BLM biosynthetic 

machinery, we have produced two new BLM analogues, BLM Z and 6′-deoxy-BLM Z, with the 

latter exhibiting significantly improved DNA cleavage activity. Here we determined the DNA 

sequence specificity of BLM Z, 6′-deoxy-BLM Z and ZBM, in comparison with BLM, with high 

precision using purified plasmid DNA and our recently developed technique. It was found that 

ZBM had a different DNA sequence specificity compared with BLM and the BLM analogues. 

While BLM and the BLM analogues showed a similar DNA sequence specificity, with TGTA 

sequences as the main site of cleavage, ZBM exhibited a distinct DNA sequence specificity, with 

both TGTA and TGTG as the predominant cleavage sites. These differences in DNA sequence 

specificity are discussed in relation to the structures of ZBM, BLM and the BLM analogues. Our 

findings support the strategy of manipulating the BLM biosynthetic machinery for the production 

of novel BLM analogues, difficult to prepare by total synthesis; some of which could have 

beneficial cancer chemotherapeutic properties.
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1. INTRODUCTION

The bleomycins (BLMs) are a family of glycopeptide antibiotics that were originally 

isolated by Umezama and colleagues from Streptomyces verticillis [1]. BLM is utilised as 

part of regimens to treat testicular, head and neck cancers, as well as Hodgkin’s lymphoma 

[2–4]. After intravenous administration of BLM in a metal-free form, Cu(II) binds to form 

BLM-Cu(II) that is transported into the cell [5, 6]. The BLM-Cu(II) is intracellularly 
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reduced to BLM-Cu(I), followed by replacement by Fe(II). In a series of reactions, this 

BLM-Fe(II) complex removes a hydrogen atom from the C4′ deoxyribose sugar to produce 

a 4′-radical intermediate which in the presence of O2 leads to the generation of a gapped 

DNA site with 5′-phosphate and 3′-phosphoglycolate ends. This gapped DNA may undergo 

further interaction with BLM to form a double-strand DNA break [7, 8]. Alternatively, 

oxidation of the 4′-radical intermediate followed by addition of H2O generates a 4′-

oxidized abasic site [9]. The cytotoxic effect of BLM is thought to arise from its ability to 

damage DNA [5].

Utilising purified plasmid DNA sequences, the primary site of BLM cleavage was 

previously found to be 5′-GT-3′ and 5′-GC-3′ sequences [10–18]. BLM cleavage of 

hairpin DNAs has been investigated and resulted in a different spectrum of BLM binding 

sites [7, 8, 19, 20]. The DNA sequence specificity of BLM has been determined in human 

cells [21–27]. Our group has elucidated the DNA sequence specificity of BLM in the entire 

human genome using next-generation sequencing; and an analysis of over 200 million 

double-strand break sites in human cells found that BLM preferentially cleaves at RTGT*AY 

where R is a purine (G or A), Y is a pyrimidine (T or C), and T* is the cleavage site [28]. 

Chromatin structure has also been shown to affect BLM cleavage since BLM preferentially 

cleaves in the linker region of the nucleosome [21, 29–32].

The DNA sequence specificity of BLM in purified DNA can be determined using 

fluorescently end-labelled DNA sequences followed by capillary electrophoresis with laser-

induced fluorescence detection (CE-LIF) [33, 34]. By use of DNA sequencing reactions, the 

DNA sequence specificity can be determined to the precise base pair [35, 36]. The CE-LIF 

procedure enables precise measurement of cleavage efficiencies at different sites on DNA 

and hence an accurate DNA sequence specificity can be obtained [35]. A double-fluorescent 

label CE-LIF technique was used in this study that has previously been shown to be the most 

accurate method available for DNA sequence specificity measurements [37].

BLM is typically produced and isolated from fermentation of S. verticillus. Although 

numerous BLM analogues have been synthesized, allowing important structure-activity 

relationship studies, total synthesis of complex natural products such as BLM is difficult. 

BLM consists of four components – the metal binding region, disaccharide, linker region, 

and a bithiazole tail (Fig. 1); and is synthesised via a large 120 kb gene cluster encoding 

non-ribosomal peptide synthetases and polyketide synthetases. Other members of the BLM 

family include phleomycin (PLM) D1, and zorbamycin (ZBM) (Fig. 1). We have recently 

cloned the gene clusters and characterized the biosynthetic machineries for BLM from S. 
verticillus [38–42] and for ZBM from Streptomyces flavoviridis [42, 43]. While 

manipulation of the BLM biosynthetic machinery in S. verticillus turned out to be extremely 

difficult, forfeiting most attempts to engineer BLM analogues in the BLM native producer S. 
verticillus [41, 42], we have circumvented the genetic recalcitrance of S. verticuillus by 

expressing the entire BLM biosynthetic gene cluster in the ZBM producer S. flavoviridis. 

We have recently demonstrated the feasibility of engineered production of novel BLM 

analogues in S. flavoviridis, which is pliable genetically, and successfully produced two 

BLM analogues, BLM Z and 6′-deoxy-BLM Z, together with ZBM [43, 44] (Fig. 1). These 

new BLM analogues, together with ZBM, featured unique structural characteristics and 
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showed varying DNA cleavage activities, thereby providing an outstanding opportunity to 

study the structure-activity relationship for the BLM family of anticancer drugs.

The bacterium S. flavoviridis naturally produces ZBM that has an alternate C-terminal tail 

compared with BLM (Fig. 1) [43]. When the BLM gene cluster is expressed in S. 
flavoviridis, the C-terminal tail is derived from the S. flavoviridis biosynthetic apparatus and 

hence the C-terminal tails in BLM Z, and 6′-deoxy-BLM Z are similar to ZBM [44]. BLM 

Z and BLM have identical chemical structures except for the C terminal tail.

In this paper we report the DNA sequence specificity of three BLM analogues, BLM Z, 6′-

deoxy-BLM Z and ZBM, that were produced in S. flavoviridis and compared their properties 

with BLM produced in S. verticillis. The RTGTAY plasmid was used as the DNA target for 

these sequence specificity studies and this plasmid was designed to contain BLM cleavage 

sites with systematic variations in the flanking DNA sequences [28]. The double-fluorescent 

label CE-LIF technique was used since it is the most accurate DNA sequence specificity 

technology available [37].

2. MATERIALS AND METHODS

BLM was obtained from Bristol Laboratories under the trade name Blenoxane and consists 

of BLM A2 (70%) and B2 (30%). The BLM analogues, 6-deoxy-BLM Z, BLM Z, and 

ZBM, were produced in the laboratory of Ben Shen [44].

The RTGTAY plasmid used in this study was derived from pUC19 and included an insert 

region that consisted of a series of TGTA-related sequences expected to be BLM cleavage 

sites (Fig. 2). It also contained a telomeric repeat region (T7), comprising of seven 

consecutive GGGTTA tandem repeats, and a ten consecutive guanine sequence (G10). The 

plasmid was produced by GenScript.

The oligonucleotides Rev2 (5′-ATTGTGAGCGGATAAC) and Seq (5′-

TCCCAGTCACGACGT) were HPLC-purified by the manufacturer (Invitrogen). The PET-

labelled version of Seq was obtained from Applied Biosystems.

The primers PET-Seq and Rev2 were used to generate the 5′-PET-end labelled PCR product. 

The PCR reaction consisted of approximately 3.5 ng of RTGTAY plasmid DNA template; 5 

pmol of each primer; 16.6 mM (NH4)2SO4; 67 mM Tris-HCl, pH 8.8; 6.7 mM MgCl2; and 1 

U of AmpliTaq DNA polymerase (Life Technologies). The reaction mixtures were subjected 

to thermal cycling at 95°C for 5 min; followed by 25 cycles of 95°C for 45 s, 55°C for 1 

min, 72°C for 2 min; and finally a single cycle of 72°C for 10 min. Thermal cycling was 

performed in a Bio-Rad DNA Engine Dyad® Peltier thermal cycler. The products were then 

purified by 5% (w/v) polyacrylamide gel electrophoresis and dissolved in 10 mM Tris-HCl, 

pH 8; 0.1 mM EDTA.

For 3′-FAM-end labelling [36, 45], a PCR was performed as above but with the primers 

Rev2 and Seq. The PCR products were treated with ExoSAP to remove unincorporated 

nucleotides and primers. To every 10 μL of PCR product, 2 μL of ExoSAP mix (67 mM 

glycine-KOH, pH 9.5; 6.7 mM MgCl2; 10 mM B-mercaptoethanol; and enzymes 2 U 
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exonuclease I and 0.1 U shrimp alkaline phosphatase) was added, the samples incubated at 

30°C for 30 min, followed by heat inactivation at 80°C for 15 min. To the ExoSAP-treated 

sample, 10 μL of the labelling reaction mix (25 mM Tris-HCl, pH 7.9; 125 mM NaCl; 25 

mM MgCl2; 2.5 mM DTT; 100 μM deoxynucleotide triphosphates-A, -G and -C; 2.5 μM 

FAM-labelled dUTP (Jena Biosciences); and 0.5 U Klenow fragment DNA polymerase) was 

added. The labelling reaction was incubated at 37°C for 20 min, followed by heat 

inactivation at 75°C for 20 min. The resulting 3′-FAM-end labelled PCR product was then 

purified by 5% (w/v) polyacrylamide gel electrophoresis and dissolved in 10 mM Tris-HCl, 

pH 8; 0.1 mM EDTA.

The cleavage assay for BLM (and analogues) was performed simultaneously on 5′-PET-end 

labelled and 3′-FAM-end labelled PCR products. In each 10 μL reaction, the cleavage assay 

contained approximately 12 ng of the 5′-PET-end labelled PCR product and 12 ng of the 3′-

FAM-end labelled PCR product with 720 ng purified chicken DNA as carrier. BLM (or 

BLM analogue) was added to the DNA to final concentrations ranging from 0.03–0.24 mM, 

supplemented with equimolar concentrations of freshly prepared FeSO4. The cleavage 

reactions were allowed to proceed at 37°C for 30 min. The treated DNA was then ethanol 

precipitated and redissolved in 5–10 μL of 10 mM Tris-HCl, pH 8; 0.1 mM EDTA.

BLM-damaged samples were further treated with endonuclease IV to replace the 3′-

phosphoglycolate ends with 3′-hydroxyl ends. This is required because of the anomalous 

migration of 3′-phosphoglycolate ends in capillary electrophoresis that interfere with the 

determination of the DNA sequence specificity [36]. Approximately 6 ng of end-labelled 

DNA that had previously been treated with BLM, was used for the endonuclease IV 

reaction. The 10 μL reaction comprised of the BLM-damaged DNA; 50 mM Tris-HCl, pH 

7.9; 100 mM NaCl; 10 mM MgCl2; 1 mM DTT; and 5 U endonuclease IV (New England 

Biolabs). The reaction was allowed to proceed at 37°C for 1 h, followed by ethanol 

precipitation and the pellet was redissolved in 5 μL 10 mM Tris-HCl, pH 8; 0.1 mM EDTA. 

As a size standard, Maxam-Gilbert G+A sequencing reactions were prepared [36, 46].

Approximately 1–2 μL was analysed by capillary electrophoresis on an ABI 3730 DNA 

Analyser (Applied Biosystems) at the Ramaciotti Centre for Gene Function Analysis 

(University of NSW). For samples that contained both the FAM and PET label, no LIZ-

labelled size standard was added to remove the possibility of bleed-over of the LIZ emission 

into the PET channel. A separate capillary electrophoresis run, containing the LIZ500 size 

standard, was made to allow for alignment with the G+A ladder for peak identification. The 

identity of the peaks from the no-LIZ500 run was then made by profile comparison with the 

LIZ500 run.

The capillary electrophoresis data were analysed in GeneMapper v3.7 (Applied Biosystem) 

as previously described [33, 35, 36]. The cleavage sites were quantified by peak area as 

determined by GeneMapper after subtraction of the no BLM blank control. The intensity of 

the cleavage sites were expressed as percentages of the sum of all the cleavage including the 

full length (intact, uncleaved PCR products) peak areas. To remove end-label bias, an 

algorithmic correction was made [34, 35, 47]. For the comparison of the cleavage profiles 

between the BLM analogues, the corrected data was then normalised. The percentage 
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cleavage of each site was determined over the sum of the corrected cleavage intensity of all 

the sites analysed in each profile.

3. RESULTS

The novel RTGTAY plasmid contained a number of DNA sequence motifs that were 

expected to be sites of BLM cleavage (Fig. 2). PCR products were generated from the 

RTGTAY plasmid and were fluorescently labelled with either PET at the 5′-end or FAM at 

the 3′-end. These PCR products were combined and treated with BLM or one of the 

analogues at concentrations that ranged from 0.08–0.24 mM. Both labelled PCR products 

were present in each assay reaction. Labelled fragments resulting from the assay were 

analysed by CE-LIF and displayed as electropherograms using GeneMapper software 

(Supplementary Figs. 1 and 2).

3.1 DNA cleavage profiles for BLM and analogues

The no BLM blank control electropherograms (Supplementary Figs. 1A and 2A) were used 

to evaluate the background noise and also the presence of any artefact peaks that might 

interfere with quantification. As expected, only the intact full-length PCR product was 

observed in the no BLM blank control and can be seen as the large peak at the right of the 

electropherogram.

The electropherograms in Supplementary Figs. 1B–E and 2B–E show the cleavage profiles 

of BLM and analogues, after treatment of the fluorescently end-labelled PCR products at 

0.20 mM. The electropherograms in Supplementary Figs. 1 and 2 were from the same set of 

samples, with the 3′-end labelled fragments shown in Supplementary Fig. 1 (blue channel, 

FAM) and the corresponding 5′-end fragments in Supplementary Fig. 2 (red channel, PET).

3.2 DNA sequence specificity analysis

As expected, BLM cleaved at sites that contained 5′-GT-3′ and 5′-GC-3′ dinucleotides 

(Fig. 2). Cleavage at 5′-GA-3′ was also observed, albeit at a very low frequency (e.g. 

position 356). In the sequence analysed, all 63 5′-GT sites (100%), 6 out of 8 GC sites 

(75%) and only 1 out of 7 GA sites (14%) were cleaved. All sites cleaved by BLM were also 

cleaved by the three analogues. Comparing the PET and FAM electropherograms in 

Supplementary Figs. 1 and 2, the cleavage profiles appeared similar for the 3′- and 5′-

labelled PCR products. A correlation coefficient was calculated for the 3′-PET and 5′-FAM 

labelled cleavage sites and the R2 values were found to range from 0.822 to 0.937 for BLM 

and the three analogues. This shows a high level of correlation as previously found for this 

double-label technique [37].

The electropherograms of the labelled PCR products treated with BLM and the analogues at 

0.20 mM were analysed and quantified. The intensity of each cleavage site in the sequence 

was measured by the area under their respective peaks. The cleavage intensity of each site 

was corrected for end-label bias [35, 36]. The experiments were performed at a sufficiently 

low concentration that the end-label bias correcting algorithm altered the percentage damage 

to a very small degree. This indicated that the experiments were performed at close to single 
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hit kinetics. The 3′-PET and 5′-FAM labelled data was amalgamated and depicted as a bar 

chart in Fig. 3.

For the DNA sequence analysed, 63 (out of 70) of the cleavage sites contained the sequence 

5′-GT-3′. The cleavage proportion of these sites ranged from 0.24–2.96%. Of these sites, 36 

contained the sequence 5′-GTA-3′; one 5′-GTC-3′; five 5′-GTG-3′; and 21 sites with 5′-

GTT-3′. Cleavage sites containing the sequence 5′-GTA-3′ appeared to be preferentially 

cleaved by BLM and the analogues since the 5′-GTA-3′ sites were cleaved at intensities in 

the upper half of the observed range. In contrast, 5′-GTT-3′ were cleaved at proportions in 

the lower half of the range. Interestingly, sites that contained the sequence 5′-GTG-3′ were 

highly cleaved by ZBM. These sites were only moderately cleaved by BLM, 6′-deoxy-BLM 

Z and BLM Z.

3.3 Zorbamycin has an altered DNA sequence specificity compared with BLM

The cleavage profiles in Fig. 3 were similar for BLM, 6-deoxy-BLM Z and BLM Z; 

however, the profile for ZBM appeared to be different to BLM and the other analogues. For 

example, the proportion of cleavage at the telomeric region (T7), at position 453–480, was 

lower for ZBM. ZBM cleaved the sites at this region at proportions that ranged from 0.77–

0.96%. In contrast, BLM cleaved the sites at this region at 1.31–1.48%; 6′-deoxy-BLM Z at 

1.39–1.59%; and BLM Z at 1.67–1.84%. In addition, ZBM exhibited a high proportion of 

cleavage at the region located at position 57–93. This region contained four pairs of 5′-

GT-3′ sites that were directly adjacent to each other (i.e. 5′-GTGT-3′). ZBM cleaved at 

these sites at proportions that ranged from 2.38–3.73%. In fact, these sites were among the 

most cleaved sites on the construct by ZBM. In contrast, BLM cleaved these sites at 1.27–

1.85%; 6′-deoxy-BLM Z at 1.17–1.57%; and BLM Z at 1.18–1.47%.

For each of the cleavage sites, the cleavage intensity for BLM and the three analogues were 

plotted (Fig. 4). A correlation coefficient between each of the profiles was then calculated to 

examine their similarity. The cleavage profiles of 6′-deoxy-BLM Z with BLM Z (R2 - 

0.9552), 6′-deoxy-BLM Z with BLM (R2 - 0.8306) and BLM Z with BLM (R2 - 0.8357) 

were similar with high R2 values. However, the cleavage profile of ZBM was very different, 

when compared to BLM (R2 - 0.2618), 6′-deoxy-BLM Z (R2 - 0.1947) and BLM Z (R2 - 

0.1443), with low R2 values.

The 20 most highly cleaved sites by BLM and the three analogues are shown in Table 1. 

Table 2 is a frequency analysis of the nucleotides surrounding the 20 most highly cleaved 

sites by BLM and the analogues. With reference to the 20 most highly cleaved sites by BLM 

and the analogues shown in Tables 1 and 2, the following observations can be made that 

illustrate that ZBM has a different sequence specificity profile compared with BLM, 6′-

deoxy-BLM Z and BLM Z. Seven of the eight most highly cleaved sites by ZBM (bp 89, 80, 

69, 78, 87, 62, 60) do not appear in the top 20 for BLM, 6′-deoxy-BLM Z or BLM Z; and 

the eighth site (bp 497) only appears once for the other compounds at the 18th position for 

BLM (Table 1). At the -3 position, ZBM had a high number of G and low C, whereas BLM, 

6′-deoxy-BLM Z and BLM Z had a low level of G and high C. For the -2 position, it was 

mainly T or C for all compounds. There was 100% G at the -1 position. At the 0 position 

that is destroyed during the cleavage reaction, there was 100% T for BLM and ZBM, and 
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almost exclusively Ts with 6′-deoxy-BLM Z and BLM Z except for one C cleavage site. For 

the +1 position, ZBM had a high level of G while the other compounds had no G. At the +2 

position, ZBM had a higher number of C compared with the other compounds that had a 

lower number of C.

A graphical representation of the nucleotide present at particular positions of the cleavage 

site are listed in decreasing order of relative intensity in Supplementary Fig. 3. This graphic 

enables a visual comparison of the important differences between the cleavage profiles of 

ZBM and BLM and the other two analogues. It confirms the differences at the −3 and +1 

positions observed in Tables 1 and 2; and it also reveals more subtle differences at positions 

−2 and +2.

It is also interesting to note that the presence of a second cleavage site in the flanking DNA 

sequences, influenced the resulting cleavage intensity of the first cleavage site. In this regard, 

the most cleaved sites by ZBM were directly flanked (3′ or 5′) by a GT or GC dinucleotide. 

In the analysed DNA sequence, there were 12 cleavage sites that contained at least another 

flanking GC or GT. Of these, 8 were found to be among the 10 most cleaved site by ZBM. 

In contrast, only one such site was found in the 20 most cleaved sequences for BLM and 

none for 6′-deoxy-BLM Z and BLM Z.

4. DISCUSSION

In this study we compared the DNA sequence specificity of three BLM analogues, BLM Z, 

6′-deoxy-BLM Z and ZBM, that were produced in S. flavoviridis, with BLM that was 

produced in S. verticillis. BLM Z and BLM have identical chemical structures except for the 

C terminal tail. A specially-designed plasmid was utilised to investigate the DNA sequence 

selectivity. This plasmid contained a number of DNA sequence motifs that were expected to 

be BLM cleavage sites with systematic variations in the flanking DNA sequences.

The DNA sequence specificity of BLM Z and 6′-deoxy-BLM Z were very similar to BLM. 

These analogues were produced by expressing the BLM gene cluster in S. flavoviridis [44]. 

The BLM gene cluster can be manipulated by recombinant DNA techniques prior to DNA 

transformation with S. flavoviridis. Because of the modular nature of the BLM gene cluster, 

modifications can lead to the production of BLM analogues with predicted structural 

changes [38–42]. This provides a procedure for manipulation of the BLM gene cluster that 

avoids the DNA transformation problems associated with S. verticillis. Hence the similar 

DNA sequence specificity results give confidence that the strategy of expressing the BLM 

gene cluster in S. flavoviridis is sound and produces BLM analogues with similar properties 

to BLM produced in S. verticillis.

4.1 Zorbamycin has an altered DNA sequence specificity compared with BLM, BLM Z and 
6′-deoxy-BLM Z

The DNA sequence specificity of ZBM was, however, different to that for BLM, BLM Z and 

6′-deoxy-BLM Z. While ZBM cleaved at the same sites as the other analogues, it produced 

a different cleavage profile. We used several methods of analysis to highlight these sequence 

specificity differences. The 20 most highly cleaved sequences (Table 1) revealed that seven 
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of the eight most highly cleaved sites for ZBM do not appear in the top 20 sites for BLM, 

6′-deoxy-BLM Z or BLM Z. BLM, BLM Z and 6′-deoxy-BLM Z preferred 5′-TGTA at the 

cleavage site, while ZBM preferred 5′-TGTG as well as 5′-TGTA. In addition ZBM had a 

higher level of G at the −3 position and a higher level of C at the +2 position compared with 

the other three compounds (Tables 1 and 2). The correlation of the cleavage site intensities 

for BLM, BLM Z and 6′-deoxy-BLM Z were high, but for ZBM the correlations were low 

when compared with the other compounds (Fig. 4). The graphical representation in 

Supplementary Fig. 3 enabled other more subtle differences in sequence specificity to be 

visualised.

The highest intensity ZBM cleavage sites conform to an alternating purine-pyrimidine 

sequence that has previously been shown to be a hotspot for BLM cleavage [15, 28]. This 

has been speculated to be due to the DNA conformation at these alternating purine-

pyrimidine sequences [28, 48]. However, other explanations e.g. cooperativity in the 

interaction or even binding as a dimer, could also be possible.

4.2 Differences in chemical structure between ZBM, BLM and analogues

There are five main differences in chemical structure between ZBM and the three other 

compounds (Fig. 1 with differences highlighted in red). Each of these five main differences 

in chemical structure will be discussed in turn to examine why ZBM has a different 

sequence specificity compared with other three compounds.

First, the C terminal tail is the same for BLM Z, 6′-deoxy-BLM Z and ZBM but is different 

for BLM. This implies that the C terminal tail is not important for the ZBM sequence 

specificity difference.

Second, ZBM and 6′-deoxy-BLM Z have a methyl group in the disaccharide region whereas 

BLM Z and BLM have a hydroxymethyl at this position and hence this implies that this 

change is also not important for the ZBM sequence specificity difference . However, this 

difference does appear to be important for DNA cleavage efficiency when comparing BLM 

Z and 6′-deoxy-BLM Z [44].

Third, ZBM has a thiazolinylthiazole tail while the other analogues have a bithiazole tail. 

This could be important for the ZBM sequence specificity difference. Phleomycin also has a 

thiazolinylthiazole tail and it has been reported that phleomycin did not appear to intercalate 

into DNA due to its thiazolinylthiazole tail but rather binds in the minor groove [49]. With 

the thiazolinylthiazole tail, the penultimate thiazolium ring is partially reduced and this leads 

to a non-planar molecule that is expected to disrupt binding by intercalation. The bithiazole 

tail of BLM, BLM Z and 6′-deoxy-BLM Z has been demonstrated to intercalate into DNA 

[50]. An alteration in ZBM that results in minor groove binding rather than intercalation, 

would be expected to give a different sequence specificity for ZBM. However, other data has 

shown that the thiazolinylthiazole tail was able to partially intercalate into DNA [51]. The 

thiazolinylthiazole tail bound more weakly to DNA than the bithiazole tail but the mode of 

binding was similar - partial intercalation. Differences in the model compounds employed 

and methods of analysis could be responsible for the alternative interpretations of DNA 

binding for thiazolinylthiazole and bithiazole tails.
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The DNA sequence specificity of phleomycin containing a thiazolinylthiazole tail, has been 

compared with BLM containing a bithiazole tail [11, 13]. Kross et al. [13] observed no 

differences in DNA sequence specificity while Takeshita et al. [11] found a small number of 

differences between phleomycin and BLM. These earlier studies used primitive DNA 

sequence specificity methodology and would not be able to determine differences in 

sequence specificity with the accuracy and sensitivity utilised in this paper.

Fourth, there is an extra methoxy group at the alanine residue in the linker region for ZBM 

that is not present for the other three compounds. This changes the BLM L-alanine residue 

into an L-homoserine in ZBM. This alteration could be important for the ZBM sequence 

specificity difference since this will alter the structure of the analogue and potentially cause 

steric hindrance on binding to DNA.

Fifth, there is an extra methyl group at the threonine residue in the linker region for ZBM 

that is not present for the other three compounds. This modifies the BLM L-threonine 

residue to an L-OH-valine. This could be important for the ZBM sequence specificity 

difference and again cause steric hindrance on binding to DNA.

Hence these latter three alterations could be crucial for the ZBM sequence specificity 

difference. The change from a bithiazole tail to a thiazolinylthiazole tail and the subsequent 

possible alteration from intercalation to minor groove binding would be the most likely 

explanation for the ZBM sequence specificity difference [19]. However, if there is no change 

from intercalation to minor groove binding for ZBM, then the modifications in the linker 

region could be responsible for the ZBM sequence specificity difference. In order to clarify 

these differences, further analogues would need to be created that only differed by a single 

structural alteration so that definitive structure-activity relationships can be determined.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CE-LIF capillary electrophoresis with laser-induced fluorescence detection

BLM bleomycin

PLM phleomycin D1

ZBM zorbamycin
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Figure 1. The structures of BLM A2, BLM B2, 6′-deoxy-BLM Z, BLM Z, ZBM and PLM
Differences in chemical structure are shown in red.
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Figure 2. The sequence of the RTGTAY construct used in this study
This DNA construct was derived from a pUC19-based plasmid. It contained seven telomeric 

sequence tandem repeats (GGGTTA) (labelled T7); and also a region of ten consecutive 

guanines (G10). The region from position 55–427 (underlined in grey) contained 5′-

TGTA-3′ BLM cleavage sites with systematic variations in the flanking nucleotides. The 

Seq and the Rev2 oligonucleotide primers are underlined in bold. The upper strand 

contained the main BLM cleavage sites and was the focus of this study. Blue arrows indicate 

the sites where BLM and the analogues were observed to cleave.
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Figure 3. The cleavage profiles of BLM and the three analogues
The cleavage profiles of BLM and the three analogues at 0.20 mM were corrected for end-

label bias and the 3′- and 5′-end labelled data was amalgamated. Each bar represents a 

cleavage site on the RTGTAY sequence. The intensity of cleavage (percentage cleavage) was 

normalised to enable profile comparison between the analogues. Error bars indicate the 

standard deviation of the mean.
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Figure 4. Comparison of the cleavage profile between BLM and the three analogues
The cleavage site intensity data for BLM and each analogue were plotted against each other. 

At each cleavage site, the intensity was plotted for each of the compounds being compared 

as × and y values. A correlation coefficient between each of the profiles was then calculated 

to examine their similarity.
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