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Abstract - The structural basis of sequence-selective DNA recognition by Febleomycin 
(FeBLM) has been studied by the use of BLM congeners in which the two functional domains are 
separated by spacers of variable length. Febleomycin has also been shown to recognize and 
cleave RNA, which may constitute a new target of therapeutic importance for BLM. 

The bleomycins (BLM’s) are a group of glycopeptidederived antitumor antibiotics, some of which are 

used clinically in the treatment of neoplasms, including malignant lymphomas and squamous cell carcinomasl.2. 

The chemotherapeutic effects of BLM are currently believed to result from the degradation of cellular DNA314 in a 

sequence-selective reaction that is dependent on oxygen and which requires a metal ion, of which Fe(I1) has been 

the most commonly studied. Bleomycin has been thought to contain two major functional domains: a metal 

binding region that is also responsible for binding and activation of 025-7, and a C-terminus + bithiazole region 

that has been thought to be responsible for DNA binding (Fig. 1)8-l! The mechanism(s) employed by BLM for 

recognition of its substrate and the actual mode(s) of binding are not completely understood, although recent 

studies have provided some insights3.4.12.13. Although little definitive evidence exists concerning the orientation 

of metallobleomycins bound to the DNA helix, the fact that the chemistry of DNA degradation is initiated by 

abstraction of C-4’H of deoxyribosela-16 suggests strongly that the metal binding domain is oriented in the minor 

groove of DNA17,18. 

Bleomycin-mediated DNA cleavage is sequence-selective, exhibiting a preference for oxidative degradation 

of the pyrimidine nucleotides in a subset of all s-GT-13’ and s-GC-3’ sequences, but the structural elements within 

the BLM molecule that control sequence selectivity have not been established definitively. It has been 

suggested19 that the bithiazole region of bleomycin is responsible for the observed sequence selectivity of DNA 

interaction. Although a plausible molecular mechanism consistent with this suggestion has been provided on the 

basis of a molecular modeling study, 20 and would be a logical extension of the known role of the bithiazole 
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Fig. 1. Structures of bleomycin AZ. bleomycin demethyl A2 and four bleomycin analogs (glyx-BLM’s) 
containing variable numbers of glycines connecting the metal binding and bithiazole regions of bleomycin. 

domain in DNA bindings-11, there is presently no definitive evidence that sequence selectivity is determined by 

the bithiazole domain. In fact, the structurally related phleomycin antibiotics, which differ from the bleomycins 

only within the bithiazole domain, exhibit the same sequence selectivity of DNA cleavage nonetheless% 

Recent studies indicate that the metal binding domain of BLM plays an active role in DNA binding, and 

may participate in determining the sites of cleavage as we1112.13. For example, a series of BLM congeners 

differing within the metal binding region, but having identical C-terminus + bithiarole regions, was found to 

exhibit different sequence selectivity of DNA cleavage 22, and different strand selectivity at a high efficiency DNA 

cleavage site23. Certain bleomycins have also been shown to unwind supercoiled plasmid DNA’s effectively, but 

only if the metal binding domatn is bound to Cu(II312. 

To determine which structural domain in BLM is primarily responsible for determining the sequence 

selectivity of DNA cleavage, we designed a series of BLM analogs in which the two known functional domains 

(i.e., the metal binding and C-terminal DNA binding regions, see Figure 1) were separated by relatively rigid 

spacers of variable, but known lengths. Remarkably, for this series of analogs, the DNA degradation. studies 

indicate that the metal binding region is the primary determinant of sequence selectivity. 

Bleomycin has been shown to be capable of mediating the degradation of chromosomal DNAB.25, which 

may logically be thought to produce the observed inhibition of cell growth and cell death, as well as the anntumor 
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effects of bleomycinlf. However, definitive evidence for this is lacking and certain observations, such as the 

extraordinary concentrations of BLM required to kill cultured mammalian cells~25, suggest the involvement of 

other biochemical loci. 

RNA represents another logical cellular target for bleomycin. Although previous studies have generally 

concluded that RNA is not a substrate for BLM, virtually all of these were carried out in the presence of both 

RNA and DNA. Recently, Magliozm et al% qorted the treatment of yeast tRNAme with high concentrations of 

Fe(lI).BLM; limited amounts of degradation were observed. To explore whether the limited RNA cleavage 

observed might actually have resulted from highly efficient and selective cleavage at a small number of sites, we 

have studied several RNA’s as substrates for Fe(II).BLM. Presently, we report that treatment of a tRNA% 

precursor with bleomycin resulted in highly efficient cleavage at one major site, to the near exclusion of all other 

sites. 

RESULTS AND DISCUSSION 

Sequence selectivity of DNA cleavage. Although there is considerable evidence indicating that bleomycin binds 

to DNA within the minor groovel7JaZW7, a number of physicochemical experiments suggest that BLM may 

also be a (partial) DNA intercalating agenti93. For example, by the use of 2D agarose gel electrophoresis it has 

recently been shown that certain Cu(II)BLM’s can unwind supercoiled plasmid DNA’& The results are 

consistent with (partial) intercalation of the bithiazole moiety, but clearly also reflect a strong dependence on the 

ionic nature of the BLM congeners studied. 

Not surprisingly, the DNA substrate itself can play a large role in the sites at which BLM interacts with 

DNA. It has been shown, for example, that platination of DNA substrates can cause major alterations in the 

sequence specificity of BLM-mediated cleavage, including the generation of new sites and the suppression of 

existing ones29.30. Also, the methylation of DNA at selected cytidines and adenosines by Hhu I and Hpa II, or 

Tq I, respectively, resulted in diminished cleavage in proximity to the methylated sites27. Presumably, the 

methylation of selected cytidines and adenosines induced subtle conformational changes in the DNA substrate that 

were recognized by BLM. These results clearly indicated that site selectivity of bleomycin cleavage can be 

affected by alterations in the structure of the DNA substrate. 

In view of the accumulating evidence that both functional domains of the bleomycin molecule (Fig. 1) 

participate in DNA binding (vi& sup@, it seemed reasonable to mcdify the structure of bleomycin systematically 

in an effort to define those structural elements primarily responsible for controlling sequence-specific DNA 

cleavage. Our strategy involve the synthesis of a series of BLM analogs each containing the same metal binding 

region and C-terminus + bithiazole region, but having these regions separated spatially by increasing (and 

known) distances. If the bithiazole region proved to be the primary determinant of sequence specificity, then 

each of the synthetic analogs should bind to DNA with this region at a common site; the metal binding region 
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(which actually effects DNA cleavage3.4.7) would alter the observed site of cleavage as the distance between the 

two functional domains was varied. Alternatively. if the metal binding domain were primarily responsible for 

determining the site of DNA binding, then all of the analogs should bind and cleave DNA at the same site. 

Implementation of the aforementioned strategy was achieved by preparation of four structural analogs of 

bleomycin. As shown in Fig. 1, these analogs employed (oligo)glycine “spacers” between the two functional 

domains of BLM in lieu of the threonine moiety normally present. Replacement of the thmonine moiety seemed 

logical, due both to its position between the two domains of interest, and its apparent lack of any essential 

function. The (oligo)glycine spacer provided a structural element of the same chemical nature as the remainder 

of the peptide-derived antibiotic; because (oligo)glycines in peptides do not generally support helical structures~l, 

it was anticipated that this part of the BLM analogs would exist in extended conformations. To facilitate the 

synthetic work involved, the analogs chosen for preparation were all related structurally to deglycobleomycins32; 

although somewhat less potent than the respective bleomycins as DNA cleaving agents, the aglycones have been 

shown to degrade DNA with the same sequence selectivity as the bleomycins, and by the use of the same 

chemical transfotmations3.4.~. The syntheses of the deglycobleomycin analogs containing 0, 1,2 or 4 glycines 

in lieu of threonine were carried out in analogy with the synthesis of deglycobleomycin itselflz; the route 

employed for glyz-BLM is outlined in Scheme I. 

As shown in the Scheme, bithiazole derivative 1 (accessible in 62% yield by DCC-mediated coupling of 

rBoc-glycine and 2’-(2-aminoethyl)-2,4’-bithiazole-4-(3-thiopropyl)carboxamide)~~ was deblocked 

(CIr3COOH,(CH$2S, O’C!, 80% yield) to afford glycine-linked aminoethylbithiazole 2. A second glycine 

moiety was introduced in the same fashion (3,60% yield), and was deblocked with trifluoroacetic 

acid/dimethylsulfide in 67% yield, affording diglycylaminoethylbithiazole derivative 4 as an amorphous powder. 

Compounds 4 and 532 were then condensed @CC,HOBt, DMP, 25’C) to afford intermediate 6, which was 

isolated as a colorless glass in 25% yield. This intermediate was deblocked (CF$OOH.(CH3)#, O’C, 70% 

yield) and then coupled with pyrimidoblamic acid (8) via the agency of DCUHOBt in dimethylformamide. The 

crude product (9) was isolated in 90% yield following extractive work-up, and was then deblocked with 

CF3COOH and dimethylsulfide at O’C. The product was isolated by extractive work-up, and purified by 

chromatography on XAD-2 and then on CM-Sephadex C-25. purified glyz-BLM (10) was isolated as a 

colorless glass in 30% yield, the structure was confiied by mass spectrometry (m/z 1046 (M+H)+) and lH- 

NMR spectroscopy. 

As reported previouslyl3, the four glyx-BLM were initially assayed for their ability to nick a supercoiled 

circular DNA in the presence of equimolar concentrations of Fe(R). At 50 pM concentrations, all four of the 

analogs produced DNA nicks with glyl-BLM and glyz-BLM producing breaks to the greatest extent. 

The sequence specificity of DNA cleavage by the glyx-BLM’s was studied by using as a substrate a linear 

DNA duplex that had been S-32P end labeled on one strand. Typically, BLM cleaves DNA at many sites in any 
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Scheme I. Synthetic route used for the preparation of glypBLM. 



B. J. CARTER et al. 

given sequence. Therefore, to facilitate interpretation of the data, we intentionally chose DNA substrates having 

relatively isolated BLM cleavage sites. Two appropriate DNA fragments, 127 and 242 base pairs (bp) in length, 

respectively, were obtained by digestion of SV40 Form I DNA with restriction endonucleases Bcl I and Eco RII. 

As shown in Fig 2, treatment of the radiolabeled 127-bp duplex with Fe(lI)glyl-BLM or Fe(II).glyZ-BLM 

*284887 

Fig. 2. Polyacrylamide gel analysis of glyx-BLM analog-mediated cleavage of S-32P-end labeled SV40 DNA- 
derived 127-bp restriction fragment. Lanes l-4,50 pM Fe(R) + 100 or 200 pM glyl-BLM or glyz-BLM, 
respectively; lane 5, DNA control: lane 6,50 pM Fe(R); lane 7,10 pM Fe(II).deglyco BLM demethyl AZ. All 
reactions contained -3 pmol of the DNA substrate and 50 mM Na cacodylate buffer, pH 7.5. This 20% gel 
resolved both the nucleoside 3’-phosphoroglycolate and 3’-phosphate cleavage products, which appear as 
doublets on the gel at the prominent cleavage sites. 

afforded cleavage at precisely the same positions; the same results were also obtained using deglyco BLM 

demethyl A;! (lane 7). The 20% sequencing gel used in this experiment permitted resolution of the cleaved 

products into doublets, indicating that both nucleoside 3’-phosphoroglycolates and nucleoside 3’-phosphates 

were produced in the cleavage reactions. These are the same products that result from Fe(II)BLM AZ-mediated 

cleavage of DNA3.493, indicating that the substitution of (oligo)glycine for the threonine normally present in 

BLM did not change the chemistry that bleomycin utilizes to degrade its DNA substrates. 

In another series of experiments, samples of the 5’-32P end labeled 242-bp duplex were incubated with the 

Fe(I1) derivatives of each of the four glyx-BLM analogs, and also with Fe(II)+BLM A2 and Fe(II).BLM demethyl 

AZ. Once again, each of the Fe(II).BLM congeners effected DNA strand scission at precisely the same sitesIs. 

In the context of the strategy that led to the preparation of the glyx-BLM’s (vlde sup-a), the observation 
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that all of the aualogs cleaved DNA at me same sites is consistent with the interpretation that the metal binding 

region is dominant in determining the sequence selectivity of FeBLM. The observation also indicates that the C- 

terminus + bithiaxole region is not prkuily responsible for the sequence selectivity obtained here, although both 

domains am clearly requimd to achieve efficient degradation of the DNA duplex. The foregoing interpretation 

rests on the assumption that the (oligo)glyclne moieties in glyz-BLM and glyq-BLM were in an extended 

conformation when these BLM congeners bound to the DNA substrate. The assumption seems reasonable on the 

basis of what is known about the couformational preferences of oligoglycine peptides31; it is also likely that the 

spacers must assume fairly rigid conformations to permit the metal binding and bithiazole regions to act 

cooperatively in promoting DNA biding (see, however, mf 34), since neither domain binds strongly to DNA by 

itself7-11. 

Not excluded by the present study is the possibility that the C-terminus + bithiazole region of BLM can 

bind selectively to certain sequences in DNA, but that this selectivity is obscured by the dominant behavior of the 

metal binding region. It seems possible, for example, that a series of glyx-BLM derivatives structura.lly related 

to BLM A2 (rather thsn BLM demethyl Ai) might reflect a greater influence of binding preferences actually 

exhibited by the C-terminus + bithiaxole region of BLM. 

The finding that a single structural domain of BLM is responsible for metal binding, oxygen activation and 

sequence selectivity of DNA cleavage has important implications for the design of DNA cleaving agents with 

enhanced efficiency. To the extent that this process constitutes the basis for the antitumor activity of BLM, the 

present finding can also potentially guide the design of improved antitumor agents. 

RNA strand scission by Fe(II)BLM. While few studies have dealt specitically with RNA as a substrate for 

BLM degradation, there are several that have been carried out in the presence of both RNA and DNA. For 

example, Haidle and Bearden found that only the poly(dT) strand of a poly(rA)poly(dT) hybrid was a 

substrate for bleomycin, the same conclusion was reached recently by Krishnamoorthy et al. following a detailed 

product analysis of the degradation of poly(rA)~poly(dT) aud poly(dA)~poly(U) duplexes with Fe(Il)BLMX 

Hori37 demonstrated that E. coli transfer RNA had little effect on the BLM B2-mediated relaxation of SV40 Form 

I DNA, even when a large excess of the RNA was present. Those few studies that did use RNA as the sole 

substrate were performed in the absence of exogenous metals3g.39. 

On the basis of a recent report by Magliozxo et al.% which demonstrated limited degradation of yeast 

tRNAl’k by very high concentrations of Fe(II)BLM, we chose to study a number of RNA’s as possible 

substrates for Fe(II)BLM. Each of the RNA’s was obtained by RNA polymerase-catalyxed transcription from 

an appropriate DNA template. Interestingly, Fe(II)BLM was shown to mediate strand s&ion of RNA 

substrates in a highly selective and efficient manner, cleaving some RNA substrates at 2.5 @4 concentration, but 

not cleaving others even at 300 i.tM concentrations. One RNA that proved to be an excellent substrate for BLM 

was B. subrilis tRNAI-JIs precursor. This RNA substmte was cleaved by as little as 3 l.tM Fe(II).BLM A2 and 
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equally well by Fe(JJ).BLM B2, but not by Fe(JII)BLM A2Wl. Remarkably, cleavage occurred only at one 

major site, to the near exclusion of all others. 

The major BLM cleavage site on the tRNA& substrate was identified using RNA enzymatic 

sequencing%~1. Fig. 3 shows Fe(JI)BLM cleavage of a S-32P-end labeled tRNAJQ precursor by 300 pM 

P 
3 5 7 .87,Yi 

Fig. 3. Temperature-dependent cleavage of S-QP-end labeled B. subtilis tRNA* precursor. The reactions 
were carried out at the indicated temperatures for 1 hr in the presence of 3 mM unlabeled carrier tRNA. Lane 1, 
tRNA&s precursor alone; lane 2,300 p.M BLM, lane 3,300 PM Fe(R); lanes 4-7.300 pM Fe(JJ).BLM at 0,22, 
37 and WC!, respectively; lanes 8-13, RNA sequencing reactions. 

Fe(II)BLM at temperatures varying from 0’ to WC (lanes 4-7). The enzymatic sequencing reactions are in 

lanes 8-13. As is clear from the figure, there was no change in the position of the major cleavage site at any of 

the temperatures studied, although very little actual strand scission was observed at OX! (lane 4). 

Pigure 4 illustrates the primary sequence and a plausible secondary structure for Bacillus subtilis tRNAHn 

precursor. The major and minor sites of Fe(JJ)BLM-mediated strand scission are indicated by the arrow and 

asterisks, respectively. The major cleavage site was at uridine35, which is part of a 5’-GU-3’ sequence at the 

junction between a double- and single-stranded region of the RNA. The preference for cleavage at a s-GU-y site 
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Fig. 4. Cloverleaf representation of B. subtilis tRNAm precursor. The major site of Fe@QBLM-mediated 
cleavage is denoted by the arrow; the minor sites by asterisks. 

bears formal analogy to the preferential cleavage of DNA at y-GT-3’ and y-GC-3’ sequences, although it may be 

noted that six other y-GU-3’ sequences in the tRNA& precursor were cleaved weakly at best. More interesting 

was the fact that cleavage occurred at a nucleotide believed to be in a single-stranded region of the RNA. There is 

as yet no example of cleavage of single-stranded DNA by BLM. although it has been reported that BLM cleaved 

DNA with enhanced efficiency at sites adjacent to bulge& and in a segment of a DNA duplex in which the 

interstrand H-bonding was believed to have been distorted by platination of a proximate guanine nucleotide30. 

A number of other in vitro RNA transcripts were investigated as substrates for degradation by 

Fe(II)eBLM. Although an E. coli tRNAm precursor ostensibly related in structure to the tRNA=S precursor 

was largely refractory to FeBLM-mediated cleavage, certain other RNA’s were degraded efficiently by 

Fe(II).BLM. These included a 23 I-nucleotide (nt) RNA nanscribed from a pSP64 plasmid. FefJI)BLM readily 

cleaved this RNA substrate at three major sites. Comparison of the RNA sequencing data with a folding analysis 

of the RNA structure43 indicated that one of the cleavage sites was Q5. part of a s-GU-3’ sequence located in a 

double-strand region adjacent to a loop structure. The second site occurred at U93 which was the uridine of a s- 

GU-3’ sequence located at the start of a single-stranded region (vi& supa). The third BLM cleavage site in this 

23 1-nucleotide RNA substrate occurred at Glz. which appears to be part of a 5’-CG-3’ sequence in which the 

cytidine is in a single-stranded region and the guanosine is located at the beginning of a double-stranded region. 

It may be noted that in the case of DNA, CG sequences are not routinely observed to be good sites for BLM 

degradation% 

Also investigated was a 270-nt RNA transcript corresponding to the S-terminal portion of the messenger 

RNA encoding HIV reverse transcriptase. This RNA was cleaved at four sites by Fe@)-BLM, two of which 

were strong cleavage sites. 
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For RNA, the characterixed cleavage sites all can be represented as junctions between single- and double- 

stranded regions of the RNA. So far, the available data concerning the recognition of RNA substrates by 

FeBLM do not indicate the mcognition of any specific two-base sequence (which would parallel the recognition 

of s-GT-3’ and S-GC-T sequences in DNA), and it seems unlikely that Fe(II).BLM recognition of RNA involves 

a sequence of different length than for DNA. Considering the apparent lack of RNA sequence recognition by 

BLM, and the highly selective RNA cleavage by Fe(Il)BLM, it is logical to think that the primary determinant of 

the BLM cleavage sites in RNA substrates is RNA conformation. In fact, there have been occasional reports of 

DNA sites that undergo exceptionally efficient FeBLM cleavageW@, which could reflect local DNA 

conformations particularly susceptible to Fe(II)BLM-mediated cleavage. The identification and structural 

characterization of such sites in RNA and DNA would establish Fe(II).BLM as a very useful probe of 

polynucleotide conformation, and possible tertiary structures. 

These results challenge the assumption, which is presently generally accepted as valid, that DNA is the 

biochemical locus at which BLM mediates its therapeutic effects. RNA would seem to constitute another possible 

therapeutic target for BLM, especially when one considers the remarkable selectivity for degradation of certain 

structural elements within RNA, even in the presence of large excesses of other (nonsubstrate) RNA’s. In 

comparison with DNA as a therapeutic target for BLM, RNA has a few obvious advantages, including its greater 

accessibility (i.e., due to its localixation in the cytoplasm of nucleated cells), and the paucity of cellular 

mechanisms for repair of damaged RNA. If this thesis proves to be correct, it might extend the range of diseases 

amenable to treatment with BLM to include those that involve pathogens whose template molecules am RNA. 

EXPERIMENTAL 

Cleavage of 5’32P-end labeled DNA by Fe(iI)#y,-BLiU’s. The DNA substrate was prepared by treatment of 

SV40 Form I DNA with restriction endonucleases Bcl I and Eco RII. The 127-bp DNA duplex was isolated by 

preparative polyacrylsmlde gel electrophoresis, and then S-end labeled via the agency of polynucleotide kinase + 

[y-32PlATP.13 DNA cleavage reactions (20 @ total volume) contained 4 x 104 cpm (-3 pmol) of the 

radiolabeled DNA duplex in 50 mM Na cacodylate buffer, pH 7.5,50 pM Fe(II)(Nl&)p(SO&, and 100 or 200 

@l glyx-BLM analog as indicated. A control reaction contained 10 @I Fe(II)deglyco BLM demethyl AZ. 

Reactions were initiated by simultaneous addition of Fe(n) and BLM analog, and incubated at 25’C for 45 min 

(glyx-BLM’s) or O’C for 5 min (deglyco BLM demethyl Ai). The reactions were quenched by the addition of 5 

l.tL of 50 mM NaOAc, pH 5.5, containing 10 mM MgC12, and then precipitated by successive additions of 4 l.tg 

of calf thymus DNA, 2 ltL of 3M NaOAc, pH 5.5, and 250 p.L of cold ethanol. The precipitated DNA was 

recovered by centrifugation, redissolved in 4 l.t.L of loading buffer (80% formamide containing 50 mM Tris- 

borate, pH 8.3, 1 mM BDTA, 0.1% xylene cyan01 and 0.1% bromophenol blue) and analyzed by 

electmphoresis (2000 V, 2 hr, 50 mM Tris-borate, pH 8.3, containing 1 mM BDTA) on a 10% polyacrylamide 

gel. The gel was visualixed by autoradiography. 
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Cleavage of S’JZP end labeled tRNAxb precursor by Fe(H)-BLM. Reaction miztures (5 @ total volume) 

contained 5 mM Na&PO4, pH 7.42~104 cpm (2.5 @4 RNA nucleotide concentration) of S-32P end labeled 

tRNAJ-Jis precursor and 300 @vl Fe(Il).BLM AZ. The reactions were maintained at 0,22,37 or 55’C for 1 hr, 

and then quenched by the addition of 3 pL of loading buffer and analyzed by electrophoresis (2000 V. 2 hr) on a 

20% polyacrylamide gel. The gel was visualized by autoradiography. 
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