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ABSTRACT. Although the binding of various forms of bleomycin to DNA has been studied extensively,

the transient nature of the activated bleomycin species which ultimately attacks DNA has largely precluded
direct examination of its physical interactions with DNA. In an attempt to map the minimum binding
site required for this species to effect DNA cleavage, several oligonucleotide duplexes were synthesized,
each of which contained a singh?-isobutyrylguanine moiety at a specific position in the sequence.
These duplexes were end-labeled, and sequence-specific bleomycin-induced cleavage was assessed in
each strand of each duplex. Isobutyrylguanine substitution immedidteyaSprimary bleomycin target

site suppressed bleomycin-induced cleavage by more than 10-fold. Substitution two 'tase$asget

site suppressed cleavage by about 4-fold, and substitution directly opposite the target site suppressed
cleavage by 7-fold. Substitution immediatelyt8 the target site, or at other more distant positiohgr3

5, had little or no effect. In cases where cleavage at a primary site was strongly suppressed, cleavage at
the corresponding secondary site (the putative site of the second break in a bleomycin-induced double-
strand break) was also inhibited, even when the secondary site was several bases away from the
isobutyrylguanine substitution. The results suggest that the binding site required for bleomycin-induced
DNA cleavage spans a region of approximately 2 or 3 bp in the minor groove, including the base associated
with the sugar attacked and one or two bases td iséde. Computer-based molecular modeling indicated

that these results are consistent with the predictions of recently proposed models in which the bithiazole
is intercalated immediately & the cleavage site, and the iron coordination site binds in the minor groove
immediately 5to the cleavage site. Both the empirical data and the modeling studies suggestthat
isobutyrylguanine substitution effectively blocks the minor groove, but without significantly disturbing
DNA secondary structure. Thus, it is proposed that site-specific incorporatibB-isbbutyrylguanine

may provide a general method for mapping binding sites of minor groove-binding ligands on DNA.

The activation of bleomycin proceeds by a multistep impossible to predict whether specific features of DNA
process in which the last detectable species formed prior tobinding by any of these analogues will also apply to the
DNA damage is an Fe(lll) complex, believed to have the transient species that actually attacks DNA. The extent of
structure bleomycitie(lll)-OOH", or bleomycin ferric  thjs limitation is demonstrated by the two very different
peroxide (Burger et al., 1981; Kuramochi et al., 1981). models of bleomycinDNA binding derived from NMR
Though this species has been termed “activated bleomycin”, ¢4 ,dies of Zn(Ihbleomycin (Manderville et al., 1994) and
it is probably only a precursor to yet another species, perhapsof Co(Ill)-bleomycin (Wu et al., 1994) bound to oligonucle-
a high-valence Fe(IV) or Fe(V) complex, which ultimately otide duplexes. Even differen,t forms of Co(th)eomycin

abstracts hydrogen from the Cgbsition of deoxyribose in . - .
DNA (Stubge & gKozarich 1987'¢:echt 1986) 1Yhe transient 2PPear to have markedly different binding geometries (Mao
' ' ’ : et al., 1996).

nature of both activated bleomycin and its presumed high-
valence product largely precludes most types of direct One fundamental question that remains unresolved is the
physicat-chemical studies of their interactions with DNA.  extent of the bleomycin binding site on double-stranded
Therefore, studies of bleomycin binding to DNA have DNA. Studies of hydroxyl radical protection and photoac-
commonly been performed with various more stable ana- tiyated DNA cleavage by Co(llipleomycin have led to
logues, such as metal-free bleomycin or its chelate complexesssiimates of between two and four bp (Nightingale & Fox,
with Cu(ll), Zn(1l), Co(lll), and Fe(lll) (Nightingale & FOX,  1994. Kuwahara & Sugiura, 1988); however, in addition to
1994; Povirk et al., 1981; I\_/Iandervnl(_a etal, 1994; Wu el the uncertainty in size, the position of the binding site with
al., 1994). While these studies have given useful information respect to the cleavage site is unclear, and again, there is no

on the nature of bleomyciDNA interactions, itis virtually assurance that the results obtained with the Co(lll) form can
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analogue N%-isobutyrylguanine (IbuGud)jn mapping the bleomycin treatment, each labeled DNA strand was annealed
DNA binding site occupied by bleomycin during strand to an excess of its complement; samples containing 0.4 and
cleavage. The results suggest that IbuGua may be a generally).8 ug/mL labeled and unlabeled oligomer in 0.1 M NaCl/
useful reagent for mapping binding sites of minor groove 10 mM Hepes-NaOH (pH 8) were heated in a 3C water

ligands. bath for 10 min and then sequentially held at q7 (air
incubator), 22°C (ambient), and 4C (cold room) for 15
EXPERIMENTAL PROCEDURES min each. All subsequent manipulations were performed on

ice.

Bleomycin—DNA reactions contained 5@g/mL calf
ymus DNA, <1 ug/mL labeled duplex oligomer, and 2:5
" 10 uM Fe(lll)-bleomycin [or Fe(lll}peplomycin] in 15uL

of 1 mM H,0,/0.1 M NaCl/10 mM HepesNaOH at pH 8.

Synthesis of IbuGua-Containing Oligonucleotidesyn-
theses were performed by the phosphoramidite method using[h
a Millipore Expedite DNA synthesizer and Expedite reagents
including the modified capping Reagent feit-butylphe-
noxyacetic anhydride). The fifth nucleotide precursor chan- oo . . i
nl s oaced wib-souyrydeonyquancsngcgano- | LOICHIE [EURANCT 1911 e, e DA wae et
ethyl phosphoramidite, a more conventional guanine precursor, DTA at p,H 8, and immediately loaded onto a 24%
in place of the Expedite reagent, and this precursor was useaﬁenaturing polya,crylamide sequencing gel. The gels<(40
for just one of the G’s in the sequence (the Expedite reagents )

are characterized by more labile protecting groups, such a530 x 0.8 cm) were run o6 h at 50 W,covered with

: ; llophane wrap, and subjected to quantitative phosphorim-

N2-tert-butylphenoxyacetyl in the case of the guanine precur- ce . : . 0
sor). Following elution of each oligonucleotide from the age analysis. Sakmples in which p % of thle Igbele;d EI)NA
column, the eluate was incubated fbh at 22°C, and the strand was broken were used for analysis of c eavage

: ’ . . : g : frequency. Cleavage was calculated as the phosphorimage
oligonucleotide was then immediately precipitated with 10 . . - . :
volumes of isobutanol. The precipitate was dissolved in 0.5 intensity of each band divided by _the total intensity at af‘d
mL of H;O and stored at-20 °C. In early experiments above that band on the gel. Exclusion of any faster-migrating

similar syntheses were performed with Applied Biosystems radioactivity from the denominator in these calculations takes

: account of the fact that cleavage at a particular site will not
FOD Reaggpts (no longer ayallable) except'that the samplesbe detected in any individual molecules which have sustained
were lyophilized instead of isobutanol-precipitated.

. . : an additional break closer to the labeled end.
To separate IbuGua-containing oligonucleotides from those

Modeling. Modeling was carried out using the Sybyl
that had been completely deblocked, the samples were loade ; ; " . i
on a Rainin 4.6< 250 mm Microsorb G column and eluted ?)rogram (Tripos Associates) on a Silicon Graphics worksta

L - . tion. Except as indicated, energy minimizations were
ar 1 m_L/mm_ with a 60 min linear grad!ent of 9 to .12% performed by the steepest descent method using the Tripos
acetonitrile in HO, contre]umlng 8'1 M trllethylan}mormm d force field and GasteigetHuckel charges. In some cases
acetate at pH 7. Each eluted sample was lyophilize ' the structures were then solvated with one layer g ldnd ,
dissolved in 0.2 mL of KO, and stored at20°C. IbuGua- yer 60

. ) : subjected to minimization by the conjugate gradient method.
containing oligonucleotides were apparently stable for at least ;g particular sequence of minimizations was chosen
several months.

; . ) because of its success in predicting the structure of an
To determine the base compositionu§ of each oligo- adriamycin-DNA complex (Fornari et al., 1993).

nucleotide was digested with 0.2 unit of snake venom 14 gyaluate the effect of IbuGua substitution on DNA
phosphodiesterase and 0.8 unit of bacterial alkaline phos-giycture, isobutyric acid was first minimized and then
phatase (Pharmacia) for 16 h at 37 in 0.1 mL of 33 mM manually attached to the N-2 positon of G in

Tris-HCI (pH 7.5)/16 mM MgCJ/1 mM ZnCh. The diges-  GGGGCAAATTTGCCCC. Although there are three rotat-
tion products were analyzed by HPLC as above, except with gpje honds between C-2 of guanine and. 6t the isobutyryl
an elution profile consisting of a 20 min wash at 5% group, the choice of rotamers was severely limited due to
acetonitrile followed by a 40 min gradient of 5 to 21%  geric interference with the walls of the minor groove. Each
acetonitrile. An authentic standard d¥-isobutyrylde-  jasible conformation was energy-minimized with the DNA
oxyguanosine was obtained from Aldrich Chemicals. kept rigid, and then the DNA, except for the terminal base

Bleomycin Treatment of Oligomers3leomycin A was pairs, was released and the entire structure again minimized
a generous gift of W. Bradner (Bristol Laboratories). py the steepest descent method for 5000 iterations. The
Peplomycin was obtained from N. R. Lomax (Drug Synthesis structure was solvated and then minimized by the conjugate
& Chemistry Branch, Developmental Therapeutics Program, gradient method. The minimization was terminated at 500
Division of Cancer Treatment, National Cancer Institute). jterations, as more extensive minimization tended to gradu-
To prepare Fe(lll) complexes, a single large crystal of ferric a|ly introduce significant deviations from normal B-DNA
ammonium sulfate 12-hydrate was dissolved in 1 mM HCI structure in both the unsubstituted and substituted duplexes.
at a concentration of 2 mM, and immediately upon dissolu-  To construct a model of an intercalated bleomydiNA
tion, an aliquot was added to an equal volume of 2 mM Comp|exy the Crysta| structure of the (adnamy@ﬂed(c_
bleomycin A or peplomycin ¢ze0 = 14 100) in HO. After GATCG), complex (Frederick et al., 1990) was obtained
5 min at 22°C, the sample was frozen at20 °C. from the Brookhaven data base. In this model structure,

Oligonucleotides were' 52P-end-labeled withy[-32P]ATP intercalation occurs at the CG steps on both ends of the
(3000 Ci/mmol, New England Nuclear) and T4 polynucle- duplex. Thus, to produce a duplex with a central intercala-
otide kinase according to standard procedures. Prior totion site, adriamycin was deleted and two copies of the
d(ATCG)-d(CGAT) portion of the structure were placed head

L Abbreviations: IbuGua or Ibu-Gi\*-isobutyrylguanine; HPLC, 10 head, with the two empty intercalation sites superimposed.
high-pressure liquid chromatography; rms, root-mean-squared. Overlapping base pairs were then eliminated, and the two
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sugar-phosphate backbones were linked, to produce a A  o_ _nm,

d(ATCGAT), duplex. The sequence of bases was altered ~— Baminoalanine

using the Mutate function of Sybyl, and twoGbase pairs O M NH,

of B-DNA were added to one end, to give a GGG- 0

GCAAA-TTTGCCCC duplex with an intercalation site /ﬁ)\R
\ s
N
I

Pyrimidine Bithiazole

between the two underlined base pairs. _ -
N _—N
A\

. . N / CH, 0
Bleomycin A was constructed manually in Sybyl, and the | o "
metal chelation site was configured according to the con- HzN)\(kfo o NH
straints suggested by Wu et al. (1996a). The carbohydrate CH, HN 0 K/L
; N CH,
H

moieties were removed, and the bithiazole was placed in the CH; HO
transform. Following an initial minimization, the structure o N

was placed in the general configuration suggested by Wu et . | \> Bleomycin A,
al. (1996a), by manipulating the rotatable bonds in the Ho o NH R= N SN
peptide chain. This structure was manually docked into the H N
intercalation site in the GGGGCAAATTGCCCC duplex, on o

and the rotatable bonds were further adjusted to allow Peplomycin

placement of the bleomycin pyrimidine within hydrogen o
bonding distance of the guaninetb the cleavage site (G in 07 N, R= \N/\/\N)\O
H H

S

CH;,

CH,

GGGGCAAA). To maintain this hydrogen bonding, the

distance between the N-3 of guanine and the 4-amino group

of the pyrimidine and the distance between the 2-amino B 0

group of guanine and N-3 of the pyrimidine were each set

to 2.2 A, with a force constant of 50 kcal/A. The two o |

terminal base pairs were then fixed in position, and the o N Nu

remaining bleomycinDNA complex was minimized as

above, except that charges on the chelated cobalt atom and

on the dimethylsulfonium sulfur were fixed at3 and-+1, OH CH,

respectively. The structure was then solvated; the terminal ;g pe 1: Structures of metal-free bleomycin (A) arid

base pairs were released, and the entire structure wassobutyryldeoxyguanosine (B).

repeatedly minimized by the conjugate gradient method, until

the minimization traversed 100 consecutive iterations with 2A). To verify the structure of these modified oligomers,

a cumulative energy change of less than 1 kcal/mol. each was digested to nucleosides with snake venom phos-
To assess the degree to which IbuGua substitution wouldPhodiesterase and alkaline phosphatase, and the products

disrupt this model structure, the IbuGua moiety was extracted "Vere analyzed by HPLC. Each of the early-eluting oligomers

from the GGG(Ibu-G)CAAA duplex described above. The WaS found to contain only the normal DNA nucleosides in
guanine portion of this structure was superimposed on eachth® expected proportions (Figure 2B). Each of the late-

guanine in the sequence, while keeping the entire IbuGua€!uting oligomers contained an additional species which
moiety rigid, in order to position the isobutyryl group in comigrated with authenti®-isobutyryldeoxyguanosine, and

precisely the same relative orientation as in the minimized & COmmensurately lesser amount of deoxyguanosine (Figure

GGG(Ibu-G)CAAA duplex. The bleomycinDNA complex 2C). Thus, it' is inferrgd that' each modifieq oligomer was
was desolvated, and the positioned isobutyryl group was'" ff"‘_Ct substituted with a single lbuGua in the desired
attached to the appropriate guanine. The constraints related®©S'tion- o . .

to hydrogen bonding of bleomycin to DNA were released When the m.Ods'zf'ed and unmod|f|_ed oligomers were 5
and the terminal base pairs fixed in position, and the structureend'l"’lbe'ed W'.th P, (_alectrophore5|s on sequencing gels
was energy-minimized for 1000 iterations by the steepest€vealed a major radiolabeled band for each. Again, the

descent method. The root-mean-squared (rms) change in th&ar!y-eluting HPLC peaks all had the same mobility as a
coordinates of bleomyci€o(lll)-OOH- only was then completely deprotected oligomer, while the IbuGua-contain-
computed using the Match function. ing oligomers had mobility about 5% slower. Since numer-

ous unidentified contaminants were also present (not shown),
RESULTS all radiolabeled oligomers were purified by preparative

polyacrylamide gel electrophoresis, followed by a second

Characterization of DNA Substituted with IbuGuén cycle of HPLC, before use.

order to synthesize DNA oligomers containing lbuGua at a  Effect of IbuGua Substitution on Bleomycin-Induced DNA
particular position, the synthesis was performed with rapid- Cleavage As shown previously, bleomycin induces DNA
deprotection Expedite reagents, except that a standarddouble-strand breaks with predominantly either no stagger
isobutyryl-protected guanine precursor (Figure 1) was usedor a one-base'stagger between the breaks in complemen-
at one position in the sequence. Following a short alkaline tary strands (Povirk et al., 1989; Absalon et al., 1995a). Each
hydrolysis sufficient to remove nearly all the more labile primary break occurs at a G-Py sequence, and the exact
protecting groups, each synthesized oligomer was subjectedoosition of the secondary break is determined by a hierarchy
to HPLC. The majority of the DNA eluted at the same of sequence-dependent selection rules. The oligonucleotide
position as fully deprotected oligomer, while-280% eluted duplex used for determination of the effect of minor groove
significantly later in a gradient of increasing hydrophobicity, blockage on DNA cleavage, i.e.,1GC3T1GsG6G;GsCo-
consistent with the presence of an isobutyryl group (Figure A;0A11A12C13C14A15G16C17 annealed to @GCiol 20G21Go2-

o
ol
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Ficure 3: Effect of IbuGua substitution on cleavage ¢f3&P-
end-labeled TG,CsT4GsGeG7GgCoA10A11A12C13C14A15G16C17 DY
bleomycin or peplomycin. Oligomers substituted with IbuGua as
indicated were annealed to a complementary oligomer and treated
with 2.5 uM Fe(lll)-bleomycin (B) or Fe(lll}peplomycin (P), and
the cleavage products were analyzed on a denaturing gel. Ffie C
lanes are MaxamGilbert markers. Note that cleavage af &d
at G yields a doublet in each case, presumably representing
fragments with 3phosphoglycolate and'-phosphate termini
(Steighner & Povirk, 1990). For unsubstituted angds@bstituted
substrates, the faster-migratingghosphoglycolate band predomi-

nates, but for the gsubstituted substrate, the two bands have
comparable intensity.

w
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0 20 0 60 primary cleavage sites, cleavage atv@s reduced 1214-

Elution Time (min) fold by IbuGua substitution immediately &t G, and 4-5-
Ficure 2: Characterization of an IbuGua-substituted oligomer. (A) fold by IbuGua substltu_tlon two base$eﬁ G in add_ltlon,
Ultraviolet absorbance elution profile (260 nm) showing separation nearly half of the residual breaks in thes-&ubstituted
of fully deprotected (peak 1) and IbuGua-substituted (peak 2) substrate appeared to havepBosphate termini rather than
oligomers by HPLC following phosphoramidite synthesis. (B and the 3-phosphoglycolate termini characteristic of bleomycin-

C) Nucleoside composition of peak 1 (B) or peak 2 (C) from the ; :
separation shown in part A, as determined by HPLC analysis induced cleavage (see Figure 3). Primary cleavageat C

following digestion with snake venom phosphodiesterase and Was reduced about 7-fold by IbuGua substitution directly

alkaline phosphatase. The peak at 42 min is a solvent artifact which Opposite at @but was completely unaffected by substitution

was present even when no sample was injected. Data shown areone base'3at G;. Substitution at Gor Gs had no effect on

for the oligomer substituted at#3similar results were obtained cleavage at either primary site. Thus, cleavage at primary

;oL:;tnlgsc};hgr substituted oligomers.  IbudGad\*isobutyryldeoxy-  gjiag appears to be substantially blocked by IbuGua substitu-
' tion at any of three base pairs: the base pair that is actually

T03T24T25G26Co7C26Co0Ca0A31G3,CasA 34, Was based on a  the target and two additional base pairs in theligection
sequence from thiacl gene. Studies with a |onger fragment with reSpeCt to the strand Containing the target nucleotide.
containing this sequence (Povirk et al., 1989) indicated the Inhibition of cleavage at secondary sites followed a more
presence of two major sites of double-strand cleavage, onecomplex pattern. Secondary cleavage atwas reduced
involving primary cleavage at £in the top strand and  more than 20-fold when &tself was substituted and was
secondary cleavage on a one-basat&gger at Is in the reduced about 10-fold by substitution one basat%s;, even
bottom strand and the other involving primary cleavage at though that substitution had no effect on cleavage at the
C7 in the bottom strand and secondary cleavage directly corresponding primary site,& Most strikingly, however,
opposite, at @in the top strand (see Figure 5). As shown secondary cleavage agslwas decreased 4-fold by IbuGua
in Figure 3 (top strand) and Figure 4 (bottom strand), substitution two bases a8t G, a distinctly different pattern
bleomycin or peplomycin treatment of the 17-mer duplex than was seen for the primary sitg;C Indeed, substitution
confirmed cleavage at all of these sites, with stronger at G; also inhibited cleavage at.d (about 2-fold) even
cleavage at each primary site. There was also weak cleavag¢hough it had no effect on cleavage at;Gwhich is two
at T,3 in the bottom strand, with associated secondary bases closer to the substitution. The most likely explanation
cleavage at 4&. In single-stranded DNA, there was some of these data is that cleavage at each secondary site can only
cleavage, on the bottom strand only, at,@resumably due  occur following cleavage at the corresponding primary site
to self-annealing. and that inhibition of secondary cleavage (in this casegt T
Figures 3 and 4 also show representative assays of thes an indirect result of inhibition of primary cleavage (in this
effects of IbuGua substitution at certain positions in the case at ). Curiously, however, secondary cleavage was
fragment on bleomycin-induced DNA cleavage, and these in both cases inhibited less than primary cleavage (see
effects are summarized in Figure 5. Considering first the Discussion).



4252 Biochemistry, Vol. 36, No. 14, 1997 Suh and Povirk

IbuGua Position and van der Waals interactions with the walls of the groove
resulted in a strong tendency for the methyls to align along
the groove, rather than transverse to it. A slightly lower
energy was obtained with the bond rotated such that the two
methyls faced toward the adducted strand. In this orientation,
the minimized isobutyryl group itself had a slightly negative
calculated potential energy, even with the DNA kept rigid
and no solvent added. Minimized structures of lbuGua-
substituted and unsubstituted GGGGCAAATGCCCC
oligonucleotide duplexes (Figure 6) were virtually superim-
posable. Thus, quite fortuitously, the isobutyryl group
appeared to be of nearly optimal size and shape to effectively
block access to the minor groove at a well-defined position,
but without significantly disturbing DNA secondary structure.
NMR studies of a slightly bulkier styrene oxide adduct on
guanine N-2 have also indicated only minor, highly localized
perturbations of B-DNA structure (Zegar et al., 1996).

On the basis of NMR data, two research groups have
recently proposed quite similar models for the binding of
bleomycinCo(lll)-OOH" to oligonucleotide duplexes (Mao
et al., 1996; Wu et al., 1996a). In these models, the overall
conformation of free bleomyci€o(lll)-OOH", with the
bithiazole folded “below” the chelation complex (i.e., on the
same side as the peroxide anion ligand), is preserved upon
DNA binding. The bithiazole, in theansconformation, is
d transversely intercalated immediately t8 the nucleotide
FiURe 4: Effect of IbuGua substitution on cleavage f5- attacked (i.e., a line connecting the two thiazole rings is

end-labeled GCioT20G21G5T 23T 24To5G6Co7C6C6Ca0A21G3:Ca3A 34 roughly perpendicular to a line connecting the two DNA
by bleomycin. The oligomer was annealed to a complement backbones). Inthe more detailed model proposed by Wu et

substituted with IbuGua at the indicated positions (see Figure 5 |, (1996a), the terminal amine protrudes into the major

for numbering of positions), and following treatment withuM ; i ; i
Fe(lll)-bleomycin, the cleavage products were analyzed on a groove, and the bleomycin pyrimidine moiety, which is a

denafuring gel. N indicates no IbuGua substitution, 0 no bleomycin, €O(I!l) ligand, is hydrogen bonded to the guanine im-
and S a bleomycin-treated single-stranded fragment. Cleavagemediately 5to the nucleotide attacked, thus conferring the
positions were verified by comparison with Maxa@ilbert G-Py specificity of DNA cleavage.
sequencing markers (not shown). Since the proposed transverse intercalation of the bithiazole
Peplomycin has a longer terminal amine than bleomycin is similar to that of adriamycin, and the unwinding angle is
A, (Figure 1). Thus, if the terminal amine lies extended also similar (Povirk et al., 1979), the starting point for the
along the interior or the minor groove, it would be expected modeling of the bleomycinDNA complex was incorpora-
that the binding site of peplomycin might bel bp larger tion of the DNA—adriamycin intercalation site from the
than that of bleomycin. However, the data showed no X-ray crystallography of Frederick et al. (1990) into the
detectable differences between these two analogues in thédleomycin target 8-mer GGGGCAAATTGCCCC, with
inhibition of cleavage by IbuGua substitution at any position. intercalation between the two underlined base pairs. The
This result was somewhat surprising but is consistent with Co(lll) chelation site in the bleomyci€o(lll)-OOH~ com-
a recent proposal that the terminal amine actually passesplex was constructed using the constraints suggested by Wu
through the DNA helix and protrudes into the major groove et al. (1996a). To simplify the computations, the carbohy-
(Absalon et al., 1995b). drate moieties, which do not significantly contribute to the
Molecular Modeling. Computer graphics modeling was specificity of DNA cleavage (Sugiura et al., 1983), were
employed in an attempt to determine the structural basis forremoved. The full deglycobleomyei@o(lll):OOH~ com-
the effects of IbuGua substitution on cleavage. Modeling plex was docked manually into the intercalation site in the
of the isobutyryl adduct itself (attached to B-DNA at G in general conformation described by Wu et al. (1996b).
the sequence GGGGCAAA) revealed that the adduct could Following an initial energy minimization, the structure was
be easily accommodated in the minor groove without solvated and again energy-minimized. In the absence of any
significant distortion of DNA structure (Figure 6). Among additional constraints, the chelation complex tended to very
the many lbuGua conformations examined, the lowest gradually drift out from the minor groove during minimiza-
potential energy following minimization was obtained from tion, with eventual loss of hydrogen bonding between the
one in which the remaining hydrogen on guanine N-2 bleomycin pyrimidine and DNA. Therefore, additional
retained normal WatserCrick hydrogen bonding, and the constraints were introduced in order to maintain these
isobutyryl carbonyl was nearly coplanar with the guanine hydrogen bonds. With these constraints, the overall structure
base, with the oxygen pointing toward the backbone of the was quite stable through extensive minimization; in particu-
adducted DNA strand (approximately as drawn in Figure 1). lar, the peroxide anion, which is the analogue of the oxygen
The isobutyryl carbonytC-a bond was thus directed back that would be activated during DNA cleavage by iron
toward the center of the minor groove. Rotation about this bleomycin, remained strategically positioned near its abstrac-
bond determines the orientation of the two methyl groups, tion target, C-4of C in the GGGGCAAA sequence (asterisk
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Ficure 5: Quantitative analysis of the effect of IbuGua substitution at various positions on site-specific DNA cleavage by bleomycin or
peplomycin. The position of the substitution is indicated by white-on-black lettering. Open and closed bars show the average cleavage at
each site by bleomycin Aand peplomycin, respectively, normalized to cleavage at that same site in the unmodified duplex. Each bar is
the average of three to six determinatiodsS(D.), as determined from phosphorimage analysis of denaturing gels (see Figures 3 and 4).

in Figure 7A-D). Reattachment of the carbohydrate moi-

eties to the energy-minimized structure, followed by ad-
ditional minimization, did not detectably affect the confor-

mation of the complex; indeed, it appeared highly unlikely
that the sugars could make any contact with DNA at all,
given their attachment to the outermost portion of the metal-
binding domain (data not shown).

To determine whether IbuGua moieties in the DNA duplex
would interfere with the positioning of deglycobleo-
mycin-Co(ll)-OO0OH" in the model structure, an isobutyryl

An isobutyryl adduct two bases %o the cleavage site
(Figure 7A) resulted in slight overlap with the bleomycin
metal-binding domain, while an adduct immediatelyt@
the cleavage site just barely contacted two hydrogens of the
bleomycin peptide chain (Figure 7D). Isobutyryl adducts
at other positions farther' Z&nd 3 were all well-separated
from the bound bleomycin (not shown).

Figure 8B shows two quantitative measures of the degree
to which IbuGua substitution at various guanines in the
duplex perturbs the model DNAbleomycin complex. The

group was attached to each guanine in turn, in the conforma-first is the rms change in the bleomycin coordinates that
tion predicted from the modeling of GGG(Ibu-G)CAAA; to  occurred when the entire bleomyeiDNA complex was
assess the effect of substitution immediatelyt@ the =~ minimized following addition of the isobutyryl group. The

cleavage site, it was necessary to change thelfase pair ~ second is the computed potential energy of the (unsolvated)
at that position to a € base pair. substituted complex, following a brief energy minimization.

As shown in Figure 7B, an IbuGua substitution im- By either of these criteria, the structure was much more

. . . severely perturbed by substitution either at or immediately
mediately Sto the cleavage site (wherg the 'SObl.Jtyryl g9roup g 45 the cleavage site than at other positions in the duplex.
would replace one of the hydrogens involved in hydrogen P bati f th del struct iderably |
bonding to the bleomycin pyrimidine) resulted in prohibi- ertur at_lon.o € model structure was considerably 1€ss

g ycin py p ' '
tively close contacts with the bleomycin pyrimidine. Upon for SUbStm’.ltlon two bases_@nd one base 3f_r_om the
minimization of this structure (not shown), the pyrimidine cleavage site and was neg_hglble for other positions. '_I'hus,
moiety was forced up and away from the gL’Janine Substitu- the mpdelmg results were In rgasonable agreement .W'th the
. ‘ ) . ) ) empirical data on site-specific cleavage, summarized in
tion directly at the base pair attacked (i.e., at G opposite C Figure 8A.
in the GGGGCAAA sequence; Figure 7C) resulted in
similarly close contacts, primarily between the isobutyryl DISCUSSION
methyl groups and the bleomycin peptide chain as it emerges
from the intercalated bithiazole. When this structure was  Elucidation of the nature of the complex between bleo-
minimized, this portion of the peptide chain was forced down, mycin and DNA has proven to be unexpectedly difficult.
away from the chelation site, in a highly strained configu- Early studies with Cu(I¥bleomycin, metal-free bleomycin,
ration. For either of the initial substituted structures, space- and a bleomycin fragment consisting of the bithiazole and
filling models (not shown) indicated severe van del Waals terminal amine suggested a binding geometry involving
overlap, and the initial energies werd (® kcal/mol. In each intercalation of the bithiazole rings (Povirk et al., 1979; Lin
case, minimization of the isobutyryl group, with both DNA & Grollman, 1981). However, there have also been some
and bleomycin held rigid, resulted in severe distortion, with fairly compelling arguments against intercalation, including
final energies of several hundred kilocalories per mole in the bulkiness of the side chains linked to both ends of the
the isobutyryl group alone. bithiazole, as well as the very similar cleavage patterns
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Ficure 8: Comparison of empirical data on IbuGua-induced
inhibition of DNA cleavage with the predictions of modeling
studies. Panel A shows the inhibition of bleomycin-induced DNA
cleavage by IbuGua substitution at various positions in the duplex
with respect to the cleavage site. Cleavage inhibition for positions
—4 through—1 is taken from data for cleavage a3, @nd inhibition
for the 0 and+1 positions is from data for cleavage at;C Panel

B shows the degree to which IbuGua substitution at each site altered

the coordinates of bleomyci@o(lll)-OOH" in the model bleomy-
cin—DNA complex @); following attachment of the isobutyryl
group to an extensively minimized bleomyeiDNA structure, the

Suh and Povirk

ferred to as the green or form | cobalt complex), when bound
to oligonucleotide duplexes, consistently shows large upfield
shifts of the bithiazole ring hydrogens, strongly suggesting
intercalation (Mao et al., 1996; Wu et al., 1994). Moreover,
on the basis of the loss of NOE coupling between specific
DNA bases, both Mao et al. (1996) and Wu et al. (1994,
1996a,b) have concluded that intercalation occurs im-
mediately 3to the cleavage site (e.g., between the two C’s
in GCC, where the underlined C is cleaved). Using
additional NMR-derived distance constraints, Wu et al.
(1996b) have proposed a detailed model in which the
4-amino group and N-3 of the pyrimidine in the bleomycin
metal-binding domain are hydrogen-bonded to the N-3 and
2-amino group of the guanine immediatelyt®the cleavage
site, thus conferring G-Py specificity. In this model, the
flexible peptide chain loops along the minor groove in the
3 direction (with respect to the strand sustaining cleavage),
and the bithiazole is transversely intercalated with the
terminal amine protruding into the major groove (as in Figure
7). Although Zn(llYbleomycin (Manderville et al., 1994)
and the peroxide-free form of Co(lthleomycin (Mao et
al., 1996) appear to bind to oligonucleotide duplexes without
intercalation, bleomycikCo(lll)-OOH™ merits special con-
sideration because it effects a light-dependent DNA cleavage

entire structure was desolvated and again minimized, and the root-reaction with sequence specificity very similar to that of

means-squared (rms) deviation of the bleomy€o{(lll)-OOH-
coordinates, before and after the final minimization, were computed.
The potential energy of the final structurs)(was also computed

activated iron-bleomycin (Nightingale & Fox, 1994). There-
fore, we have taken an intercalated complex as the starting

in each case. The potential energy of the unsubstituted complexPoint for modeling the effects of minor groove blockage on

was 168 kcal/mol.

produced by the bleomycin analogue phleomycin, in which
the planarity of the bithiazole is destroyed by loss of one
double bond (Kross et al., 1982). Thus, nonintercalative

bleomycin—-DNA binding.

As shown in Figure 7, this model predicts the effects of
IbuGua substitution on site-specific DNA cleavage with
reasonable accuracy, consistent with the proposal that such
cleavage is effected by an activated irdsleomycin species

models have been proposed in which the bithiazole binds inthat is bound to DNA with a geometry similar to that

the minor groove, following the curvature of the groove in
a manner similar to that of distamycin (Kuwahara & Sugiura,
1988; Dickerson, 1986). In this configuration, bleomycin
binding can occur with little or no perturbation of DNA

described for bleomychCo(lll)-OOH". In particular, the
abrupt loss of inhibition, as the IbuGua substitution is moved
from the O position (the G directly opposite the cleavage
site) to the+1 position, is consistent with intercalation of

structure, and hydrogen bonding between the bithiazole the bithiazole across the helix immediatelyt@the cleavage

nitrogens and the 2-amino group of guanine could potentially
account for the G-Py specificity of bleomycin-induced DNA

site, with the terminal amine protruding into the major
groove. If the terminal amine were to loop back into the

cleavage. However, several recent findings argue againstminor groove, significant steric interference from isobutyryl

such simple groove binding. First, patterns of bleomycin-
induced cleavage of nucleosomal DNA are much more
similar to those of intercalating molecules (e.g., neocarzi-

groups on either side of the intercalation site would have
been expected. The finding that the effects of site-specific
minor groove blockage are virtually the same for bleomycin

nostatin) than to those of groove binders (e.g., calicheamicin) as for peplomycin also suggests that the terminal amine does

(Smith et al., 1994; Yu et al., 1994, 1995; Kuduvalli et al.,

not occupy the minor groove. The only deviation of the

1995). Second, synthetic DNA-cleaving compounds consist- empirical data from the modeling is that the observed

ing of Fe(ll)EDTA linked to a bithiazole show almost no
sequence specificity (Kane et al., 1994). Third, synthetic
bleomycin analogues which have rigid linkers of varying
length between the bithiazole and metal-binding domains
(Carter et al., 1990), or which lack the bithiazole entirely
(Guajaro et al., 1993), show cleavage specificity similar to
that of the drug itself. Thus, while the bithiazole likely
stabilizes DNA binding, the basis of sequence specificity
seems to reside in the metal-binding domain, not in the
bithiazole.
Most recently, two-dimensional NMR spectra of metal

bleomycin complexes bound to defined-sequence oligonucle-

inhibition resulting from lbuGua substitution at the2
position is somewhat greater than might be expected from
the very slight overlap seen in the model structure (Figure
7A). However, the insertion of the bleomycin metal-binding
domain into the minor groove requires some perturbation of
both the DNA and bleomycin structure, and it is apparent
from the model structure that very small differences in the
orientation of that domain could significantly change the
extent of its overlap with an isobutyryl group at the?
position. It is also notable that cleavage at a secondary site
(Gg), unlike cleavage at a primary site, is not inhibited by
an IbuGua substitution two base'sté that site (Figure 5).

otides have allowed the first credible attempts at assigning Since primary and secondary cleavage events both involve

the structural details of bleomycitDNA binding. In
particular, the bleomyckCo(lll)-OOH" complex (also re-

stereospecific attack at C;4t is likely that the orientation
of the bleomycin metal-binding domain with respect to the
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