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A model of the structure of HOO-Coebleomycin bound to
d(CCAGTACTGG): recognition at the d(GpT) site and
implications for double-stranded DNA cleavage

Dana E Vanderwall', Siu Man Lui2, Wei Wu2, Christopher J Turner3,

John W Kozarich! and JoAnne Stubbe?

Background: The bleomycins (BLMs) are a family of natural products used
clinically as antitumor agents. In the presence of their required cofactors, iron and
oxygen, BLMs bind to and mediate single-stranded and double-stranded DNA
cleavage. Recently, two dimensional nuclear magnetic resonance (2D NMR)
spectroscopic studies and molecular modeling have provided a picture of how
the hydroperoxide form of cobalt BLM A2 (HOO-CoBLM), an analog of
‘activated’ iron BLM (HOO-FeBLM), binds to a d(GpC) motif and of the basis for
both sequence specificity and chemical specificity of DNA cleavage.

Results: The solution structure of HOO-CoBLM bound to d(CCAGTACTGG)
containing a ‘hot spot’ for double-stranded DNA cleavage at 75 and 715 is
reported using constraints from 2D NMR spectroscopy. The mode of binding
and basis for sequence specificity and chemical specificity of cleavage is
almost identical to that of a d(GpC) motif. This structure has allowed formula-
tion of a structural model for how a single molecule of FeBLM can mediate a
double-stranded DNA cleavage event without dissociation from the DNA.

Conclusions: The structural similarity of HOO-CoBLM bound to d(GpT) in
d(CCAGTACTGG) compared to a d(GpC) motif suggests a general paradigm
for the binding of HOO-CoBLM to DNA and, by analogy, for the binding of the
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biological significant entity HOO-FeBLM.

introduction

The bleomycins (BLLMs; Figure 1) are natural products iso-
lated from Strepromyces verticillus that are used clinically in
the treatment of head, neck, and testicular cancers and
squamous cell carcinomas [1-3]. They have been the focus
of intensive studies since their discovery and the mecha-
nism of their cytotoxicity is thought to be related to their
ability to bind to double-stranded (ds) DNA and in the
presence of ferrous iron, oxygen and a reductang, to cat-
alyze DNA strand scission [4-6]. Both single-stranded (ss)
and ds cleavage events occur with single-stranded predom-
inating [7]. The ds breaks, which are thought to be more
difficult to repair, have been proposed to be the source of
BLM’s cytotoxicity [7]. Recent studies have also shown
that metallo-BLMs can bind to and cleave RNA-DNA
hybrids as well as to unusual RNA structures [8-10]. The
relationship of these studies to clinical cytotoxicity remains
to be established.

Studies in the past two decades [11,12] have revealed the
chemistry of the reductive activation of oxygen by
FeBLM in which an iron hydroperoxide (HOO-FeBLM,
designated activated BLM) is generated. This is the last
detectable iron species in the cleavage process [13].

Studies have also revealed the details of the chemistry at
the C4’ position of the deoxyribose of the pyrimidine (Py)
in the d(GpPy) motif, the site of the initiation of ss and ds
cleavage events [5,14]. Although the molecular mecha-
nism of ss cleavage of DNA by BLMs is relatively well
understood [5,14-18], an understanding of the ds cleavage
process has only recently begun to emerge [19-23]. These
studies have been interpreted to support a model in which
a single molecule of BLM can catalyze cleavage on both
strands without dissociating from DNA. The structural
basis for this proposal and the sequence and chemical
specificity of ss and ds cleavage events have recently been
the focus of many laboratories [23-31].

Our laboratories [23,26-28] and that of Petering and
coworkers [24] have chosen to investigate the interaction of
the hydroperoxide form of cobalt BLM A2 (HOO-CoBLM
or CoBLM A2 green), which we have proposed might
be an excellent analog of activated iron BLM (HOO-
FeBLM), with a deoxyoligonucleotide containing a single
binding and cleavage site. Our two-dimensional nuclear
magnetic resonance (2D NMR) studies of HOO-CoBLM
with d(CCAGGCCTGG) (1) — C is the site of cleavage
— in conjunction with molecular modeling studies have
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identified the importance of the 4-amino group and N3 of
the pyrimidine of HOO-CoBLM in defining the basis of
the specificity for guanine 5’ to the cleavage site [28].
This work has also established that the bithiazole tail is
responsible for binding to DNA by partial intercalation 3’
to the cleavage site. This model has further revealed a
basis for 4" chemistry at the cytidine in the dGpC motif
[28]. Mao ¢r /. [24] have recently reported their prelimi-
nary studies examining the interaction of HOO-CoBLM
with two additional sequences: d(GGAAGCTTCC) and
d(AAACGTTT). Although no model was presented in
these studies, examination of reported chemical shift and
nuclear Overhauser enhancement (NOE) data suggests a
similar mode of binding and basis for sequence specificity
to those we obtained with 1. To determine whether our
model for dGpC motifs is representative of HOO-
CoBLM’s interaction with d(GpT) motifs, we have inves-
tigated its interaction with d(CCAGTACTGG) (2). This
oligonucleotide has the added appeal that GTAC is a ‘hot
spot’ for ds cleavage [21,22]. A model of the HOO-
CoBILLMe2 complex, which has been determined by 2D
NMR analysis in conjunction with molecular modeling, is
reported. These studies have established the similarities
in the recognition of HOO-CoBLM for dGpC and dGpT
motifs and provided insight into how a single molecule of
BLM could be involved in the ds cleavage process.

Results and discussion

Recent studies of Absalon e 4/ [21,22] revealed that
GTAC is a hot spot for ds cleavage (at T) with a ratio of
ss:ds cleavage events of 3:1. Thus, in order to determine
if HOO-CoBLM interacts with dGpT motifs, in an analo-
gous fashion to its previously reported interactions with

dGpC motifs and in an effort to gain insight into the struc-
tural basis of the ds cleavage process, we have used 2D
NMR methods and molecular modeling to investigate the
structure of HOO-CoBLM with 2.

As previously described in detail [23,27,28] the choice of
HOO-CoBLM was dictated by our hypothesis that it is
an excellent mimic of the activated iron BLM (HOO-
FeBLM). Although the chemistry of DNA cleavage differs
between the Co(III) and Fe(IIl) -analogs, the sequence
specificity of cleavage at Py in dGpPy sequences, and the
chemical specificity of cleavage at 4 hydrogen are very
similar [32-34].

Our preliminary studies showed that HOO-CoBLM binds
to 2 with an apparent K, of 1.5x107M, and is capable of
light-mediated ss cleavage, uniquely at TS [27]; ds cleav-
age has not been observed with the cobalt analog, which is
not surprising considering the difference in the detailed
chemistry relative to iron.

The 1D titration of HOO-CoBLM with 2 revealed that it
forms a mixture of two complexes in a ratio of 4:1, both in
slow exchange with the free DNA on the NMR time scale
[27]. To date, our efforts have focused on obtaining a
model structure of the major complex.

Assignments of nonexchangeable protons of DNA

Assignment of the protons of 2 when it was complexed with
HOO-CoBLM was carried out by analyzing the spectra of
double quantum filtered correlation spectroscopy (DQF-
COSY), total correlation spectroscopy (TOCSY), NOE
spectroscopy (NOESY), and 3!'P-1H COSY experiments in
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Table 1
The assignments of 'H chemical shifts of 2 bound to HOO-CoBLM in 50 mM NaPi (pH 6.8) at 20°C.
H6/H8 H5/H2 Ht’ H2’ H2” H3’ H4’ H5'/5"” Methyl aIp
Ct 7.76 5.90 5.91 2.26 2,68 4.65 4.08 3.76/3.76 -0.30
Cc2 7.71 5.76 5.75 2.24 2.51 4.88 4.64 4.08/4.08 -0.32
A3 8.11 7.59 6.21 2.63 3.00 5.06 4.46 4.05/4.20 ~-0.81
G4 7.80 5.54 2.66 2.31 5.02 4.49 4,30/4.29 1.10
T5 714 5.84 1.86 2.18 4.81 3.24 4.01/3.84 1.45 -0.12
A6 8.34 7.56 6.04 2.70 2.74 4.88 4.17 3.32/3.81 -0.74
C7 7.37 5.18 5.95 1.97 2.41 4.72 4.27 4.14/4.14 -0.20
T8 7.29 5.60 1.96 2.24 4.81 4.26 4,09/4.09 157 0.12
G9 7.82 5.62 2.66 2.70 4.97 4.34 3.98/4.07 -0.09
G10 7.79 6.10 2.33 252 4.97 4,64 4,09/4.18
C11 7.69 5.86 5.89 1.99 2.44 4.62 4.07 3.70/3.70 ~0.29
C12 7.56 5.66 5.23 213 2.35 4,83 4.62 4,08/3.99 -1.30
A13 8.18 7.68 6.03 2.77 2.88 5.03 4.39 4.11/3.99 -0.80
G14 7.54 5.75 2.36 2.55 4.90 4.31 4.19/4.09 -0.16
T15 6.94 5.88 2.09 2.36 4.83 4.90 4.12/4.20 1.19 0.85
Al16 8.13 7.24 6.12 2.61 293 4.87 4.38 4.13/4.12 -0.27
C17 7.20 5.28 5.30 2.03 2.20 4.40 4.29 4.11/4.23 -0.70
T18 7.34 5.91 1.98 257 4.79 3.70 3.93/3.93 1.55 -1.26
G19 7.65 5.25 2.37 2.47 4.80 4.20 3.97/3.73 0.15
G20 7.72 6.11 2.33 2.38 4,58 4.20 4.06/4.06
Imino Cytosine amino
C1eG20
C2¢G19 12.99 8.57/6.87
A3eT18 12.91
G4eC17 12.84 8.25/6.73
T5eA16 13.25
ABeT15 13.30
C7¢G14 12.61 7.87/6.50
T8eA13 14.09
GQeC12 12.91 8.62/6.06
G10eC11

D,0 and/or H,0 using standard sequential strategies [35].
Proton assignments are summarized in Table 1.

Our previous NMR studies of HOO-CoBLM bound to 1
revealed that the bithiazole tail binds via partial intercala-
tion, inserting itself from the minor groove, 3’ to the cleav-
age site [26,28]. Analysis of the expanded NOESY
spectrum in the base to H1’ region (Figure 2) of strand 1
(C1-G10) revealed a break in the intrastrand sequential
connectivities between A6-H8 and T5-H1". There was
also disruption in the second strand (C11-G20) between
A16-H8 and T15-H1’ (data not shown). These results are
consistent with an intercalative mode of binding 3’ to the
'T'5 cleavage site.

Assignments of exchangeable protons of DNA

Assignment of the sequential imino protons also provides
an easy method to evaluate an intercalative mode of
binding {28]. In the case of 2, this task was more difficulc
than for 1. All the imino protons are observed between
12.5ppm and 13.3ppm from both the major and minor
complexes leading to spectral overlap. Despite this
problem, the use of intramolecular NOEs between the

GeC imino proton and H5 of its cytosine, the AT imino
proton and the H2 of its adenine and the CHj of its
thymine, has confirmed the assignments (Table 1). The
presence or absence of an NOE between the imino
protons of T5eA16 and A6eT15 is obscured due to overlap
with the diagonal peaks.

Unexpectedly, the chemical shift of the A3eT18 imino
proton was shifted upfield from 14.02 ppm in free DNA to
12.91 ppm in the complex and contrary to expectations
based on observations with other intercalators [36,37]
and HOO-CoBLM complexed with 1 [28], the imino
protons associated with TS5eA16 (13.25 ppm) and A6eT15
(13.30 ppm) were not shifted upfield relative to free DNA
(13.37 ppm, Table 1 and Table 2). We will return to these
points after the discussion of our model structure.

Assignments of 3'P resonances of DNA

31P NMR has frequently been used as a probe to monitor
conformational changes associated with an intercalative
mode of binding as well as to confirm certain 'H chemical
shift assignments [36-38]. Nine phosphorus resonances
are observed in free 2, that are doubled on complexation
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Figure 2

Expanded NOESY spectrum of the complex
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with HOO-CoBLM. Two of the phosphorus signals are
downfield shifted 1-1.5ppm from free DNA and have
been assigned to the G4pT5 and T15pA16 phosphates by
3IP_IH COSY experiments (Figure 3, Table 1). Similar
chemical shift changes were observed at the correspond-
ing phosphates in 1, although the magnitude of the shifts
(1.5-2 ppm) was larger [28].

Assignments of protons in the HOO-CoBLM complexed
with 2

The use of DQF-COSY, TOCSY, and NOESY spectra of
HOO-CoBLM bound to 2 in D,0 and/or H,0 have allowed
assignments of the chemical shifts of all of its protons with

Table 2

the exception of those associated with the gulose and
mannose moieties (Figure 1) [27,28,39-41]. 'The strategies
used for these assignments are analogous to those previ-
ously described in detail [28], and the results are summa-
rized in Table 3. The chemical shifts of HOO-CoBLM
complexed with 2 are very similar to those previously
reported with 1 and only the protons with unusual chemical
shifts will be highlighted.

The assignments of the protons associated with the bithia-
zole moiety (B in Figure 1) are essential for defining its
mode of binding to DNA. Previous studies by Akkerman
et al. [40,41] used B3C-H heteronuclear multiple-quantum

The assignments of 'H chemical shifts of free 2 in 50 mM NaPi (pH 6.8) at 20°C.

H6/H8 H5/H2 H1’ H2’ H2” H3’ ’ H4’ Methyl
C1 7.74 5.85 5.97 2.04 2.49 4.66 411
Cc2 7.57 5.70 5.35 2.10 2.38 4.84 410
A3 8.24 7.70 6.08 2.83 2.93 5.07 4.40
G4 7.63 5.85 2.48 2.71 4.90 419
T5 7.17 5.73 2.05 2.05 4.86 4.18 1.38
A6 8.26 7.36 6.20 2.69 2.86 5.01 4.43
Cc7 7.30 5.20 5.82 1.90 2.87 4.71 419
T8 7.28 5.63 1.92 2.34 4.82 4.08 1.69
G9 7.84 5.65 2.67 2.67 4.97 4.38
G10 7.82 6.15 2.35 2.53 4.65 4.21

Imino Cytosine amino

C1G20
C2eG19 13.00 8.60/6.89
A3eT18 14.02
G4eC17 12.70 8.00/6.61
TEeA16 13.37
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Figure 3
31P—1H COSY spectrum of the complex at
30°C (600 MHz for 'H). Note the unusual
upfield chemical shift of the H4’ proton of TS
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coherence (HMQQC) spectroscopy and heteronuclear mul-
tiple bond correlation (HMBC) spectroscopy, to assign the
B-H5 and B-HS5’ protons. We have previously used this
strategy [27,28], as have Xu ez 4/. [39], to assign these
protons in HOO-CoBLM. The HMQC method applied to
the complex with 2, assuming that the 13C chemical shift
of the carbons attached to each of these protons is not very

Table 3

different in the complex relative to free HOO-CoBLM,
has allowed the assignment of B-HS5 to a resonance at
6.87 ppm and B-H5’ to one at 7.04 ppm. These protons are
shifted upfield by 1.30 ppm and 0.78 ppm relative to free
HOO-CoBLM (Table 3). These upfield shifts are similar
to those observed previously with 1 and support an inter-
calative mode of binding with 2. Further support for this

H and '3C chemical shifts (ppm) of free and bound HOO-CoBLM in 50 mM NaPi (pH 6.8) at 20°C.

13C 1H
Free Bound Free Bound
P CaH 36.5 3.20 2.78
CaH’ 355 3.51 3.65
CBH 65.1 65.5 5.10 5.04
CH, 12.0 12.3 2.46 2.67
4-NH, 7.73,7.894 7.07,10.23
H CaH 60.1 61.0 4.98 5.03
CpH 71.7 72.4 5.53 5.50
C2H 1448 147.2 8.72 9.18
C4H 122.2 1215 7.60 7.60
A CaH 59.3 60.5 3.41 3.37
CBH 51.8 50.0 2.74 2.41
CBH’ 51.8 50.0 3.22 3.39
NH 6.01 5.80
v aCH,4 9.81 9.48 0.62 0.67
yCH, 20.4 20.4 0.98 0.96
CaH 42.9 41.4 0.94 1.22
CBH 77.7 75.8 3.33 3.74
CyH 496 50.1 3.50 3.50
NH 8.80 8.76
OH 6.75
T CH, 29.4 218 1.19 1.26
CoH 60.0 59.0 4.39 455
CBH 71.7 73.3 4.25 4.55
NH 8.92 9.39
B CoH 355 405 3.06 2.28

130 1H
Free Bound Free Bound
CaH’ 355 405 3.25 2.52
CBH 41.9 436 3.44 2.96
CBH’ 41.9 436 3.83 3.75
CsH 1275 125.3 8.17 6.87
C5’H 1213 118.0 7.82 7.04
NH 8.57 8.64
S CaH, 43.4 43.2 3.36 3.40,3.62
CBH, 26.6 26.0 2.13 2.14,2.23
CyH 40.3 401 3.51 3.44
CyH’ 40.3 40.1 3.63 3.50
(CHy), 27.3 27.4 2.94 2.97
NH 8.66 8.39
G C1H 97.4 98.7 5.35 5.44
C2H 69.9 70.4 4.11 4.09
C3H 68.4 68.0 410 418
C4H 71.8 3.80 3.78
C5H 70.8 3.84 3.92
C6H 63.9 3.70
CceH’ 63.9 3.84
M C1H 98.5 102.0 4,93 5.02
CoH 70.3 4.00 3.96
C3H 77.6 4.05
C4H 66.7 3.78
C5H 77.0 3.73
CéH 63.5 3.84
CeH’ 63.5 3.98
CoOOH 8.84
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model is provided by NOEs observed between B-H5" and
protons associated with T5 and T15, and between B-H5
and protons associated with T'15 and A16 (Table 4).

Our previous studies [28] with 1 further identified two
exchangeable protons associated with HOO-CoBLM that
proved to be quite informative: one at 10.36 ppm and one
at 8.89 ppm. The former was shown to be associated with
one of the 4-amino protons of the pyrimidine of BLM, and
shown by modeling to be involved in sequence specificity
for guanine, 5" to the cleavage site. The corresponding
observation of an exchangeable proton at 10.23 ppm in the
complex with 2 is intriguing. This proton exhibits a strong
NOE to another exchangeable proton at 7.07ppm, pre-
sumably the second proton of the 4-amino group of the
pyrimidine of BLM. Both these protons (P-NH,) show
medium intensity NOEs to the P-CH; (Table 5) and
exhibit NOEs to H4', H2”, and H1” of G4 and H2 of A3
(Table 4). The observed large downfield shift of one of
the 4-amino protons relative to the protons at 7.73ppm
and 7.94ppm of free HOO-CoBLM and the observed
NOEs to DNA in the minor groove suggest that this
proton interacts with DNA by hydrogen bonding in a
manner analogous to that previously observed in the
complex of HOO-CoBLLM with 1 [28].

A second exchangeable proton, observed at 8.84 ppm, was
previously observed at 8.89ppm in the complex with 1
[28]. This proton shows four intermolecular NOEs to TS
(H4’, H2’, H2” and H1’; Table 4) and ten intramolecular
NOE:s to the protons associated with HOO-CoBLLM (H-
C2H, P-CBH, V-aCH;, V-yCH;, V-CaH, V-NH, T-CaH,
T-CBH, T-NH, and B-CBH) (Table 5). There is no
detectable through-bond coupling between this proton
and any other proton in either TOCSY or DQF-COSY
spectra. Although several exchangeable protons remain
unassigned in the complex, it is unlikely that this proton is
associated with DNA itself because there is no NOE
observed between it and any of the imino or amino
protons of the DNA. The ample number of intermolecular
NOE:s to the minor groove protons at the TS cleavage site
and the intramolecular NOEs to the protons in the linker
region, in conjunction with modeling studies (described
subsequently) support the assignment of this proton to
that associated with the hydroperoxide ligand. The ability
to detect this proton may be attributed to its seclusion
from the solvent and the putative hydrogen bonding
interaction with the carbonyl of the T moiety of BLM, as
revealed through the molecular modeling discussed later.

Finally, the perturbations of chemical shifts of a number of
protons associated with HOO-CoBLM relative to free
HOO-CoBLM and intermolecular NOEs with protons in
the minor groove of DNA in the vicinity of the cleavage
site, further support the minor-groove binding of the
metal-binding domain adjacent to the site of cleavage. The

Table 4

The intermolecular NOEs between HOO-CoBLM and 2 in
50mM NaPi (pH 6.8) at 20°C.

5" Strand BLM Intensity | BLM Intensity Strand 3’
end 1 residues of NOE* |residues of NOE 2 end
A3 H2 P-NH, (1)t m A-CaH w H5™* T18
P-NH (2t m A-CBH w
A-CBH’ w
A-CoH m H4’
A-CBH m
A-CBH’ m
ACBH m H1’
G4 H5* PCHy m C17
H4’ P-CHj,4 s
P-NH, (1)t m
P-NH,(2)'  w
H2”  PNH,(1)t w
H1*  P-CH, m
PNH, (1)t s
PNH,2)!  w
NH P-CaH  w
5 H®% P-CH, s B-CaH w H2 A16
V-yCH, m B-CaH’ w
H5” P-CH, s B-CBH m
V-yCH,4 m B-CBH’ m
H4’ P-CH, m P-CaH’ w
V-yCH,4 s B-C5H m H8
Co-OOH m
V-NH w
H3’ V-yCH, w
H2” V-yCH, w
B-CBH’ w
Co-OOH m
H2’ B-CgH’ w
V-yCHg, w
Co-OOH w
H1’ P-CH,4 w
P-CBH w
Co-OOH m
B-CgH’ m
CH, B-C5H’ m
S-(CHy), w
NH B-CsH’ m
A6  H4' B-NH m B-CsH m H5* T15
TCa/fH w |BCSH m H3’
T-CH, m B-C5H m H2’
H5* T-Ca/SH m B-Cs5H m H2’
V-yCH, w B-C5H w H1’
H1’ BNH w |[BCSH m CH,
B-C5H’ w
S-CyH s
S-CyH’ m
S-CgH m
B-C5H’ w NH

*Denotes the cases where pseudoatoms are used. tP-NH,(1) and
P-NH,(2) are the hydrogens at 10.23 ppm and 7.07 ppm, respectively.
*w, m and s denote weak, medium and strong NOEs, respectively,
observed in a NOESY spectrum (200 ms mixing time).
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Table 5
The nontrivial intramolecular NOEs* within HOO-CoBLM complexed with 1 and 2 at 20°C.
NOE 1 2 NOE 1 2 NOE 1 2
H-C2H.--A-CgH w A-CBH"-.P-CaH’ w m T-NH--T-CH, w
H-C2H--A-CBH’ w A-CBH--P-CBH w w T-NH--V-CBH m
H-C2H.--A-NH m m A-CBH"--P-CBH w w T-NH---T-CaH w
H-C2H---P-CBH w w A-CoH--P-CaH w T-NH--T-CBH w
H-C2H:--T-CH, m s A-CaH--P-CgH w B-NH--T-CH, m m
H-C2H---T-CgH w m A-CBH--P-CaH m m B-NH---B-CaH m w
H-C2H.--T-CaH w m A-CBH'--P-CaH m m B-NH---B-CaH’ m w
H-C2H---T-NH w m V-yCH,-P-CH, w m B-NH---B-CgH m
H-C2H---V-CaH m m V-yCH,--V-CBH s s B-NH..-B-CgH’ m
H-C2H---V-aCH, w m V-yCH,-V-GaH m m B-C5’H--S-NH w
H-C2H.--V-CH w w V-aCHjg---V-CyH s s B-C5H---S-NH w
H-C4H--V-CaH w m V-aCH,--H-CBH w w B-C&H--S-CyH w
H-C4H---V-aCH, m s V-aCH,---V-CBH m s S-CaH--S-CH, w w
H-C4H.--H-CaH w m V-aCH,---V-yCH,4 m m S-CaH’--S-CH,4 w w
H-C4H---H-CpH s V-CaH---V-CBH s G-C1H--M-C1H m m
H-C4H---G-C1H m V-CaH---V-CyH s M-C1H:--H-CBH w
H-CoH--V-yCH, w V-NH---V-yCH,4 s m Co-OOH---H-C2H w
H-CaH---G-C1H m m V-NH---V-aCH, s m Co-OOH--V-aCH, w w
H-CBH---V-yCH, w V-NH---V-CaH s m Co-OOH--V-yCH, w w
H-CBH---V-CyH w w V-OH---V-aCH,4 w w Co-OOH---V-CaH m w
H-CBH--G-C1H s s V-OH---V-yCH, s m Co-OOH:--T-CaH m w
P-CBH---B-CRH’ w w V-OH.--V-CBH s m Co-OO0H---T-CBH m w
P-CBH---P-CaH’ m T-NH---V-CaH m m Co-OOH.-P-CBH m
P-CBH---P-CaH m T-NH---V-NH m w Co-OOH--B-CBH m
P-NH2 (1)--P-CHj, m m T-NH--V-aCH,4 m Co-O0H---T-NH m m
P-NH2 (2)---P-CH, m m T-NH:-V-yCHj,4 w Co-O0H---V-NH w w
A-NH--T-CH, w w Co-O0H--V-CyH w
A-CBH---P-CaH’ m w
*w, m, and s denote weak, medium, and strong NOEs, respectively, observed in a NOESY spectrum (200 ms mixing time).
chemical shift perturbations of >0.4 ppm are detected for ~ Molecular modeling
P-CaH, B-CaH, B-CaH’, B-CBH, T-NH, V-CbH, and The substantial number of intermolecular NOEs

H-C2H (Figure 1, Table 3). The methyl groups of the P
and V moieties exhibit intermolecular NOEs to H4’ and
H1’ of G4, and HY, H5”, H4’, and H1’ of 'T'5, respectively.
Support for the primary amine of the B-aminoalanine
moiety as an axial ligand to cobalt in the complex is also
apparent. Although the assignments of the B-aminoalanine
spin system were difficult, methods identical to those used
previously for HOO-CoBLLM with 1 proved to be success-
ful [28]. Furthermore, the small coupling constant (<4 Hz)
associated with the A-CaH and A-CBHs, suggest that the
conformation of this ligand is similar to that in the complex
with 1. The assignment of A-CaH and CBHs allowed the
detection of NOEs to the H5”, H5’, H4’, and H1’ of T'18,
further supporting the assignment of the primary amine of
B-aminoalanine moiety as an axial ligand and suggesting a
similar orientation of the metal-binding domain relative to
the site of cleavage. Observation of NOEs between H-C2H
and protons associated with the T and V moieties (Table
5), similar to those observed with free HOO-CoBLM [27],
suggest a folded conformation in the complex similar to
that observed in solution. Finally, no NOEs were detected
between the DNA and the assigned protons of the gulose
and mannose residues indicating there are no specific
interactions associated with the sugar domain.

observed between the protons associated with the bithia-
zole tail and the minor-groove protons associated with
DNA (Table 4) assisted in the initial docking of HOO-
CoBLM to DNA. Specifically, the B moiety was posi-
tioned between base pairs T5e0A16 and A6eT15. This
initial structure was then minimized and molecular
dynamics simulated annealing calculations (see the Mate-
rials and methods section) were performed as described
previously [28]. 20 separate calculations were carried out,
18 of which exhibited low experimental constraints viola-
tions. A final structure was generated by averaging these
18 structures and then minimizing the averaged struc-
ture. An overlay of these 18 structures is shown in Figure
4a and a summary of the structural statistics is shown in
Table 6. Geometries and statistics described below are
the mean value of the 18 structures +standard deviation.
It should be emphasized that the 18 structures were gen-
erated from the molecular modeling described in the
Materials and methods section. Thus, the accuracy and
precision of the distances, angles, and their standard
deviations reported herein are necessarily affected by
errors associated with assigning NOE sizes, the uneven
distribution of distance constraints and limitations of the
molecular dynamics protocol itself.
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Figure 4

(a)

(b)

A stereo view of the 18 calculated structures
of HOO-CoBLM bound to 2. (a) The complex
of HOO-CoBLM with 2 from a view in which
the strand containing the T5 cleavage site is
in the foreground running 5’—3’ from the top
right of the figure to the bottom left side.

(b) The HOO-CoBLM from the complex with
2, viewed in the same orientation as the
complex shown in (a).

Overall structure

The final structural model of HOO-CoBLM complexed
with 2 is shown in Figure 5. Its mode of binding and basis
for sequence specificity in this d(GpT) motif is remarkably
similar to that previously observed in the complex with 1
(dGpC) [28]. The bithiazole tail binds by partial intercala-
tion between base pairs TSeA16 and A6eT15, and the posi-
tively charged sulfonium tail extends into the major groove.
The linker region (V and T moieties) is positioned in the
minor groove, 3’ to the cleavage site TS. The backbone of
the V and most of the T moieties adopt a conformation very
similar to that observed free in solution and in the complex
with 1 [27,28]. The N3 and 4-amino groups of pyrimidine
are within hydrogen bonding distance to the 2-amino group
and the N3 of G4, respectively, 5’ to the cleavage site. As a
result of these specific interactions and the intercalative
mode of binding, the terminal oxygen of the axial hydroper-
oxide ligand of the cobalt is positioned 2.4+0.2A from the
4-hydrogen of T5. This model structure suggests that,
although subtle differences (to be discussed below) exist,
the recognition for the dGp'T" motif is very similar to that
previously established for a dGpC motif [28].

Mode of binding and basis for sequence specificity
The intermolecular NOEs between the protons of 2 and
the B and S moieties of HOO-CoBLM (Figure 1; Table 4)

Table 6

Structural statistics for the complex of HOO-CoBLM with 2.

Total number of distance constraints 383
HOO-CoBLM---DNA intermolecular 59
HOO-CoBLM intramolecular 75
DNA intramolecular 223
DNA base pair hydrogen bond 26

Rms deviation from experimental distance

constraints in the final 18 structures (A) 0.026 +0.002
Maximum error (A) 0.21+0.02
< Distance constraint errors (A) 3.6+0.3
Rms deviation from dihedral angle constraints
in the final 18 structures (degrees) 6+3
Pairwise rms deviation of the final 18
structures from the average structure (A) for:
All atoms 1.17+0.23
‘Core structure’ (non-hydrogen atoms, excluding
DNA ends and S, G, and M moieties of
HOO-CoBLM*) 0.53+0.12
HOO-CoBLM, excluding S, G, and M 0.32+0.13

*DNA nucleotides 3-8, 13-18, and the bound HOO-CoBLM without
the G, M, and S moieties.

clearly define the position of the bithiazole tail between
the T50A16 and A6eT15 base pairs, as well as the #rans
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Figure 5

Figure 6

The final averaged structure of HOO-CoBLM bound to DNA. Atoms of
HOO-CoBLM are coloured by element: C, green; O, red; N, blue;

S, yellow; DNA, gray; T5—H4’, white. The strand on which the first
cleavage occurs is in the foreground, running 5’ —3’ from the upper
right to lower left corner, The dotted lines indicate the modeled
hydrogen-bond interactions between the pyrimidine moiety (P in
Figure 1) of the HOO-CoBLM and G4 of DNA. The arrow indicates
the proximity of the distal oxygen of the hydroperoxide ligand to
T5-H4'.

orientation of the B-CHS5 and B-C5H’ protons (Figure 6).
As found previously for 1, there are no obvious interac-
tions between the bithiazole and the base pairs that
suggest any sequence specificity. But the stacking of the
thiazolium rings is, perhaps not unexpectedly, subtly dif-
ferent from that observed with 1. The terminal thiazolium
ring is not as well stacked between T15 and Al6 as
between G14 and G15 in the case of 1. We will return to
this point when discussing a reason why GTAC might be a
hot spot for ds cleavage.

Consistent with our previous studies, our model suggests
that the cleavage specificity of BLM is derived from the
apparent hydrogen bonds (Figure 5) between the pyrimi-
dine moiety (P in Figure 1) of HOO-CoBLM and the G4
on the 5 side of the cleavage site. One of these interac-
tions, which would be favorable for purines in general, is
between one of the hydrogens of the 4-amino group of the
pyrimidine ring and the N3 of G4 (distance = 1.92+0.01 A,
angle = 174+2°). A second possible hydrogen bond is
between N3 of the pyrimidine ring on HOO-CoBLM and
the non base-pairing hydrogen of the Z-amino of G4
(distance = 2.13:0.05A, angle = 174+1°), and confers a
further preference for dG over dA on the 5 side of the
cleavage site. This hydrogen bond pattern between the
G4e(C17 base pair and the pyrimidine moiety of the drug
is in essence a base triple (three bases are hydrogen

Intercalation
at CC

Minor groove

Intercalation

il CoEb Minor groove
rey or groove

Comparison of the bithiazole stacking in the final averaged structures
of the HOO-CoBLM complexes with 1 and 2, from a view
perpendicular to the plane of the bases. The stacking of the terminal
thiazolium ring in 1 leads to substantially more overlap with the bases
compared to that in 2. The penultimate thiazolium ring is partially
stacked between the bases in both complexes 1 and 2.

bonded), but is distinct from previously observed base
triples by its location in the minor groove. Finally, the
primary amide proton of the propionamide of BLM is
within hydrogen bonding distance to the O2 of C17
(distance = 1.92A¢0.02, angle = 171+4°), which might
also contribute to the specificity.

Chemical specificity of cleavage

The detection of the hydroperoxide proton by NMR, and
the multiple NOEs detected between this proton and 2
provided the constraints required to define its position
relative to the site of hydrogen atom abstraction, 4’-H of
T'5. This proximity is manifested in the upfield chemical
shift of T5-H4’ to 3.28 ppm (Tables 1,2; Figure 3), from
4.18ppm in free DNA. As previously observed in the
HOO-CoBLLM complex with 1 and free in solution, the
hydroperoxide appears to be stabilized by potential
hydrogen bonding interactions of its penultimate oxygen
with V-NH and T-NH of the linker region (V-NH to O
distance is 1.85+0.03 A with an angle of 144 +5°; T-NH to
O distance is 1.85+0.07A with an angle of 153+2°). As
mentioned earlier, the hydrogen of the hydroperoxide is
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also within hydrogen bondinog distance to the carbonyl of
the T (distance is 1.80+0.02 A with an angle of 147 +3°).

DNA conformation in the complex with HOO-CoBLM

The binding of HOO-CoBLM to 2 leads to several spe-
cific perturbations of the DNA structure that are consis-
tent with what we observed with 1. Previous studies of
HOO-CoBLM with 1 have revealed that the sugar confor-
mation of C6 undergoing hydrogen atom abstraction, is
close to 3-endo [28]. This sugar conformation deviated
from the generic B-form conformation (2’-endo) of the
other deoxynucleotides in 1. A similar observation is made
for the sugar conformation of T'5 in 2.

An unusual feature of the structure was apparent from the
NOESY experiment in H,O and is associated with the
A3eT'18 base pair, two base pairs removed from the cleav-
age site. The chemical shift of the A3 imino proton is
shifted upfield in comparison to that in the free DINA and
the imino proton of the A130'T'8 base pair. In the structures
generated from molecular dynamics calculations, significant
deviations from B-form DNA are consistently observed at
two base pairs 5 to the cleavage site: (C2¢G19)-(A30T'18)
and (A3eT18)(G4eC17). For instance, relative to what
would be expected in a generic B-form base pair, the
A3eT18 base pair is shifted towards the minor groove (by
~1.2A) and slides toward the strand containing A3 (by
~0.4A). The G4eC17 base pair, on the other hand, shifts
(by ~1.4A) towards the major groove and slides (by ~0.4A)
towards the strand containing C17. The net effect of this
conformational change is that it places the A3eT18 imino
proton directly under the G19 purine ring (Figure 7). The
resulting shielding environment of this proton can account
for the observed upfield chemical shift. Interestingly, the
observation of a distortion of the DNA two base pairs 5
removed from the cleavage site is consistent with the foot-
printing studies of Chang and Meares [32]. Studying the
interaction of CoBLM and DNA with dimethylsulfate,
they reported that binding of CoBLM significantly
enhanced methylation of G1 relative to G2, 5’ to the cleav-
age site at T3 in the 5"G1-G2-T3 3’ sequence. They sug-
gested that this enhanced methylation resulted from a
conformational change associated with CoBLLM binding. A
conformational change, 5’ to the cleavage site, is also appar-
ent from the 3!P studies (Table 1; Figure 3), where the
G4pT5 phosphate directly 5° to the intercalation site and
the T15pA16 phosphate at the intercalation site are both
shifted downfield relative to the other phosphate reso-
nances. Although the basis for the long-range conforma-
tional change associated with HOO-CoBLM binding is
unclear, this perturbation can account for the upfield shift
of the A3¢T'18 imino proton and the previous biochemical
studies of Chang and Meares [32].

Finally, one clear distinction between the HOO-CoBLM
bound to 1 and 2 is apparent from examining the degree of

Figure 7
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The position of the T18 imino proton over the G19 ring system in the
complex, compared to its position in free DNA, as viewed from a
position perpendicular to the plane of A3¢T18 base pair. The C2¢G19
(background) and A3eT18 (foreground) base pairs in the model of the
complex are drawn as solid lines and atoms, and the position of the
A3eT18 base pair in an ideal B form is illustrated with dashed bonds.
The shift of the imino hydrogen from the uncomplexed to the
complexed DNA is shown with an arrow.

stacking of the bithiazole of DNA with bases at its interca-
lation site (Figure 6). As indicated earlier, when bound to 2
neither ring of the bithiazole is fully stacked with the adja-
cent base pairs, in contrast to previous studies with 1 where
the terminal thiazolium ring was completely stacked
between G14 and G15 [28]. In addition, the complex of
HOO-CoBLM with 2 is less well defined in the region of
the bithiazole and the two base pairs on either side of the
cleavage site, when compared to the complex with 1. The
family of molecular dynamics structures obtained for each
of the two complexes were determined by approximately
the same number of distance constraints, and satisfy their
respective constraints equally well (Table 6; Table 5 in
{28]). Nonetheless, the structures obtained for the
complex with 2 are more diverse than those obtained for
the complex with 1, especially around the intercalation
site. In the complex with 2, the root mean square (rms)
deviation from the mean structure of the 18 structures
obtained by molecular dynamics simulations, found by
comparison of the atoms of the bithiazole and the G4—
T5-A6-C7 base pairs, was 0.64+0.19A. The rms devia-
tion in ten structures obtained by molecular dynamics cal-
culations of HOO-CoBLM bound to 1, for the bithiazole
and the G5-C6—C7- T8 base pairs was 0.36 £0.09 A. The
higher rms deviation in the complex with 2 suggests that
the interaction between the bithiazole and the d(TpA)
motif observed in 2 is either not as stable as, and/or is
more dynamic than the interaction with the d(CpC) motif
observed in 1. This difference might also explain the
observation that the imino protons of TS5 and T'15 are not
shifted upfield upon BLM binding, and that the chemical
shift assaciated with the phosphate between the G4 and
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T'5 is shifted downfield, less than in the corresponding
position of the complex of HOO-CoBLM with 1. Consid-
ering the observed heterogeneity in the stacking patterns
of nucleic acids in general [42], it is not surprising that the
geometry of the intercalated bithiazole would be subject
to some of the same subtle influences of the DNA
sequence context. Although the hydrogen bonding
between the pyrimidine moiety of HOO-CoBLM and a
purine of DNA would be the primary determinant of
sequence specific cleavage, the stability and kinetics of
the intercalation of the bithiazole could be involved in the
partitioning among all possible cleavage sites and between
ss and ds cleavage events.

Implications for double-stranded DNA cleavage

The dynamic nature of the bithiazole moiety between the
two AeT base pairs in 2 containing the hot spot for ds
cleavage, might provide an explanation for how a single
BLM molecule can catalyze cleavage at TS and then reor-
ganize to the opposite strand and catalyze cleavage at
T15 without completelv dissociating from the DNA. In
an attempt to find the minimal structural reorganization
required for ds cleavage, several models were constructed
to mimic the translocation of the metal-binding domain of
BLM from the first cleavage site to the second by simple
rotation of HOO-CoBLM around given bonds.

As a starting point, the structure of HOO-CoBLM bound to
2 was first energy minimized without the distance con-
straints. HOO-CoBLM was then rotated ~180° around the
(B-C4)-(B-C2) bond (Figure 1). To remove steric clashes
following the initial conformational change, and to position
the metal-binding domain approximately in the minor
groove of the second cleavage site, the bithiazole ring
system was further rotated ~117° around an axis perpendic-
ular to the plane of the bithiazole rings while keeping the
ring system coplanar to DNA base pairs (Figure 8b,c).
Finally, the structure was energy minimized to an rms gra-
dient of 0.1. This reorganization resulted in a structure that
could lead to hydrogen abstraction at T158H4". The struc-
ture allows for all the putative hydrogen bond interactions
between the metal-binding region and the G14 on the 5
side of the second cleavage site (T'15) and positions the ter-
minal oxygen of the hydroperoxide 3.2A from the 4’ hydro-
gen of T15 (Figure 8a). The penultimate thiazolium ring at
the second cleavage site is now partially stacked between
T'15 and A16 (compare Figure 8b and 8c) in contrast to its
stacking between T5 and Cé at the first cleavage site. The
terminal thiazolium ring is partially stacked between T5
and A6 in contrast to its original position between T15 and
A16 at the first cleavage site. In essence, the relative orien-
tation of the two thiazolium rings with respect to the
second cleavage site (T'15) is the same as that observed at
the first cleavage site (T5). Several other modeling
attempts, including the rotation (by ~180°) of the
(B-Ca)—-(B-C2’) bond or the (T-Ca)-(T-CO) bond, were

made to effect similar translocation of the metal-binding
domain. In all cases, even more extensive modifications of
the backbone torsion angles did not result in a model
capable of hydrogen bonding with G14 or positioning the
terminal oxygen of the hydroperoxide ligand closer than
4.1A to 4’ hydrogen of T15.

The feasibility of the #7ans to cis rotation of the bithiazole
moiety in triggering the ds cleavage requires significant
mobility of the penultimate thiazolium ring in the minor
groove at the first cleavage site. This flexibility is likely to
be facilitated by the relatively poor stacking observed
between the bithiazole and two AT base pairs in 2. In addi-
tion, the reorganization of the bithiazole is perhaps more
appealing when considered in the context that DNA struc-
tural changes follow the first cleavage event. The strand
scission i1s accompanied by the loss of three out of five
carbons of the T5 deoxyribose as the base propenal and is
likely to further disrupt the stacking of the penultimate
thiazolium ring with T5, while keeping the intercalated
terminal thiazolium ring relatively intact. It should be
pointed out, however, that the timing of the complex DNA
cleavage chemistry including strand scission relative to the
kinetics of reorganization has not yet been established [18].
Although not intended to provide a definitive description
of the process leading to the second cleavage event, the
above modeling exercise suggests that the #ans to ¢is rota-
tion of the two thiazolium rings within the bithiazole
moiety requires a relatively small conformational change to
acquire a position that could result in ds cleavage.

Minor complex

The observation of a minor complex in the titration of 2
with HOO-CoBLM initially lead to the hypothestis that it
might be associated with the cleavage at the secondary
cleavage site T15 in the GTAC hot spot for DNA cleav-
age. Efforts were therefore made to assign some of the
protons associated with this complex. The downfield
shifted proton at 9.11 ppm (Figure 4 in [27]) can probably
be assigned to the H-C2H. This proton exhibits NOEs to
protons at 1.23ppm and 0.60 ppm, probably associated
with T-CH; and V-aCHj, respectively. Unfortunately, no
NOEs to DNA protons were detected and no additional
protons could be assigned with certainty. Efforts to change
the ratio of the major to minor complex by changing the
temperature between 7—-40°C, in an effort to increase the
population of the minor species, were unsuccessful. The
possibility that the minor complex is associated with a
diastereomer of HOO-CoBLM [43,44] or the binding of
HOO-CoBLM to a second site of 2 have been considered
and discarded. The former is unlikely as there is no evi-
dence for a diastereomeric mixture in the NMR spectrum
of free HOO-CoBLM and the latter is unlikely as a four-
fold excess of drug to DNA fails to reveal additional cleav-
age sites. Thus the identity of this second binding mode
remains an intriguing mystery.
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Figure 8
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(b) Intercalation at the first cleavage site: TS

(c) Intercalation at the second cleavage site: T15

A comparison of the final averaged structure of HOO-CoBLM at the
first cleavage site (T5) with the model of HOO-CoBLM at the second
cleavage site (T15). (a) The translocation of the metal-binding domain
of HOO-CoBLM from T5 (dashed lines) to T15 (solid lines) by a
rotation around the (B-C4’)—(B-C2) bond and the repositioning of the
bithiazole. The 4’ hydrogens at TS and T15 are circled and the O4’ of
DNA is shown as a gray sphere. (b) The trans orientation of the
intercalated thiazolium rings at the first cleavage site. To reposition the

metal-binding domain for the second cleavage event, a 180° rotation
was made around the (B-C4')-(B-C2) bond (see Figure 1) followed by
a ~117° rotation of the bithiazole around an axis perpendicular to the
bithiazole rings, which led to the stacking at the second cleavage site.
(c) The cis orientation of the intercalated thiazolium rings at the second
cleavage site. In both (b) and (c), the bithiazole and sulfonium moieties
are shown in black and the DNA in gray. The T5eA16 base pair is in
the foreground and the A6eT15 base pair in the background.

Significance

The studies of the interaction of the hydroperoxide form
of cobalt bleomycin A2 (HOO-CoBLM) with d(CCAC-
TACTGG) reveal that the binding mode and the basis
for sequence recognition for d(GpT) motifs is similar to
those for d(GpC) motifs. Nuclear magnetic resonance
spectroscopy showed that the chemical shifts of the bithi-
azole protons in the complex with DNA are upfield
shifted relative to those in free HOO-CoBLM. The speci-
ficity for guanines S’ to the pyrimidine cleavage site is
apparent from the unusual exchangeable proton that is
associated with the 4-amino group of the pyrimidine of
HOO-CoBLM, the chemical shift of which is downfield
shifted to >10ppm. Interestingly, a recent report of Mao

et al. [24] on the binding of HOO-CoBLM to d(GGAAG-
CTTCC) and d(AAACGTTT) revealed similar upfield
shifts for the bithiazole protons’ chemical shifts and the
presence of an exchangeable proton, in each case, at
>10ppm. While, no models of structures have appeared
from this work so far, our data suggest that the model of
Mao et al. will be very similar to ours. A comparison of
their model structures with ours will eventually lead to a
better understanding of the importance of the DNA
binding and cleavage specificity of metallo-BLLMs. Our
preliminary modeling studies indicate that a simple trans
to cis rotation of the first thiazolium ring relative to the
second could be a trigger in relocating the metal-binding
domain of BLM from the first cleavage site to the second.
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Materials and methods

Sample preparation

The decameric oligonucleotide 2 was synthesized by the MIT biopoly-
mer lab (MA, USA) and purified as previously described [27]. The puri-
fied DNA was desalted in a dialysis chamber against 50 mM sodium
phosphate at pH86.8. Its extinction coefficient was calculated to be
€y60= 1X105M-Tem~'. The HOO-CoBLM was prepared and purified
as previously described [27].

NMR experiments

The NMR sample (2-=3mM complex in 50 mM sodium phosphate at
pH 6.8) was prepared by titrating 2 with HOO-CoBLM and monitoring
by NMR spectroscopy. For experiments in D,O, the complex sample
was lyophilized four times from 99.9% D,0O and then dissolved in
99.996% D,0; for experiments in H,O, the complex was dissolved in
90% H,0/10% D,O.

All NMR experiments were performed on either a 750 MHz Varian
NMR spectrometer, or a 600 MHz or 500 MHz custom-built instrument
at the Francis Bitter Magnet Laboratory. NMR data was processed
using Felix (version 2.3, Molecular Simulations Inc., formally Biosym
Technologies, Inc.) running on a Silicon Graphics work station. 'H and
13C chemical shifts were referenced to an internal standard, sodium
3-(trimethylsilyl)-1-propanesulfonate at 0.00 ppm. 31P chemical shifts
were referenced to an external sample of trimethyl phosphate, which is
3.53 ppm downfield of 85% H,PO,.

DQF-COSY, TOCSY (using Z-filtered TOWNY or DIPSI-2 isotropic
mixing sequence with 35ms, 70 ms, and 140 ms mixing times) [45—-47]
and NOESY (100 ms, 200 ms, and 400 ms mixing times) experiments
were recorded at 20°C in D,0O and/or H,O. For experiments in D,0,
data sets with 4096 x512 complex points were acquired with sweep
widths of 5500 Hz (500 MHz instrument) or 8000 Hz (750 MHz instru-
ment} in both dimensions and 32 scans per t, increment. During the
relaxation delay period, a 2.0 s presaturation pulse was used for solvent
suppression. For the NOESY experiments in H,0, a Watergate pulse
sequence [48] was used, and data sets with 4096x512 com-
plex points were acquired with sweep widths of 12,000Hz (750 MHz
instrument) in both dimensions. The t, dimension was zero-filled to
4096 data points and spectra were processed with a combination of
exponential and Gaussian weighting functions. In all cases, ridges in t,
were reduced by multiplying the first point in t; by one half prior to the
Fourier transform. Baselines were corrected with an automatic baseline
correction routine in t, when necessary.

HMQC spectra were recorded at 20°C in D,O with a J5_, coupling
constant of 165 Hz. Data sets with 2048 x 256 complex points were
acquired with 6000Hz ('H) and 25,000 Hz ('3C) sweep widths on a
500 MHz instrument. 128 scans were collected for every t, increment.
During the relaxation delay period, a 1.5s presaturation pulse was
used for solvent suppression. The t, dimension was zero-filled to
2048 data points. Spectra were then processed with an exponential
weighting function.

An indirect detected 3'P-'H COSY experiment [49] in D,0O was
recorded at 20°C on a 600 MHz instrument. Data sets with 4096 x 256
complex points were acquired with 7000 Hz in the 'H dimension and
2000 Hz in the 3'P dimension.

Molecular modeling

All calculations were carried out with CHARMm 24 [50] on a Cray
Y-MP or J-90. The structural calculations were set up as described
previously [27,28], with the following exceptions. The calculation of
non-bonded van der Waals and electrostatic interactions were trun-
cated at 137\, using a force switching function between 8A and 12A.
The list of non-bonded terms was updated every 20 steps, except in
the final molecular dynamics (MD) run, where the list was updated if an
atom moved >0.5 A. The terms for electrostatic interactions and hydro-
gen bonds were only included in the final 15 ps step of the calculation.

Following heating, the temperature was maintained by scaling the
velocities of the atoms as necessary to keep the temperature at
300+ 10K. In the final 15 ps MD phase, scaling was only required 1~-2
times. Because the treatment of non-bonded interactions just
described is slightly different than the conditions used to model the
complex of HOO-CoBLM with 1 [28], the structural calculations for
HOO-CoBLM with 1 were repeated using the current conditions so
the complexes with d(GpC) and d{GpT) sequences could be com-
pared directly. There were no significant differences from the structure
with 1 as previously reported except where noted in the Results and
discussion section.

Bleomycin A2 was constructed as previously described [27], with the
exception that the bond lengths and bond angles of the thiazolium
rings were based on the X-ray crystal structures of bithiazole analogs
[51,52]. The DNA was constructed in Quanta in either an A-form or
B-form conformation, The charges on the non-bridging oxygens of the
phosphate groups were reduced to lower the overall charge on phos-
phate to —0.32 [53]. The program CURVES [54,55] was used to
measure DNA conformational parameters. To allow for potential distor-
tion of the DNA as a result of the intercalation of the bithiazole moiety,
lower force constants were used on the base pairs of the intercalation
site, and those directly adjacent to it. The & and y angles were not con-
strained. The dihedral angle constraints with a force constant of
30kcalmol! A2rad? were used throughout the molecular dynamics
simulations on DNA base pairs to prevent excessive propeller twist
and buckling. These constraints were not applied at the intercalation
site (T5#A16 and A6eT15). The intramolecular distance constraints’
used for DNA included restraints to maintain Watson—Crick hydrogen
bonding. No other distance constraints were used in any modeling
procedure that were not derived from an observed NOESY crosspeak.

Distance constraints

There were a total of 59 intermolecular NOEs (Table 4}, 75 intramolecu-
lar CoBLM NOEs (Table 5), 223 intramolecular DNA NOEs, and 26
Woatson—-Crick hydrogen bond constraints. These NOEs were classified
as strong, medium, or weak based on visual inspection of the crosspeak
intensities in the 200ms NOESY spectra. The distance constraints
were set at 1.9—3.0A, 1.9-—4.0A, and 3.0-5.0A for strong, medium,
and weak NOESs, respectively. An additional 1 A was added to the upper
limit of constraints for the methyl or methylene hydrogen pseudoatoms.
DNA intramolecular constraints were set at 1.9-3.0 A, 2.5—4.0A, and
3.5-5.0A for strong, medium, and weak NOEs, respectively.

Dihedral angle constraints

The analysis of the coupling constants in HOO-CoBLM of the complex
was based on visual inspection of the crosspeak sizes in the DQF-
COSY spectra collected in D,O and H,O. A trans orientation of the
protons was defined by a large coupling constant (>8Hz), while a
gauche conformation was defined by a small coupling constant (<4 Hz).

Initial structure

The initial structure was constructed by manually docking the bithiazole
moiety between T5eA16 and A6eT15 in a B-form model of 2. The posi-
tion of the bithiazole was determined by the intermolecular NOEs
observed between the bithiazole and the DNA, which are consistent
with only the trans orientation of the thiazolium protons (Table 4). Using
the backbone dihedral angles of the bithiazole, threonine, and valeryl
moieties (B, T and V in Figure 1), the position of the metal binding
region was adjusted to relieve unfavorable van der Waals contacts
between the metal binding region and the minor groove. After this crude
positioning, this preliminary structure was minimized by 200 steps of the
steepest descent method, followed by conjugate gradient minimization
to a rms gradient <0.1, and finally by the conjugate gradient method
using the dihedral and distance constraints, to a rms gradient <0.1.

Molecular dynamics simulations
The structures that satisfied the experimental constraints were gener-
ated using 20 calculations of restrained molecular dynamics simulated
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annealing, following the protocol described previously [27,28]. The pro-
tocol consisted of heating the system to 1000K with weak distance
constraints (6ps) , gradually increasing the force constants applied to
the distance constraints (6.5ps), a high temperature equilibration
(10ps), slow cooling to 300K (7 ps), gradual introduction of the dihe-
dral constraints (10 ps), and a final molecular dynamics stage (15ps).
The final structure for each iteration was generated by averaging the
coordinates of the final 5 ps of the 15 ps molecular dynamics simulation,
followed by 2000 steps of conjugate gradient minimization with the dis-
tance constraints and HOO-CoBLM dihedral angle constraints. The
DNA backbone constraints were not used in the minimization. In early
stages of refinement, the average structures generated from the initial
A-form or B-form DNA were found to differ from one another by ~0.5 A
Based on these similarities, the final simulated annealing calculations
used the B-form model as a starting structure.
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