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ABSTRACT: The identity of the axial ligand contributed by the drug in hydroperoxide-Co(III)-bleomycin
and hydroperoxide-Co(III)-deglycobleomycin has been in doubt. With each structure, a combination of
1H{15N} HSQC and HMBC and1H COSY and NOESY NMR spectroscopy was used to observe and
completely assign the nonaromatic15N chemical shifts of natural abundance bleomycin in the two
hydroperoxide-Co(III) structures. Together with the15N assignments from a published 1D15N spectrum,
the results permitted the assignment of the primary amine nitrogen to an axial ligand position in both
structures.

The natural product bleomycin (Blm)1 is a clinically useful
antineoplastic drug (1-4). It is also one of a handful of
proven metallodrugs in the cancer field (5, 6). Bleomycin is
a large, structurally heterogeneous molecule that includes
regions that bind to DNA and to metal ions (Figure 1).
Together, these structural elements support the formation of
HO2-Fe(III)Blm, which associates with double-stranded
DNA and causes single and double strand cleavage and base
release (7-12). Because of the difficulty in obtaining three-
dimensional structural information about FeBlms, an intense
effort has focused on understanding the structural properties
of corresponding CoBlms, which have been hypothesized
to be robust structural analogues of the FeBlm series (13-
27). Structures of HO2-Co(III)Blm bound to DNA oligomers
containing a specific binding site of 5′-guanine-pyrimidine-
3′ reveal that the metal domain and linker are folded into a
unit that interacts with the minor groove edge of the guanine,
while the drug’s bithiazole is intercalated between adjacent
base pairs. In the process, the hydroperoxide ligand becomes
oriented toward the C4′-hydrogen of the deoxyribose that
would be targeted if HO2-Fe(III)Blm reacted with the
oligomer (19, 22, 25-27).

Previous NMR studies support the hypothesis that HO2-
Co(III)Blm is a valid structural model for HO2-Fe(III)Blm
(17, 18). Nevertheless, uncertainty still exists about features
of the HO2-Co(III)Blm structure. In particular, NMR studies
have not defined the internal axial ligand to Co(III) that is
provided by the drug. Neither has it been possible to locate
the disaccharide unit with respect to the rest of the structure
except that it is positioned on the same side of the cobalt

coordination plane as the primary amine (17, 18, 27). It has
been assumed that the primary amine serves as the axial
ligand opposite the hydroperoxide, because it is ideally
located to bind to Co(III), forming a five-membered, metal-
ligand, ring system upon binding to the metal center (8, 17,
18). In perusing the rest of the Blm structure, after the in-
plane ligands of Co(III) have been excluded (the nitrogens
from the secondary amine, pyrimdine, amide, and imidazole),
only the primary amine and mannose carbamoyl nitrogens
are sterically accessible to the axial coordination position.
Of these, the amine offers the stronger ligand for binding to
the metal ion. Still, substitution of the carbamoyl nitrogen
for the primary amine in the NMR structure calculation
results in a structure that is as acceptable as the one with
the primary amine ligand to Co(III) (26).

This assignment became ambiguous after the publication
of the structure of HO2-Co(III)-pepleomycin, based on a
form of the drug that differs from Blm only in the nature of
its variable R group (Figure 1). The published structure of
HO2-Co(III)-pepleomycin places the disaccharide carbam-
oyl group in the axial position (28). Strengthening this
assignment, the authors found that when the mannose
carbamoyl group could not act as the axial ligand in HO2-
Co(III)-deglycopepleomycin, the primary amine moved into
this position (28). Having obtained more NMR information
for this structure than that which supported the HO2-
Co(III)Blm A2 structure, these results strongly challenged
the assumption that the primary amine acts as the axial lig-
and. On the basis of this assignment, the relationship between
the disaccharide and the metal coordination plane, which is
unspecified in structures that place the primary amine in the
internal axial ligand position, was also determined.

To reexamine the question of the nature of the axial ligand
provided by the Blm drug, NMR experiments have been
undertaken to assign and compare the15N spectra of Blm,
dgBlm, HO2-Co(III)Blm, and HO2-Co(III)dgBlm. It was
anticipated that large changes in the chemical shift of either
the primary amine or carbamoyl nitrogens upon formation
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of the cobalt complexes would be observed and would signal
its binding to the metal center.

MATERIALS AND METHODS

Sample Preparation.Metal-free bleomycin A2 was pur-
chased from Calbiochem and had a nominal purity of more
than 85%. It was further purified by HPLC. This product
was used as the starting material for the production of
deglycobleomycin (dgBlm), which was made with minor
modifications according to a published method (29). To
convert these species to their Co(III) complexes, a 1.1-fold
excess of CoCl2 was added to rapidly stirred Blm A2 or
dgBlm A2. With the Blm A2 sample, stirring was completed
after 30 min; with dgBlm A2, it was continued for 24 h.
During the dioxygenation and redox processes that occurred
during the incubations, HO2-Co(III)Blm A2 and Co(III)-
Blm A2 or their deglyco counterparts form. They were
efficiently separated by HPLC (18, 26). Lyophilized Blm
A2, dgBlm A2, HO2-Co(III)Blm A2, and HO2-Co(III)dgBlm
A2 were dissolved in 0.55 mL of water containing 10% D2O
and 20 mM potassium phosphate buffer at pH 6.7 to attain
a concentration of 10 mM. Samples were transferred to NMR
tubes for the NMR experiments.

NMR Experiments.NMR spectra were acquired at 5°C
using a Bruker DRX500 NMR spectrometer operating at a
proton frequency of 500.13 MHz and equipped with a triple
axis gradient inverse broad-band (BBI) probe. Proton and
nitrogen chemical shifts are reported relative to DSS and
NH3(liquid), respectively. Two-dimensional NOESY and
DQF-COSY experiments were performed using standard
methods. Natural abundance1H{15N} HSQC experiments
were performed with gradient selection and sensitivity
enhancement employing water flip-back pulses to minimize
saturation of exchanging protons. A typical experiment
comprised 144t1 increments with 1024 transients of 2048
points each, covering a spectral width of 15205 and 8012
Hz in f1 and f2, respectively.1H{15N} HMBC experiments
were carried out using a standard gradient selected sequence
with additional presaturation of the water resonance for
improved water suppression. A total of 132 and 4096 data

points were acquired int1 and t2, respectively, with 1600
scans accumulated for eacht1 data point with a spectral width
of 18245 and 8012 Hz inf1 and f2.

RESULTS

Proton Resonance Assignments.Blm A2 and its hydrop-
eroxide-Co(III) complex are comprised of a number of
diverse structural elements (Figure 1, letters). dgBlm A2 and
HO2-Co(III)dgBlm A2 lack the disaccharide residue. A 2D
NMR study of HO2-Co(III)dgBlm A2 has been reported
(30). Although no interresidue NOEs were obtained, all of
the proton chemical shifts were assigned. On the basis of
the similarity in the chemical shifts and coupling constants,
the authors posited that the structure of HO2-Co(III)dgBlm
A2 was essentially the same as that of HO2-Co(III)Blm A2.
In the present experiments, the use of high concentrations
of HO2-Co(III)dgBlm A2 led to the definition of interresidue
NOEs and the determination of its 3D structure as in previous
studies (17, 18). Indeed, the structure closely resembles that
of HO2-Co(III)Blm A2 and will be reported elsewhere. The
NMR 1H chemical shifts of these four samples are listed in
Table 1. For this work the proton chemical shifts of the
disaccharide unit were not included. All of the chemical shifts
of nitrogens attached to exchangeable protons in the hydro-
peroxy-Co(III) complexes, and most of them in the free
drugs have also been assigned as described below.

Assignment of15N Chemical Shifts of the Amide and Amine
Groups and the Related Exchangeable Proton Chemical
Shifts.Isotopic enrichment of Blm with15N has not yet been
achieved, so our experiments were performed with natural
abundance drug in water solution by using 2D1H{15N}
HSQC NMR spectroscopic experiments. This approach is
several orders of magnitude more sensitive than 1D15N NMR
and yielded definitive resonance assignments of nitrogens
with bound protons.

Figure 2 shows the 2D1H{15N} HSQC NMR spectrum
of HO2-Co(III)Blm A2. There are five NH and five major
NH2 peaks in the spectrum. It can be divided into three
regions. At low field there are four NH peaks as seen in
Figure 1s (top) (see Supporting Information). They are

FIGURE 1: Structures of bleomycin, deglycobleomycin, and pepleomycin.
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(133.6, 8.82), (117.6, 8.52), (115.9, 8.56), and (114.4, 8.87)
ppm. These four peaks can be readily identified as four
secondary amide peaks according to the COSY spectrum
(Figure 1s, bottom). In particular, the resonance at 8.87 ppm
has one cross-peak with TRH at 4.32, so (114.4, 8.87)
belongs to T-NH. Similarly, 8.82 has only one cross-peak
with VγH at 3.44; thus, (133.6, 8.82) is assigned to V-NH.
The resonance at 8.52 ppm has two cross-peaks with BâH
and Bâ′H at 3.37 and 3.75, respectively. Hence, (117.55,
8.52) is associated with B-NH. Finally, 8.56 also has two
cross-peaks with SγH and Sγ′H at 3.43 and 3.56. As such,
(115.9, 8.56) is identified with S-NH.

In the middle part of the1H{15N} HSQC spectrum, there
are four major NH2 peaks, (112.5/7.99, 7.28), (108.5/7.78,
6.99), (96.2/7.90, 7.68), and (76.1/6.72, 6.11) (Figure 2s, top).

In the COSY spectrum (Figure 2s, bottom), 7.99 and 7.28,
7.78 and 6.99, 7.90 and 7.68, and 6.72 and 6.11 form four
weak cross-peaks with each other. No other cross-peaks were
found that related to these chemical shifts. Therefore, these
four pairs of1H-15N peaks should come from four isolated
NH2 groups, namely, A-CONH2, P-CONH2, M-CO-NH2,
and P-NH2. The NOESY spectrum in Figure 3s shows that
(7.99, 7.78) and (7.28, 6.99) also exhibit cross-peaks with
ARH (3.34), AâH (2.67), Aâ′H (3.16), PRH (3.12), and PR′H
(3.43). Therefore, the two pairs of HSQC cross-peaks at
(112.5, 7.99, 7.28) and (108.5, 7.78, 6.99) stem from
A-CONH2 and P-CONH2. The cross-peaks between

Table 1: Proton (500 MHz) Chemical Shifts of Blm, dgBlm,
HO2-Co(III)Blm, and HO2-Co(III)dgBlm. (5 °C)a

complexes

peaks Blm dgBlm
HO2-

Co(III)Blm
HO2-

Co(III)dgBlm

AR 4.24 4.26 3.34 3.18
Aâ 3.34 3.30 3.16 3.09
Aâ′ 3.25 3.23 2.66 2.77
ACONH2a 8.08 8.08 7.78 7.88
ACONH2b 7.54 7.53 6.99 7.24
ANH2a 4.18 4.00
ANH2b 3.14 3.91
ANH 5.92 6.26
PR 2.86 2.84 3.43 3.50
PR′ 2.79 2.78 3.12 3.12
Pâ 4.26 4.22 5.04 5.16
PCH3 1.95 1.92 2.39 2.52
PCONH2a 7.76 7.76 7.99 7.95
PCONH2b 7.12 7.06 7.28 7.18
PNH2a 7.90 7.74
PNH2b 7.68 7.47
HR 5.04 4.85 4.91 4.80
Hâ 5.46 5.22 5.45 5.37
H2 8.73 8.73 8.65 8.67
H4 7.54 7.47 7.53 7.55
HNH 9.13 9.16
VR 2.55 2.59 0.86 0.85
Vâ 3.69 3.71 3.25 3.30
Vγ 3.87 3.85 3.44 3.45
VRCH3 1.11 1.14 0.56 0.57
VγCH3 1.09 1.10 0.92 0.94
VNH 8.44 8.49 8.82 9.16
TR 4.16 4.18 4.32 4.30
Tâ 4.02 4.04 4.19 4.12
TCH3 1.03 1.05 1.14 1.12
TNH 8.18 8.30 8.87 8.95
BR 3.21 3.25 3.16 3.21
BR′ 2.99 3.06
Bâ 3.59 3.61 3.76 3.76
Bâ′ 3.37 3.41
B5 8.18 8.15 8.10 8.08
B5′ 7.98 8.01 7.76 7.81
BNH 8.42 8.46 8.52 8.43
SR 3.34 3.37 3.29 3.31
Sâ 2.11 2.14 2.06 2.08
Sγ 3.56 3.57 3.56 3.55
Sγ′ 3.43 3.49
S(CH3)2 2.85 2.89 2.87 2.89
SNH 8.94 8.97 8.56 8.69
M-CONH2a 6.57 6.72
M-CONH2b 6.22 6.11

a Blm A2, dgBlm A2, HO2-Co(III)Blm A2, and HO2-Co(III)dgBlm
A2 were dissolved in H2O containing 10% D2O and 20 mM potassium
phosphate buffer at pH 6.7 to achieve 10 mM concentration.

FIGURE 2: Contour plot of the1H{15N} HSQC spectrum of HO2-
Co(III)Blm.

FIGURE 3: High-field region of the1H{15N} HSQC spectrum of
HO2-Co(III)Blm (top) and its related DQF-COSY spectrum
(bottom).
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7.99 and 7.28 and PRH and PR′H are much stronger than
those between 7.78 and 6.99 and PRH and PR′H, whereas
those between 7.78 and 6.99 and ARH, AâH, and Aâ′H are
more intense than the ones between 7.99 and 7.28 and
these three hydrogens. Thus, the HSQC peaks at 7.78 and
6.99 were assigned to P-CONH2 and the others to
A-CONH2. Besides these NOESY cross-peaks, A-CONH2

and P-CONH2 participate in many cross-peaks with the
disaccharide protons in the 3.7-5.0 ppm region.

Resonances at 7.90 and 7.68 as well as 6.72 and 6.11 form
four cross-peaks with P-CH3 at 2.39; the former pair is very
strong in the NOESY spectrum. Because P-NH2 and P-CH3

are neighboring substituents of the pyrimidine ring, the
HSQC peak (96.2, 7.90, and 7.68) was assigned to P-NH2

and the other (76.1, 6.72, and 6.11) to M-CONH2.
M-CONH2 also establishes weak cross-peaks with P-NH2

and very weak cross-peaks with ARH, AâH, and Aâ′H.
The high-field portion of the HSQC spectrum reveals one

NH peak at (11.2/5.92) and one pair of NH2 peaks at (-9.7/
4.18, 3.14) as shown in Figure 3 (top). The NH peak can be
identified as A-NH because the 5.92 ppm resonance forms
cross-peaks with AâH (2.67) and Aâ′H (3.16) as well as
with PâH (5.04) in the COSY spectrum. The NH2 peaks
belong to A-NH2. In the COSY spectrum, the proton
resonances assigned to ANH2 (3.16, 4.18) generate cross-
peaks with ARH (3.34) (Figure 3, bottom). The histidine NH
is missing from the HSQC spectrum because the nitrogen is
deprotonated upon ligation to the Co(III). However, there is
a cross-peak between H-Hâ and a signal at 94.8 ppm in the
1H{15N} HMBC spectrum, which is due to the histidine
amide nitrogen (data not shown).

The HSQC spectrum of HO2-Co(III)dgBlm A2 is very
similar to that of its parent form, except that it does not have
the M-CONH2 cross-peaks (Figure 4). All of these peaks
were assigned with the same strategy as used above and are
listed in Table 2. The spectra in Figures 2 and 4 contain a
pair of weak cross-peaks at (113.4, 6.85, 7.64) which result
from an impurity of the solution, that was identified as CH3-
CONH2. It is thought to be derived from the buffer solution
used during the purification of the drug, which contained
ammonium acetate.

The HSQC spectra of Blm A2 and dgBlm A2 resemble
one another (Figures 4s and 5s). Combined with COSY and
NOESY spectral data, the HSQC peaks have also been
assigned and are listed in Table 2. There are several

differences in comparison with the results for the cobalt
complexes. First, five secondary amide cross-peaks were
detected, including H-NH, which is deprotonated and does
not appear in either the HO2-Co(III)Blm A2 or the HO2-
Co(III)dgBlm A2 HSQC spectrum. Second, M-CONH2 is
weaker and does not have any cross-peaks with other protons
in the NOESY spectrum. In addition, A-CONH2 and
P-CONH2 display only intraresidue NOE cross-peaks. Also,
the three amine peaks, A-NH2, A-NH, and P-NH2, are
missing from the HSQC spectra of the free drugs, apparently,
because of the fast exchange of their protons with the bulk
water solvent under these conditions (pH 6.7). Slightly
adjusting the pH to 6.4 reveals that the P-NH2 protons of
Blm A2 are degenerate with a single cross-peak at (84.1,
6.49) in the HSQC spectrum (data not shown). The cross-
peaks of A-NH2 and A-NH remain missing. However, an
early 1D 15N NMR study of Blm A2 in CH3OH displayed
all of the 17 nitrogen peaks (31). Except for the very high
field peaks from nonprotonated nitrogens of bithiazole,
pyrimidine, and imidazole rings, which cannot be detected
by HSQC experiment, the15N chemical shifts in this report
are very well correlated with those in 1D15N NMR
experiments (Table 1s). Therefore, it can be reasonably

Table 2: 1H{15N} HSQC Cross-Peaks of Bleomycin Species at 5°Ca

Blm dgBlm HO2-Co(III)Blm HO2-Co(III)dgBlm
15N 1H 15N 1H 15N 1H 15N 1H

S-NH 116.8 8.94 116.6 8.97 115.9 8.56 116.3 8.69
B-NH 119.4 8.42 119.4 8.46 117.6 8.52 117.9 8.43
T-NH 118.4 8.18 119.2 8.30 114.4 8.87 115.4 8.95
V-NH 133.9 8.44 136.0 8.49 133.6 8.82 133.7 9.16
H-NH 118.8 9.13 120.3 9.16 94.8b

A-CONH2 108.9 8.08/7.54 108.7 8.08/7.53 108.5 7.78/6.99 110.2 7.88/7.24
P-CONH2 113.6 7.76/7.12 113.1 7.76/7.06 112.5 7.99/7.28 111.6 7.95/7.18
M-CONH2 75.9 6.57/6.22 76.1 6.72/6.11
P-NH2 84.1c 6.49b 96.2 7.90/7.68 94.4 7.74/7.47
A-NH 35.1 or 36.5d 11.2 5.92 12.9 6.26
A-NH2 36.5 or 35.1c -9.7 4.18/3.14 -7.8 4.00/3.91
a Blm A2, dgBlm A2, HO2-Co(III)Blm A2, and HO2-Co(III)dgBlm A2 were dissolved in H2O containing 10% D2O and 20 mM potassium

phosphate buffer at pH 6.7 to achieve 10 mM concentration.b H-Hâ/N cross-peak in1H{15N} HMBC. c The pH of the sample was adjusted to 6.4.
d These chemical shifts are converted from ref31.

FIGURE 4: Contour plot of the1H{15N} HSQC spectrum of HO2-
Co(III)dgBlm.
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assumed that the15N chemical shifts of A-NH2 and A-NH
in metal-free Blm A2, which were missing from our HSQC
experiment, should be near 35.1 and 36.5 ppm, their positions
in the 1D15N NMR spectrum.

DISCUSSION

The present experiments assign all of the15N NMR signals
of nitrogens with bound hydrogens that are found in HO2-
Co(III)Blm A2 and HO2-Co(III)dgBlm A2 as well as most
of them in Blm A2 and dgBlm A2. Two key findings relate
to the question of the identity of the internal axial ligand in
HO2-Co(III)Blm; both strongly support the identification
of the primary amine as that ligand. First, the position of
the mannose carbamoyl nitrogen (M-CONH2) is only
marginally perturbed upon complexation of Blm A2 with
HO2-Co(III) (75.9 vs 76.1 ppm). If it were bound to Co-
(III), a large shift would be expected. Second, the positions
of the primary and secondary amine nitrogens (A-NH2 and
A-NH) at -9.7 and 11.2 ppm, respectively, are highly
shifted in comparison with metal-free primary and secondary
amines (Table 2). The apparent large upfield shifts of
A-NH2, A-NH, and H-N (amide) in HO2-Co(III)Blm A2

are completely consistent with their direct complexation to
a positively charged metal ion (32). The similarity in 15N
chemical shifts of HO2-Co(III)Blm A2 and HO2-Co(III)-
dgBlm A2 also supports the identification of the primary
amine as the internal axial ligand in HO2-Co(III)Blm A2,
because in HO2-Co(III)dgBlm A2, the primary amine is the
only possible axial ligand. In addition, the missing H-NH
HSQC peak confirmed that an amide nitrogen is deprotonated
when bound to Co(III). The relatively large15N chemical
shifts of P-NH2 in metal-free Blm A2 (84.1 ppm) and the
Co(III) complex (96.2 ppm) are in agreement with the direct
ligation of the aromatic pyrimidine ring nitrogen with the
metal center.

Review of the NMR study that led to the definition of the
mannose carbamoyl nitrogen as the axial ligand in HO2-
Co(III)-pepleomycin shows that this result largely depended
upon the accurate assignment of the A-NH2 proton chemical
shifts in HO2-Co(III)-pepleomycin (6.58, 5.93 ppm) and
HO2-Co(III)-deglycopepleomycin (4.09, 3.97 ppm) (33).
It was primarily these differences which led the authors to
suggest the carbamoyl group as the axial ligand of HO2-
Co(III)-pepleomycin. Unfortunately, no detail was provided
about the method of assignment. In contrast, the chemical
shifts for the primary amine for HO2-Co(III)Blm A2 (4.18,
3.14) and HO2-Co(III)dgBlm A2 (4.00, 3.91), resulting from
unambiguous assignments in the present study, are similar
and do not warrant the conclusion that the primary amine is
a metal-binding ligand only in the deglyco form. According
to our interpretation, the differences in chemical shift are
due to the presence or absence of the disaccharide in the
vicinity of the primary amine hydrogens. In the pepleomycin
work it was also asserted that the fast exchange rate of
A-NH2 protons (very broad NMR peaks) in HO2-Co(III)-
pepleomycin and the slower exchange rate in its deglyco
analogue indicated the same difference in axial ligation for
HO2-Co(III)-pepleomycin and HO2-Co(III)-deglycopep-
leomycin. However, because the spectra were acquired at
different pH values (6.9 and 6.4, respectively), the difference
in the exchange rate may simply be due to the change in
pH.

Another case in which the carbamoyl group and not the
primary amine was defined as the axial ligand is OC-
Fe(II)Blm A2 (33). This conclusion was based primarily on
the large upfield shifts of the mannose C3-H resonance from
4.68 ppm in metal-free Blm to 4.21 ppm in its metal complex
and the NOEs between the M and H residues, which required
that the M group is close to the metal center. However,
proton chemical shifts can depend on a variety of long-range
environmental effects apart from metal complexation. There-
fore, proton chemical shift difference alone cannot determine
the ligation state. Moreover, the many NOE connections
between disaccharide and metal domain hydrogens that were
observed in the present study are also consistent with the
location of the disaccharide in close proximity to the
equatorial coordination plane of the Co(III) center.

The placement of the primary amine in the axial position
above the Co(III) coordination plane instead of the mannose
carbamoyl nitrogen removes the only conformational deter-
minant [the carbamoyl nitrogen-Co(III) bond] that locates
the disaccharide with respect to the metal domain of HO2-
Co(III)-pepleomycin and OC-Fe(II)Blm. However, the
accurate assignment of the exchangeable1H resonances of
HO2-Co(III)Blm A2 by 1H{15N} HSQC NMR spectroscopy
has uncovered a number of NOE interactions that provide
the basis for rigorously defining the orientation of the
disaccharide unit with respect to the rest of the drug. Work
on a refined structure of HO2-Co(III)Blm A2 that includes
this relationship is currently in progress.

SUPPORTING INFORMATION AVAILABLE

One table giving15N NMR resonances of bleomycin A2

and five figures showing the low- and middle-field regions
of the 1H{15N} HSQC and DQF-COSY spectra of HO2-
Co(III)Blm and contour plots of the partial NOESY spectrum
of HO2-Co(III)Blm and of the1H{15N} HSQC spectra of
free Blm and dgBlm. This material is available free of charge
via the Internet at http://pubs.acs.org.
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