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Introduction

Bleomycins (BLMs) are a family of glycopeptide antibiotics that
have been isolated from several Streptomyces species.[1, 2] The
structure was proposed in 1978[3] and finally confirmed by
Takita et al.[4, 5] and Hecht et al.[6] The chemotherapeutic formu-
lation of BLM, which is primarily composed of BLM A2 and
BLM B2 (Scheme 1), has been widely used in combination with

other chemotherapeutic agents[7, 8] for the treatment of skin,
head, and neck carcinomas. The biological activity of BLMs is
thought to originate from their DNA-damaging capacities : FeII-
complexed BLMs have been reported to cause sequence-spe-
cific DNA cleavage in the presence of oxygen.[9]

The lethal effect of BLMs is thought to be harmful not only
for cancer cells but also for BLM-producing microorganisms.
Therefore, to protect themselves from the lethal effects of their
own products, microorganisms produce proteins to modify
and to sequester the drug. As one example, Streptomyces verti-
cillius, a BLM producer, is known to harbor the blmA and blmB
genes, which encode for a BLM-binding protein (BlmA)[10] and
an N-acetyl transferase (BlmB),[11] respectively. In addition, a
gene that encodes a small acidic BLM-binding protein, Shble
protein, has been cloned from the BLM-producing Streptoallo-
teichus hindustanus.[12, 13] Although BLMs have not been used as
antibacterial agents, many clinically isolated strains of methicil-
lin-resistant Staphylococcus aureus (MRSA) produce BLM-bind-
ing proteins that sequester these antibiotics, leading these
strains to be resistant to BLMs at high levels. Sugiyama et al.
have reported that many strains of clinically isolated MRSA are
resistant to BLMs and that the mechanism of the resistance is
due to the existence of a BLM-binding protein, designated
BlmS.[14] Another BLM-binding protein, designated BlmT, has
been found in E. coli.[15]

The photocrosslinked chemical array format is useful not
merely for screening protein ligands, but also for gaining in-
sight into structure–affinity relationships (SARs). By probing an
array of 2000 natural products, containing 50 bleomycin (BLM)
derivatives, with cell lysates that overexpress RFP-fused Shble
protein, we successfully observed interactions between Shble
protein and BLMs on the array. Among the BLM derivatives,
those that had long C-terminal tails were found to bind strong-
ly. The binding signal intensities observed on the chemical
array correlated well with the association constants, which

were determined by isothermal titration carolimetry (ITC) ex-
periments (r2 = 0.663), showing that the on-chip results were
not an artifact of ligand immobilization. In addition to the C-
terminal tails, the propionamide moieties in pyrimidoblamic
acid (PBA) also appeared to be important for binding. The con-
tributions of the propionamide moieties of PBA to binding
were further supported by the X-ray structure of the complex
of Shble protein and BLM A6. These results provide insight into
the structural requirements for recognition of BLMs by Shble
protein.

Scheme 1. Structures of bleomycins A2 and B2.
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It has been shown that transgenic expression of Shble pro-
tein or adenovirus-mediated transfer of the Shble gene pre-
vents BLM-induced pulmonary fibrosis.[16, 17] An analysis of the
mechanism of binding between BLMs and these proteins is
thus important for understanding of the fundamental role of
resistance proteins and for the rational design of pharmaceuti-
cal drugs that have better clinical efficacy and lower toxicity.

We have developed a nonselective photo-immobilization
method to introduce a variety of small molecules onto glass
slides.[18–20] We showed that the resulting photocrosslinked
chemical arrays were useful not merely for protein ligand
screening but also for gaining insight into structure–affinity re-
lationships (SARs): that is, the relationship between structural
motifs that are found in small molecules and their bindingACHTUNGTRENNUNGaffinities for proteins of interest. Because very small sample
amounts are needed to construct the microarray and because
the photo-immobilization method can be applied to complex
natural products, the photocrosslinked chemical array platform
is well suited for evaluation of the SARs between Shble protein
and BLMs.

In this work we have evaluated the binding abilities of vari-
ous BLMs with Shble protein by using photocrosslinked chemi-
cal arrays. The on-chip fluorescence signals indicated that BLM
derivatives that have a C-terminal tail connected to the bithia-
zole moiety and that contain propionamide moieties of pyrimi-
doblamic acid (PBA) tend to bind strongly to Shble protein. To
confirm these results, we performed isothermal titration calo-
rimetry (ITC) measurements and determined the thermody-
namic properties of the interactions between Shble protein
and representative BLM derivatives. Finally, we obtained a co-
crystal structure of the Shble protein/BLM A6 complex to assess
the importance of the two described motifs in the recognition
events between BLMs and Shble protein.

Results

Shble protein binds specifically to a particular class of BLM
derivatives on chemical arrays

In 2006, Schreiber et al. reported that mammalian cell lysates
that overexpressed a green fluorescent protein (GFP)-fused
protein could be used for binding assays based on chemical
arrays.[21] We have adopted this system and modified it to
create a ligand-screening method that enables us easily to dis-
tinguish false positives from hit signals.[22] We hence set out to
use this system to study the SARs of BLMs and Shble protein
on photocrosslinked chemical arrays. To this end, we construct-
ed photocrosslinked chemical arrays on which 2000 unique,
natural-product-based compounds, containing 50 BLM deriva-
tives, were photochemically immobilized (see the Supporting
Information S1). Photogenerated carbene is known to react
with a variety of single and multiple bonds,[23] and immobiliza-
tion on our chemical array platform took place in a functional-
group-independent manner.[18–20] Also, two lines of HEK293T
cells, which overexpressed red fluorescent protein (RFP) or
RFP-fused Shble (RFP-Shble) protein, were created. Two chemi-
cal array slides were independently treated with RFP-Shble pro-

tein-overexpressing cell lysates and RFP-overexpressing cell ly-
sates. To differentiate Shble protein binding signals, a fluores-
cent image of the RFP-Shble protein-treated slide was colored

Figure 1. On-chip binding assay on cell lysates overexpressing RFP-fused
Shble protein. A) 2000 natural products, including 50 bleomycin derivatives,
were immobilized on a glass slide. The HEK293T cell lysates expressing RFP
or RFP-fused Shble protein were incubated with the slides, and the slides
were briefly washed and scanned. The slides treated with RFP-fused Shble
protein (sample) and with RFP (control) were colored red and green, respec-
tively. The merged image is shown. Bleomycin derivates 1–12 are indicated
with white arrows. B) One hundred selected compounds and their fluores-
cence signals at 532 nm. Compounds were selected according to signal in-
tensity and are listed in descending manner. Fluorescence signal at 532 nm
is determined by subtracting the F532 control slide median from the F532

sample slide median. Bleomycin derivatives are shown as red bars. These
data were calculated from averages of duplicate positions on a slide. C) Plot
of fluorescence intensities of the bleomycin derivatives, listed in descending
manner. To verify the differences reflecting the compounds’ binding affinities
towards Shble protein, 12 compounds were selected from four classes (high,
medium, low, and undetectable). The four classes were determining by fluo-
rescence signals at 532 nm: high means >300, medium means 300–70, low
means 70–20, and undetectable means <20.
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in red, the RFP-treated slide was colored in green, and the
images were merged. The merged image is shown in Fig-
ure 1 A. Hence, red signals in the merged images indicate the
presence of RFP-Shble that is specifically bound to the area.

All of the red signals that were observed in Figure 1 A were
localized to BLM derivatives. The yellow signals that were de-
tected were primarily derived from the position marker rhoda-
mine and from fluorescent molecules that were immobilized
on the array. Many anthracyclines and angucyclines were in-
cluded in our library, and these were identified as yellow spots
in the merged image (some compounds are shown in Table S1
and Figure S2 in the Supporting Information).

To show the results in a quantitative manner, the top 100
RFP-Shble-derived fluorescence values [F532 median (sam-
ple)�F532 median (control)] of the immobilized compounds are
listed in descending manner as shown in Figure 1 B. Although
nearly all of the strong signals were found for BLMs (red bars),
significant signals were also observed for other compounds

(blue bars). However, when the merged image was carefully
analyzed, these compounds were determined to be yellow
spots (for example, compounds a–c in Figure 1 A). Accordingly,
we concluded that Shble protein binds specifically to BLM de-
rivatives.

When the fluorescence signals from BLM derivatives were
selected and listed in order of magnitude, it was clear that
there were significant differences between the fluorescence in-
tensities of the BLMs (Figure 1 C). We classified the BLM deriva-
tives in Figure 1 C into four categories (high, medium, low, and
undetectable) according to fluorescence intensity, and structur-
al features were carefully evaluated (see the Supporting Infor-
mation for the structures of the BLMs). Representative BLM de-
rivatives (1–12) in these four categories were chosen and are
listed in Table 1. Basically, a BLM molecule can be dissected
into five structural domains: 1) the pyrimidoblamic acid (PBA)
subunit (red part in Table 1), 2) the (2S,3S,4R)-4-amino-3-hy-
droxy-2-methylpentanoic acid (AHM) subunit and the hydroxy-

Table 1. Structures of the selected compounds 1–12. Each is complexed with a copper atom.

Compound R1 R2 R3 Names On-chip
ID categories

1 3-carbamoyl-a-d-mannose and a-l-gulose NH ACHTUNGTRENNUNG(CH2)3NH ACHTUNGTRENNUNG(CH2)3NH ACHTUNGTRENNUNG(CH2)3NHC NH2 – high
(-NHcyclohexyl)(=NHcyclohexyl)

2 3-carbamoyl-a-d-mannose and a-l-gulose NH ACHTUNGTRENNUNG(CH2)3NH ACHTUNGTRENNUNG(CH2)4NH ACHTUNGTRENNUNG(CH2)3NH2 NH2 bleomycin A6 high
3 3-carbamoyl-a-d-mannose and a-l-gulose NH ACHTUNGTRENNUNG(CH2)3NH ACHTUNGTRENNUNG(CH2)4NH2 NH2 bleomycin A5 high
4 3-carbamoyl-a-d-mannose and a-l-gulose NH ACHTUNGTRENNUNG(CH2)3NH ACHTUNGTRENNUNG(CH2)4NH ACHTUNGTRENNUNG(CH2)3- NH2 – high

NHCOCH3

5 3-carbamoyl-a-d-mannose and a-l-gulose NH ACHTUNGTRENNUNG(CH2)4NHC ACHTUNGTRENNUNG(=NH)NH2 NH2 bleomycin B2 medium
6 3-carbamoyl-a-d-mannose and a-l-gulose NHC6H4ACHTUNGTRENNUNG(p-CH2N ACHTUNGTRENNUNG(CH3)2) NH2 – medium
7 3-carbamoyl-a-d-mannose and a-l-gulose NH ACHTUNGTRENNUNG(CH2)3SCH3 NH2 bleomycin demethyl A2 medium
8 3-carbamoyl-a-d-mannose and a-l-gulose NH2 NH2 bleomycin B1’ medium
9 3-carbamoyl-a-d-mannose and a-l-gulose OH NH2 bleomycinic acid low

10 H NH ACHTUNGTRENNUNG(CH2)4NHC ACHTUNGTRENNUNG(=NH)NH2 NH2 bleomycin aglycon B2 low
11 3-carbamoyl-a-d-mannose and a-l-gulose NH ACHTUNGTRENNUNG(CH2)4NHC ACHTUNGTRENNUNG(=NH)NH2 OH dll-bleomycin B2 low

12
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histidine subunit (green part), 3) the bithiazole moiety (blue
part), 4) the sugar moiety (R1) composed of 3-carbamoyl-a-d-
mannose and a-l-gulose, and 5) the C-terminal tail attached to
the bithiazole (R2). The PBA and AHM subunits, as well as the
bithiazole moiety, together comprise a common backbone of
BLM. All of the Shble protein-bound BLM derivatives on our
chemical array slide possess this common backbone, indicating
that this structure is necessary for recognition by Shble protein.
Of the five domains, the bithiazole moiety is thought to be es-
sential for Shble protein binding; none of the derivatives not
containing the bithiazole moiety was included in detectable
categories (high, medium, low) in Figure 1 C, although there
were such derivatives present on the arrays (data not shown).
This finding was also supported by the fact that phleomycins,
which have only one thiazole ring, showed binding signals at
low levels (see compound G in Table S1 and Figure S2). It
should be noted that a small structural change in the PBA sub-
unit (compound 5 vs. 11) made a significant difference in bind-
ing signal (Figure 1 A and C). The sugar component and the C-
terminal tail connected to the bithiazole moiety are probably
not essential for binding, because derivatives 8–10 did gener-
ate any binding signals. However, the C-terminal tail did seem
to modulate binding, because many BLM derivatives that gen-
erated high or medium signal intensities—including all of the
top four compounds (1–4)—have relatively long tails contain-
ing amino groups at the C-termini (Figure 1 C and D). These
findings indicate that long chains that contain amino groups
can have positive effects on BLM/Shble protein interaction.

ITC analysis of Shble protein binding to various BLMACHTUNGTRENNUNGderivatives

To confirm the results obtained from the on-chip SAR study,
we performed isothermal titration calorimetry (ITC) measure-
ments to determine the thermodynamic parameters of the in-
teractions between Shble protein and BLM derivatives. To this
end, His6-Shble protein was expressed in E. coli and purified.
Compounds 1–12 were used primarily because of the limited
availabilities of the other derivatives. The association constants
(Ka) that were obtained for compounds 1–12 by ITC measure-
ment are summarized in Table 2. Compound 1, which gave the
strongest binding signal in the chemical array experiments,
generated the largest Ka value (1.28 � 108

m
�1) out of the tested

samples. This value is larger than that of BLM A2 (2 � 107
m
�1),[24]

indicating that compound 1 is the tightest Shble protein-
binder known. Compounds 2–5, all of which possess long,
amine-containing C-terminal tails at their R2 positions, also had
strong affinities to Shble protein (4.27–7.72 � 107

m
�1). In partic-

ular, compound 5 showed a >70-fold higher binding affinity
than compound 11, which differed from 5 at the R3 position.
Compound 10 had a Ka value of 7.64 � 106

m
�1, implying that

the replacement of the sugar moieties at the R1 position ap-
peared to be tolerant to binding.

On the other hand, compound 12 did not bind Shble protein
at all. Compound 12 possesses the common backbone that is
known to play an important role in the efficiency of DNA cleav-
age,[25] but in this case we concluded that this backbone only
served as a connection between bithiazole and the PBA subu-
nit and that the backbone did not generate sufficient binding
networks to stabilize the complex.

Importantly, the binding constants that were determined by
the ITC experiments correlated well with the binding signal in-
tensities that were observed on the chemical array (r2 = 0.663;
Figure 2). This result showed that the on-chip results were not
an artifact of ligand immobilization.

Crystal structure analysis of wild-type Shble protein inACHTUNGTRENNUNGcomplex with BLM

We succeeded in solving an X-ray crystal structure of Shble
protein in complex with BLM A6 (2) at 1.6 � (Figure 3). The
crystals that were grown belong to space group P212121, with
unit cell parameters of a = 40.0 �, b = 53.9 �, and c = 125.5 �.
Like the previously reported[26, 27] BLM-binding protein struc-
tures, the current model contains two monomeric Shble pro-
tein molecules and two molecules of 2 in the asymmetric unit
(2:2 complex; Figure 3 A).

The bithiazole moiety of 2 is located along the large groove
that is formed at the interface of two Shble protein molecules,
and the two thiazolium rings interact with Phe33B,[28] Phe38B,
and Trp102A through hydrophobic interactions (Figure 3 B).

It has been proposed that these stacking effects contribute
to stabilization of the binding of 2 to Shble protein. Electron
density for the C-terminal tail of 2 is absent from the binary

Table 2. Binding constants of 1–12 to Shble protein as determined by
ITC analysis.

Compound Ka [m�1] Compound Ka [m�1]

1 1.28 � 108 2 4.71 � 107

3 7.72 � 107 4 4.27 � 107

5 6.84 � 107 6 1.82 � 106

7 5.19 � 106 8 1.18 � 107

9 3.91 � 106 10 7.64 � 106

11 9.45 � 105 12 N.B.[a]

[a] No binding under the ITC measurement conditions.

Figure 2. Correlation between binding constants (Ka) obtained from ITC ex-
periments and fluorescence signals observed on the chemical arrays. The x-
axis represents the fluorescence intensities of compounds 1–11 on the glass
slide (Figure 1 C), The y-axis represents the Ka values calculated by ITC analy-
sis (Table 2). r2 = 0.6633.
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complex structure. Collectively, these data suggest a dis-ACHTUNGTRENNUNGordered conformation of the tail end.[29] The propionamide
moiety of the PBA subunit in 2 forms hydrogen bonds with
the Ser51B hydroxy group and the Ala52B carbonyl oxygen
(Figure 3 C). As described above, the differences between the
Ka values of 5 and 11 (Figure 2 D) indicate that this hydrogen-
bonding network contributes robustly to stabilization of the
Shble protein/BLM complex. It also has been suggested that
changing the amide moiety to a carboxylic acid moiety should
not only lose the hydrogen-bonding network for stabilization
but also induce repulsion between the negatively charged car-
boxylate group and the Ala52B carbonyl oxygen or Ser51BACHTUNGTRENNUNGhydroxy group.

Discussion

Several crystal structures of ligand–BLM binding protein com-
plexes, including BlmT/BLM A2,[24] BlmA/CuII-bound or -un-
bound BLM A2,[29, 30] thermostable Shble mutant/BLM A2,[27] as
well as solution structure of Shble/ZnII-bound BLM,[31] have so
far been reported. These crystallographic and NMR analyses

present detailed depictions of drug–protein interactions, but it
is still difficult to evaluate the relative and quantitative impor-
tance of individual functional groups on the complex drug
molecule for the interaction. Many BLM derivatives have been
identified or synthesized[32–38] to obtain these information, but
there are few available data relating to binding patterns of a
large number of BLM analogues.

Through our SAR analysis with a photocrosslinked chemical
array platform, we found that all of the Shble-bound BLMs
have a common backbone, made up of the PBA, AHM, and bi-
thiazole units. The analysis also suggested the importance of
the bithiazole moiety, the propionamide moiety of the PBA
subunit, and the C-terminal tail that is connected to bithiazole
during binding. This hypothesis was confirmed by ITC experi-
ments.

The importance of the bithiazole moiety in the interaction
between BLM and BLM-binding proteins has been suggested
by X-ray crystallographic and NMR analyses.[27, 29, 31] Our on-chip
SAR, as well as the ITC experiments, clearly showed that the
stacking effect of the bithiazole moiety with aromatic residues
in the Shble protein was critical, because derivatives that
lacked the bithiazole did not generate positive binding signals
on the chemical arrays; moreover, compound 12 did not bind
to Shble protein at all in the ITC experiment.

The hydrogen-bonding networks that surround the PBA
domain of BLMs in co-crystal structures have been observed in
previous analyses, but the quantitative importance of the pro-
pionamide group in the PBA domain has not been assessed. It
is noteworthy that our study demonstrated a >70-fold de-
crease in affinity when the amide moiety in the propionamide
group was altered to a carboxylic acid. This result is probably
due to loss of two hydrogen bonds with Ala52 and Asn61 (Fig-
ure 3 C).

The C-terminal tail moiety (R2 in Table 1) attached to the bi-
thiazole group has been reported to contribute to BLM–DNA
interaction.[39] No electron density map of this tail has been
clarified by any reports,[24, 27, 29, 31] and the structure of this tail
was also unclear in our crystallographic study (Figure 3 A). It
has been shown previously that the negatively charged cleft
runs between two protein subunits in the Shble dimer, sug-
gesting that there are interactions between the positively
charged C-terminal tail moiety and the negatively charged resi-
dues of resistant proteins (for example, Asp32 in Shble protein)
and that the terminus is necessary for ligand recognition of
the protein but not for ligand stabilization.[26, 29, 31] However, re-
sults obtained from our study of the SARs of BLMs’ binding
specificities toward Shble protein clearly demonstrated that
the tails did modulate the stabilities of the protein–ligand
complexes.

The on-chip SAR method described in this study provides
valuable insights into the structural requirements for BLMs to
be recognized by Shble protein in a high-throughput manner.
For example, compounds 5 and 11, which are structurally si-ACHTUNGTRENNUNGmilar BLMs, were clearly distinguished by their fluorescence
signals on the arrays. The chemical array screening method en-
ables SAR analysis with very small amounts of compounds
(�10 mm, 1 nL per spot) and cell lysates that express a tagged

Figure 3. Crystal structure of the complex formed by Shble protein and com-
pound 2. A) Overall view of the complex formed by Shble protein and com-
pound 2. Each Shble monomer is colored in blue (subunit A) or green (sub-ACHTUNGTRENNUNGunit B). Two 2 molecules are drawn in magenta and yellow. Electron density
around 2 is contoured at 1.0 s. B) The binding of 2 to Shble protein in the
long groove. A molecule of 2 and the surrounding residues of Shble protein
are shown in stick representation. The bisthiazole moiety of 2 is stabilized
by a stacking interaction. C) Hydrogen-bonding network between Shble pro-
tein and the terminal amide group of the pyrimidobramic acid moiety of 2.
The carbon atoms of 2 and copper ion are colored magenta and brown, re-
spectively. Each subunit of Shble protein is colored as in (B).
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protein of interest, whereas both ITC and X-ray crystallography
require highly purified and large amounts of proteins.

On the other hand, while the photocrosslinked chemical
array platform has proven to be useful, we recognize that the
results that were obtained from our on-chip SARs are not de-
finitive. Compounds 5 and 6, for example, showed similar bind-
ing signals on the arrays, whereas ITC analysis showed the
binding of 5 to Shble protein to be 40 times stronger than that
of 6. One possible reason could be the reactivity of the R2

moiety: these compounds differ only in the R2 group, thus
making it possible that an electron-rich p-(dimethylaminome-
thyl)aniline moiety in compound 6, which does not participate
in binding, could react preferentially with electron-deficient
carbene species during the photocrosslinking process. We are
currently analyzing the reactivity of the carbene towards a vari-
ety of functional groups under our photocrosslinking condi-
tions. The studies should be useful in revealing the origins of
these inconsistencies and in providing an array system that is
more compatible with evaluations of SAR studies of binding
between immobilized compounds and target proteins.

Conclusions

In this study we have performed an analysis of the SARs of
BLM derivatives and Shble protein by using a chemical array
platform, and we suggest that several domains are important
for BLM derivatives to be recognized by Shble protein. Our hy-
pothesis was confirmed by ITC and X-ray crystallographic anal-
yses. The information that was obtained in this study has pro-
vided us with additional insights into the mechanisms of Shble
protein sequestration, which should become the molecular
basis for the design of clinical drugs with better clinical efficacy
in the near future.

Experimental Section

Preparation of photocrosslinked chemical array : The slides were
prepared as in our previous reports.[18, 19] A solution of the 2000-
natural product library (10 mm in DMSO) from the Microbial
Chemistry Research Center (Japan) was arrayed onto the photoaf-
finity linker-coated glass slides. The slides were then exposed to
UV irradiation (4 J cm�2) at 365 nm by using a CL-1000 L UV cross-
linker (UVP, CA). They were rinsed with DMSO, washed successively
with DMSO, DMF, THF, DMSO, and Milli-Q water (1 h each), and
dried. The slides were degassed and stored at �20 8C until use.

Preparation of mammalian cell lysates expressing RFP-fused
Shble protein : Streptoalloteichus hindustanus Shble gene from the
pZeoSV2 (+) vector (Invitrogen, Tokyo, Japan) was subcloned into
pDsRed-Express-N1 (Clontech, Mountain View, CA). Sequences
were confirmed by the dideoxynucleotide chain termination proce-
dure with an automated sequencer (Applied Biosystems). HEK293T
cells were cultured in RPMI-1640 medium supplemented with fetal
bovine serum (10 %) under a humidified atmosphere containing
CO2 (5 %). RFP-fused Shble protein-expressing cells were created by
transfection of the plasmids into exponentially growing HEK293T
cells in the presence of the Effectene transfection reagent (Qiagen,
Tokyo, Japan). After transient transfection for 24 h, the cells were
washed, harvested, suspended in phosphate-buffered saline (PBS),
and lysed by sonication. The lysates were centrifuged at

15 000 rpm for 15 min, and the amount of protein in each lysate
was measured by staining the proteins with Coomassie Brilliant
Blue G-250 (BioRad, Hercules, CA). In this paper, the fused Shble
protein expressed from pDsRed-Express-N1 is designated as RFP-
fused Shble protein.

Treatment of glass slides with cell lysates and scanning of slides
for fluorescence : Glass slides were incubated for 1 h at 30 8C with
cell lysates that overexpressed the RFP-fused Shble protein or RFP
protein (3–4 mg protein per mL) followed by the merged display
method.[22] After incubation, the slides were washed three times,
dried, and scanned at 532 nm on a GenePix microarray scanner
(Amersham Biosciences). The fluorescence signals were quantified
by using GenePix 5.0 software. For the images from each slide, one
that was treated with cell lysates that overexpressed RFP was used
as control, and the other was incubated with cell lysates overex-
pressing the RFP-fused Shble protein. These were colored green
and red, respectively, by using Photoshop 5.5 software. The colored
figures were then merged.

Purification of Shble protein and isothermal titration calorimetry
(ITC): The gene encoding Shble protein was subcloned into the
pRSET C vector (Invitrogen). An E. coli. strain—BL21 (DE3)—was
transformed with the resulting vector. The transformed cells were
cultured in LB medium and lysed by sonication in PBS. Cell lysates
were prepared by centrifugation, and Ni-NTA agarose (Qiagen) was
added to the cell lysates. The Ni-NTA agarose was washed with
PBS, and Ni-NTA agarose-bound His6-Shble protein was eluted with
PBS containing imidazole (300 mm). The eluted fractions were then
dialyzed with PBS. ITC was performed at 20 8C by use of MicroCal
VP-ITC (MicroCal, Northampton, MA). His6-Shble protein was de-
gassed for 3 min before being loaded into a calorimeter cell. A
ligand solution (200 mm) in PBS that had been degassed for 3 min
before use was titrated with protein (18 mm) in the same buffer.
After an initial dummy injection of 2 mL, ligand solution (6 mL) was
injected into the calorimeter cell. The resulting titration curves
were then processed and fitted with the aid of Origin 7 software.
Compounds 2, 3, 5, and 7–11 were isolated from Streptomyces and
synthesized as described previously.[35–38, 40]

Purification and crystallization of Shble protein : For purification
of the Shble protein, an E. coli strain—BL21—harboring nontagged
recombinant Shble protein was grown in LB medium containing
ampicillin (50 mg mL�1). The harvested cells, collected by centrifuga-
tion, were extracted by sonication with buffer [Tris-HCl (pH 7.4,
20 mm), PMSF (1 mm), benzamidine (5 mm)] . The resulting super-
natant was collected by centrifugation at 40 000 g for 1 h. The
cleared supernatant was applied to a RESOURCE Q column (GE
Healthcare) that was equilibrated with Tris-HCl buffer (pH 7.4,
20 mm) and eluted with Tris-HCl buffer (pH 7.4, 20 mm) containing
NaCl (0–1 m) in a linear concentration gradient. The fractions con-
taining Shble protein were applied to a Superdex 200 column (GE
Healthcare) for purification to homogeneity. For the crystallization
of Shble protein, crystals of Shble-containing compound 2 were
grown by the vapor diffusion method with PEG 2000 monomethyl
ether as a precipitant at 20 8C. An equal volume of well liquor con-
taining PEG (14 %), MES (pH 6.5, 100 mm), and ZnSO4 (10 mm) was
mixed with protein solution (5 mg mL�1) containing compound 2
(3 mm).

Data collection and structure analysis of Shble protein : X-ray dif-
fraction measurements were performed in BL26B2 at SPring-8
(RIKEN). Diffraction images of the dataset were indexed, integrated,
and scaled by use of the HKL2000 program suite.[41] Further proc-
essing was carried out by use of the CCP4 package.[42] The data col-
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lection and refinement statistics are summarized in Table S2. The
crystal belongs to the space group P212121, with unit cell dimen-
sions of a = 40.0 �, b = 53.9 �, and c = 125.5 �.

Multiwavelength anomalous dispersion data of Shble protein in
complex with compound 2 were measured at the absorption edge
of the Cu atom. The determination of the copper position and ini-
tial phasing were performed by use of the AUTOSHARP program.[43]

The initial phases were improved, and the models in the electron
density map were built with the LAFIRE program.[44] The protein/
compound 2 model was then constructed manually with the aid
of the XtalView program.[45] Crystallographic refinement was per-
formed by use of the crystallography and NMR system.[46] The crys-
tallographic coordinates of Shble protein in complex with com-
pound 2 have been deposited at the Protein Data Bank (PDB ID:
2ZHP).

Compound characterization : The structure of each compound
that was stored in a compound library was further confirmed by
examination of spectra data. An LTQ Orbitrap mass spectrometer
(Thermo Fisher Scientific, Waltham, MA) was used for ESI. IR spectra
were recorded on an FT-2100 instrument (Horiba, Kyoto, Japan).
UV spectra were recorded on a Hitachi U-2800 (Hitachi, Tokyo,
Japan) instrument.

Bleomycin derivative 1: IR (KBr): ñ= 3350, 2935, 1720, 1640, 1555,
1065 cm�1; UV/Vis (1 % 1 cm): lmax (e) = 599 (0.52), 332 sh (14.8),
311 sh (58.6), 293 (85.0), 245 sh (109), 212 nm sh
(242 mol�1 dm3 cm�1) ; HRMS (ESI+): m/z : calcd for C72H116N22O21S2

Cu: 875.8706 [M]2 + ; found: 875.8717.

Bleomycin derivative 4 : IR (KBr): ñ= 3390, 2935, 1720, 1645, 1560,
1065 cm�1; UV/Vis (1 % 1 cm): lmax (e) = 596 (0.60), 332 sh (16.8),
311 sh (65.2), 293 (94.0), 244 (121), 211 nm sh
(230 mol�1 dm3 cm�1) ; HRMS (ESI+): m/z : calcd for
C62H98N20O22S2Cu: 800.7945 [M]2 + ; found: 800.7953.

Bleomycin derivative 6 : IR (KBr): ñ= 3380, 2935, 1715, 1650, 1535,
1065 cm�1; UV/Vis (1 % 1 cm): lmax (e) = 594ACHTUNGTRENNUNG(0.64), 332 sh (17.6), 312
sh (77.2), 289 (132), 249 (134), 211 nm sh (241 mol�1 dm3 cm�1) ;
HRMS (ESI+): m/z : calcd for C59H84N18O21S2Cu: 753.7374 [M]2 + ;
found: 753.7392.

Bleomycin derivative 12 : IR (KBr): ñ= 3335, 2940, 1720, 1671,
1637, 1525, 1050 cm�1; UV/Vis (1 % 1 cm): lmax (e) = 599 (0.92), 332
sh (24.0), 313 sh (60.2), 301 (66.2), 246 (118), 213 nm sh
(145 mol�1 dm3 cm�1) ; HRMS (ESI+): m/z : calcd for C37H56N12O19Cu:
1036.3153 [M]+ ; found: 1036. 3134.
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