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SUMMARY

A radioactive, photoactive anthracycline analogue, N p-azido-
[3,5-*H]benzoyi)-daunorubicin (*H-NAB-daunorubicin), was syn-
thesized and characterized by UV-visible absorption and infrared
analyses. *H-NAB-daunorubicin photoaffinity labeling of rat heart
homogenates resulted in the identification of two prominently
radiolabeled anthracycline-binding polypeptides of 18.3 and 31.2
kDa. Photoaffinity labeling with photoactive doxorubicin (Adria-
mycin), carminomycin, and nonanthracycline model compounds
resulted in a clear structural dependence for binding to the 18.3-
and 31.2-kDa species. In the presence of daunorubicin or N-
substituted daunorubicin ues, *H-NAB-daunorubicin pho-
tolabeling of the 18.3-kDa polypeptide was inhibited. Photola-

beling was dependent on time of UV light exposure and protein
concentration and was unaffected by the presence of nitrene
scavengers. The 18.3-kDa polypeptide photolabeling was sat-
urable and reversed by >90% in the presence of a 16-fold molar
excess of nonradioactive analogue. Phot ing of heart sub-
cellular fractions demonstrates that both the 18.3- and 31.2-kDa
polypeptides were localized to the inner mitochondrial mem-
brane. Since the anthracyclines are known to have several
effects on heart mitochondrial function, the identification of spe-
cific polypeptide acceptors using photoactive anthracycline an-
alogues may elucidate biochemical mechanisms of anthracycline

Anthracycline antibiotic affinity for DNA is thought to ac-
count for a number of drug-induced nuclear events which result
in anthracycline cytotoxic activity. Although these nuclear
effects are undoubtedly important, recent additional hy-
potheses to explain anthracycline activity have been forwarded
based on observations that these compounds are capable of
interacting with and affecting the functions of multiple subcel-
lular organelles and macromolecular targets (1-7). This multi-
plicity of interactions is not unexpected since the anthracy-
clines are complex molecules with amphipathic and amphoteric
properties which lead to their association with a variety of
cellular components such as nucleic acids, mucopolysaccha-
rides, lipids, and proteins (8-21). However, few examples of
specific anthracycline antibiotic-protein associations have been
described because of the practical limitation of measuring
unique drug interactions in the presence of extensive nonspe-
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cific adsorption to soluble and particulate constituents as well
as to experimental apparatus. In previous studies, the demon-
stration of apparent specific drug-protein interactions required
an a priori assumption of drug involvement in a particular
biochemical process and/or the availability of purified proteins
for equilibrium binding measurements under optimum condi-
tions (11, 15, 18-20, 22).

Many of the difficulties in the identification of anthracycline-
binding proteins can be circumvented by photoaffinity labeling.
This approach can distinguish inconsequential nonspecific
binding from specific anthracycline binding under conditions
where the relationship between drug distribution among sub-
cellular and soluble components and drug-associated biochem-
ical activities is preserved. Under these conditions, photolabel-
ing should reflect drug-protein interactions which have biolog-
ical importance (23, 24).

The photoaffinity labeling technique was recently used to
identify cell surface protein(s) as the possible site(s) of dauno-
rubicin interaction(s) in Sarcoma 180 cells (25). However, in
that study only general anthracycline protein binding was
demonstrated, and the functional significance of these inter-

ABBREVIATIONS: NAB-daunorubicin, N{p-azidobenzoyl)-daunorubicin, NAB-Adriamycin, N p-azidobenzoyl)-Adriamycin; NAB-carminomycin, N-
(p-azidobenzoyl)-carminomycin; NAB-daunosamine, N« p-azidobenzoyl)-daunosamine; NAB-ethanolamine, N~ p-azidobenzoyi)-ethanolamine; NAB-
daunorubicinol, N p-azidobenzoyl)-daunorubicinol; *H-NAB-daunorubicin, -Adriamycin, -carminomycin, -ethanolamine, or -daunosamine, N-(p-azido-
[3.5-*H]benzoyl)-daunorubicin, -Adriamycin, -carminomycin, -ethanolamine, or -daunosamine; SDS, sodium dodecy! sulfate; PAGE,

gel electrophoresis; TLC, thin layer chromatography; HPLC, high performance liquid chromatography; EDTA, ethylenediaminetetraacetate; EGTA,
ethylene glycol bis(s-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; MOPES, 3-{N-morpholino}propanesulfonate:
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actions was not known. In the present report, we describe the
synthesis of pharmacologically active (26), radioactive, pho-
toactive anthracycline analogues and use them to identify spe-
cific anthracycline-binding polypeptides in rat heart. Since the
well known cardiotoxic effects of anthracyclines (27) are most
likely determined by these primary cellular interactions, the
identification of unique anthracycline acceptors should assist
in clarifying the biochemical mechanisms of anthracycline an-
tibiotic toxicity.

Experimental Procedures

Materials

Daunorubicin-HCl, doxorubicin (Adriamycin)-HCIl, carminomycin-
HC], daunosamine-HCl, N,N’-dibenzyldaunorubicin, and N-acetyldau-
norubicin were obtained from the Drug Synthesis and Chemistry
Branch of the National Cancer Institute, Bethesda, MD. Daunorubicin
and Adriamycin were further purified by silica gel chromatography
(28). NAB-Daunorubicin, NAB-Adriamycin, and NAB-carminomycin
were synthesized as described below. Daunorubicinol and NAB-dau-
norubicinol were prepared enzymatically from daunorubicin and NAB-
daunorubicin, respectively, with 0.138 mg/ml of rat liver daunorubicin
reductase in 10 mM Tris-HCI buffer, pH 8.5, and supplemented with 5
mM NADPH (P & L Biochemicals, Milwaukee, WI) (29). 7-Deoxydau-
norubicin aglycone and 7-deoxydaunorubicinol aglycone were prepared
from daunorubicin and daunorubicinol, respectively, by anaerobic
treatment with 3-4-fold molar excess of sodium dithionite in 0.1 M
NaHCO; (20). N-(p-Aminobenzoyl)-daunorubicin was prepared from
NAB-daunorubicin with 10 mM dithiothreitol in 0.1 M Tris-HCl buffer,
pH 8.4, as previously described (30) and purified by silica gel chroma-
tography (28).

Syntheses

NAB-daunorubicin. N-Hydroxysuccinimidyl-4-azidobenzoate (10
umol) (Pierce Chemical Co., Rockford, IL), K;COs (20 umol), and
daunorubicin-HCI (5 gmol) in 1 ml of 5% methanol in chloroform were
heated at 40° for 12-15 hr. The solvent was evaporated, and the dry
residue was suspended in 1 ml of deionized water and incubated an
additional 15 min. This heated mixture was adjusted to pH 6.0 with 1
M potassium phosphate buffer and extracted with 0.5 ml of hexane;
then, the hexane layer was removed and discarded. The product, NAB-
daunorubicin, was recovered by 8-10 sequential extractions with 0.5-
ml aliquots of diethyl ether. The ether extracts were pooled, evaporated
to 1-2 ml, and applied to a column (0.5 X 7 cm) of silica gel equilibrated
in chloroform. After washing with 2-3 ml of ether, the product was
eluted from the column with 5% methanol in chloroform. A yield of
about 71% was obtained. The product gave a single fluorescent spot on
silica gel TLC (E. Merck, Darmstadt, West Germany) and no other
UV-absorbing spots were seen on silica gel TLC with fluorescent
indicator (E. Merck) [solvent I (chloroform:methanol:water, 80:20:3)
R; = 0.71; solvent II (choloroform:methanol:acetic acid, 100:2:2.5), R, =
0.27]. Reverse phase HPLC indicated a single product accounting for
98% of the fluorescence eluted. The final product exhibited an IR
spectrum with a strong azide resonance at 2120 cm™. The fluorescence
emission spectrum was identical with that of daunorubicin (data not
shown).

NAB-Adriamycin and NAB-carminomycin. NAB-Adriamycin
and NAB-carminomycin were synthesized from N-hydroxysuccinimi-
dyl-4-azidobenzoate and Adriamycin-HCl or carminomycin-HCl and
purified as described above, except for the following changes. The
products were recovered by extracting with ethyl acetate (NAB-Adria-
mycin) or ether (NAB-carminomycin) and purified by silica gel chro-
matography. After washing the silica gel column with ether, the prod-
ucts were eluted with 2% methanol in chloroform. The products gave
single fluorescent spots on silica gel TLC and no other UV-absorbing
spots were seen on silica gel containing fluorescent indicator. (solvent
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I: R, = 0.68 (NAB-Adriamycin), R, = 0.78 (NAB-carminomycin); sol-
vent II: R, = 0.086 (NAB-Adriamycin), R, = 0.29 (NAB-carminomycin).
A single peak accounting for >99% of eluted fluorescence was detected
by reverse phase HPLC for both compounds. The final products ex-
hibited IR spectra with strong azide resonance at 2100 cm™.

3H-NAB-daunorubicin, *H-NAB-Adriamycin, and *H-NAB-
carminomycin. N-Hydroxysuccinimidyl-4-azido-[3,5-*H]-benzoate
(1.15-4.6 nmol, 36.8-50.6 Ci/mmol, New England Nuclear, Boston,
MA), anhydrous K;COjs (10 umol), and daunorubicin, Adriamycin, or
carminomycin (0.5 umol) in 0.5 ml of 10% methanol in chloroform
were heated at 40° for 12-15 hr. The product was extracted and purified
as described above for the nonradioactive compounds. Identity and
purity were confirmed by silica gel TLC in solvents I and II.

NAB-ethanolamine.  N-Hydroxysuccinimidyl-4-azidobenzoate
(0.2 mmol) and ethanolamine (1.2 mmol) were incubated in 2 ml of
chloroform for 1 hr at 40°. The reaction solvent was evaporated and
the dry residue was extracted with a mixture of metha-
nol:chloroform:10% Na,COj (1:1:1, v/v/v). The lower chloroform layer
was recovered and the extraction was continued with additional chlo-
roform aliquots until all UV-absorbing material was recovered from
the upper phase. The combined chloroform extracts were evaporated
and the residue was suspended in 1 ml of chloroform and repeatedly
extracted with 1-ml aliquots of deionized water until all ninhydrin-
positive material was removed from the chloroform layer. The product
from the final chloroform layer was recovered by evaporation, dissolved
in deionized water, and lyophilized (80% yield). A single UV-absorbing
spot was seen on silica gel TLC (solvent II, R, = 0.18) and by reverse
phase silica gel TLC (Analtech, Inc., Newark, DE) [solvent III (meth-
anol:H,0; 50:50), R, = 0.68]. The IR spectra exhibited a strong azide
resonance at 2120 cm™. The direct electrical impact mass spectrum
was: M* 206, m/z 178, 161, 146, and 118.

3H-NAB-ethanolamine. N-Hydroxysuccinimidyl-4-azido-[3,5-*H}
-benzoate (1 nmol, 50.6 Ci/mmol) and ethanolamine (0.15 mmol) were
incubated in 0.050 ml of isopropanol at 40° for 2 hr and extracted as
described for NAB-ethanolamine. The chloroform solvent was evapo-
rated, the residue was suspended in chloroform, and the insoluble
material was discarded. The product was recovered from the chloroform
by evaporation. The identity and purity of the product were confirmed
by silica gel and reverse phase silica gel TLC in solvents II and III,
respectively.

NAB-daunosamine. Daunosamine-HCl (120 umol), anhydrous
K2CO; (150 pmol), and N-hydroxysuccinimidyl-4-azidobenzoate (240
umol) were dissolved in 1.5 ml of distilled dimethylformamide and
heated at 40° for 12-15 hr. The solvent was evaporated and the residue
extracted as described for NAB-ethanolamine. The combined chloro-
form extracts were dried and the residue was dissolved in a minimal
volume of methanol, applied to the preadsorbent strip of a tapered
preparative silica gel TLC (with fluorescent indicator) (Analtech, Inc.)
(prewashed with solvent I), and developed in solvent I. The UV-
absorbing components were located as quenching regions on guide
strips with UV light. The slowest migrating major UV-absorbing species
was recovered by extracting the silica gel with 10% methanol in
chloroform. The product was recovered, dissolved in deionized water,
and lyophilized (20% yield). A single UV absorbing spot was detected
on silica gel and reverse phase silica gel TLC developed in solvent I (R,
= 0.43) and solvent III (R, = 0.67), respectively. The IR spectrum
exhibited a strong azide resonance at 2120 cm™. The fast atom bom-
bardment mass spectrum was: M + H + glycerol 385, M + Na 315, M
+ H 293, and M + H — HOH 275.

3H-NAB-daunosamine. Daunosamine-HClI (5.3 umol), N-hydrox-
ysuccinimidyl-4-azido-[3,5-*H]-benzoate (1 nmol, 50.6 Ci/mmol) and
anhydrous K;CO, were incubated in dimethylformamide and purified
as described for NAB-daunosamine. Product identity and purity (97%
of total radioactivity) were confirmed by silica gel TLC (solvent I).

Tissue homogenate and supernatant fractions. Sprague-Dawley
rats (200-300 g) were killed by cervical dislocation and the organs (i.e.,
heart, liver, kidney, lung, brain, intestine, and skeletal muscle) were
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removed and homogenized in 10 volumes (w/v) of 0.05 M potassium
phosphate buffer, pH 7.4, for 1 min with a model PCU Polytron
homogenizer with a PT-10-ST probe (Brinkmann Instruments, West-
bury, NY) operated at 50% maximum power. This and all subsequent
operations were at 0-5°. The tissue homogenates were obtained after
filtering through one layer of cheese cloth. Tissue supernatant fractions
were prepared by centrifuging tissue homogenates at 100,000 X g for
60 min at 0-5° (model L5-50, Beckman Instruments, Palo Alto, CA).
Studies were carried out with either fresh tissue homogenates and
supernatant fractions or with homogenates and supernatant fractions
stored in small aliquots in liquid nitrogen and thawed only once.

Photoactivation conditions. Unless otherwise stated, the standard
photolabeling mixture included: 59-64 nM *H-NAB-daunorubicin, *H-
NAB-Adriamycin, *H-NAB-carminomycin, *H-NAB-daunosamine, or
3H-NAB-ethanolamine, 4% dimethyl sulfoxide, 40 mM potassium phos-
phate buffer, pH 7.0, and 1.6-2 mg/ml of tissue homogenate or super-
natant fraction protein in a final volume of 0.050 ml. Mixtures were
preincubated for 15 min at 25°. Photolabeling was accomplished by
irradiating for 10-20 min with a UV light equipped with two 15-W self-
filtering 302-nm lamps (model xx-15, Ultra-Violet Products, Inc., San
Gabriel, CA) suspended 3.4 cm above the photolabeling mixtures which
were in polyvinylchloride V-microtiter wells (Dynatech Laboratories,
Inc., Alexandria, VA) in a 25° water bath. Irradiated samples were
either frozen at —15° or immediately processed for SDS-PAGE.

The radioactivity of photolabeled components was quantitated in
triplicate by summing the dpm in each 1-mm gel slice across the
radioactive peak, subtracting the average baseline radioactivity, and
expressing the result as a mean + standard deviation.

Macromolecular composition of anthracycline-binding com-
ponents. Heart (85 ug of protein) homogenates were photolabeled with
3H-NAB-daunorubicin under standard irradiation conditions and then
incubated either with 1 mg/ml of proteinase K (E. Merck) in 2% SDS,
2.5 mM EDTA, and 50 mM glycine-NaOH buffer, pH 10.1 (final volume
0.1 ml) for 1 hr at 37°, or with 0.214 mg/ml of DNase (2182 units/mg;
Millipore Corp., Bedford, MA) and 0.107 mg/ml of RNase (5331 units/
mg; Millipore) in 4.5 mM MgCl,, 18 mM CaCl,, and 2 mM potassium
phosphate buffer, pH 7.0 (final volume 0.1 ml) for 5 min at 37°. The
incubation mixtures were prepared for SDS-PAGE as described below.
Macromolecular lipids were extracted (three times) from photolabeled
heart homogenate with 5 volumes of chloroform:methanol (2:1; v/v)
(16). The combined extracts were mixed with chloroform:
methanol:water (0.5:4:4, v/v/v) and, after overnight partitioning at 4°,
the lower chloroform layer was removed. The upper aqueous layer was
washed with another 0.5 volume of fresh chloroform, and both chloro-
form layers were combined and evaporated with a stream of N;. The
residue was prepared for SDS-PAGE as described below.

Subcellular fractionation. Purified mitochondria were prepared
by homogenizing minced rat heart with a Potter-Elvehjem tissue ho-
mogenizer (31) in 4 ml of 0.225 M mannitol, 0.075 M sucrose, 10 mM
EGTA, and 5 mM MOPES (pH 7.4) containing 0.40 mg of Nagarse
(protease type VII, Sigma Chemical Co., St. Louis, MO) per g of heart
(32). Immediately after homogenization, the tissue homogenate was
diluted to 5% in mannitol/sucrose/EGTA/MOPES buffer containing
0.2% bovine albumin. The diluted homogenate was centrifuged at 480
X g for 10 min and the mitochondria in the supernatant fraction were
recovered by centrifuging at 3020 x g for 10 min (33). After removal of
the fluffy coat, the final mitochondrial pellet was suspended in 150 mM
KCl and 10 mm MOPES, pH 7.4. The mitochondrial fractions were
analyzed by the following enzyme assays: cytochrome oxidase (34),
succinate cytochrome ¢ reductase (35), N-acetyl-g-glucosaminidase
(36), NADPH cytochrome ¢ reductase (35), 5’-nucleotidase (37), and
lactate dehydrogenase (38).

Submitochondrial fractionation. The mitochondria used for sub-
mitochondrial fractionation were isolated from rat heart by the proce-
dure of Sorbahl et al. (39). Mitochondrial outer membrane, intermem-
brane space, inner membrane, and matrix fractions were isolated from
digitonin-treated mitochondria as previously described (40). The fol-

lowing enzyme assays were performed on each fraction: monoamine
oxidase (outer membrane) (41), adenylate kinase (intermembrane
space) (42), cytochrome oxidase (inner membrane (34), and glutamate
dehydrogenase (matrix) (42). The relative specific activities and his-
togram analysis were determined according to the method of Beaufay
and Amar-Costesec (43).

SDS-PAGE. Photolabeled mixtures were prepared for SDS-PAGE
by mixing with an equal volume of SDS-sample buffer (4% SDS, 8 M
urea, 0.1 M dithiothreitol, 20% glycerol, 0.04% bromophenyl blue, and
0.08 M Tris-HCI buffer, pH 6.8), and the suspensions were transferred
to 0.5-ml microcentrifuge tubes and heated for 5 min at 100° in a
heating block. After cooling on ice, the heat-treated mixtures were
sonicated for 5 sec (continuous, 50% maximum output with a micro-
probe; model W-225R, Ultrasonics, Inc., Plainview, NY), and again
cooled on ice, and aliquots (0.075 ml) were applied to separate slots of
a polyacrylamide slab gel.

SDS-PAGE was run with a slab gel apparatus (model 220, Bio-Rad
Laboratories, Richmond, CA) on 1.5-mm-thick gels made with a 10- or
15-slot sample comb. Electrophoresis was carried out as previously
described (44) using a linear polyacrylamide gradient: 9.7% acrylamide,
0.26% bisacrylamide, and 10% gylcerol to 16.6% acrylamide, 0.44%
bisacrylamide, and 17% glycerol. Electrophoresis was performed at 8
mamp/gel for 16 hr. The gel was fixed and stained in 0.25% Coomassie
brilliant blue in 45% methanol and 10% acetic acid and destained by
diffusion against 20% methanol and 10% acetic acid. The lanes of
stained polypeptides corresponding to each sample slot were cut from
the destained slab gel and cross-sectioned into 1.0-mm slices. Each
slice was incubated with 0.15 ml of 30% H;O; in closed scintillation
vials for 2 hr at 70-80° or until the gel slices were solubilized. They
were then mixed with aqueous counting scintillant, NCS (Amersham
Corp., Arlington Heights, IL) and measured in a scintillation counter
(model Prias, Packard Instrument Co., Downers Grove, IL). The elec-
trophoretic migration of radioactive macromolecules was compared to
low molecular weight polypeptide standards (Bio-Rad).

Analytical Methods

Analysis of radioactive compounds by TLC was accomplished by
scraping silica gel from the plate every 0.5 cm, suspending the silica gel
in scintillation cocktail, and counting in a liquid scintillation counter.

The UV-visible absorption spectra were determined on a diode array
spectrophotometer (model 8450A, Hewlett-Packard Scientific Instru-
ments Division, Palo Alto, CA). IR spectra were performed on a model
727B infrared spectrophotometer (Perkin-Elmer). Direct electrical im-
pact mass spectra were obtained on a Ribermag gas chromatography/
mass spectrometer system (Mass range 0-1500 amu, model R10-10-C,
RDS Nermag, Inc., Houston, TX). The sample was dissolved in chlo-
roform, an aliquot was deposited on the direct electrical impact probe,
and the solvent was evaporated with a stream of N,. Following insertion
of the direct electrical impact probe, the current in the direct electrical
impact filament was linearly increased from 20 to 400 mamp at 7
mamp/sec to volatilize the sample. Fast atom bombardment mass
spectra were obtained on a V.G. Analytical (Altrincham, U.K.) 7070E
double focusing mass spectrometer fitted with an Ion-Tech (Tedding-
ton, U.K.) saddlefield gun, using xenon. Samples were loaded onto the
probe by suspension in 1 ul of glycerol.

HPLC analysis was accomplished on a uBondapak phenyl column
(3.9 mm X 30 cm) (Waters Associates, Milford, MA) fitted with two
pumps (model 100A, Beckman Instruments) and a fluorometer (model
121, Gilson Medical Electronics, Middleton, WI) containing activation
(480 nm) and emission (560 nm) filters. Analytical reverse phase
separations were achieved with a linear gradient from 15 to 50%
tetrahydrofuran in 0.1 g/100 ml ammonium formate buffer, pH 4.0, in
10 min at a flow rate of 2 ml/min, described previously (45). This was
followed by a 5-min isocratic elution with 50% tetrahydrofuran in the
same buffer at the end of the gradient. With this system, daunorubici-
nol, 7-deoxydaunorubicinol aglycone, daunorubicin, 7-deoxydaunorub-
icin aglycone, NAB-Adriamycin, NAB-daunorubicinol, NAB-dauno-
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rubicin, and NAB-carminomycin had retention times of 8.6, 9.8, 10.1,
11.7, 12.4, 12.5, 13.7, and 16.1 min, respectively.

Tissue homogenates and supernatant fractions were treated with 1
M NaOH for 30 min at room temperature and soluble protein was
determined by comparison to a bovine albumin standard curve (46).
Fluorography was performed by the procedure of Bonner and Laskey
(47).

Synthesis and characterization of photoactive anthra-
cycline analogues. The photoactive anthracycline analogues,
NAB-daunorubicin, NAB-Adriamycin, and NAB-carminomy-
cin, were prepared by N-azidobenzoylation of daunorubicin,
Adriamycin, and carminomycin, respectively, with N-hydrox-
ysuccinimidyl-4-azido-benzoate. Similar reactions with dauno-
samine and ethanolamine yielded photoactive model com-
pounds lacking either the anthracyclinone ring (NAB-dauno-
samine) or both the anthracyclinone ring and the amino sugar
(NAB-ethanolamine), respectively. The UV-visible absorption
spectrum of NAB-daunorubicin was a composite of the spectra
of its component chromophores, i.e., the p-azidobenzoyl group
(Amax 270 nm) and the daunomycinone ring (Am.x 470, 485, 560
nm). Upon UV irradiation, the p-azidobenzoyl moiety was
photoactivated with concomitant loss in UV absorption yield-
ing a spectrum very similar to that of native daunorubicin (Fig.
1A). Similar results were obtained for the NAB-Adriamycin
and NAB-carminomycin analogues. The spectra of NAB-dau-
nosamine and NAB-ethanolamine were identical to each other

] Ll T T T AJ Al

ABSORBANCE

L 1 A1 L A
380 400 450 500 550
WAVELENGTH (nm)

Fig. 1. UV-visible spectra for: A, NAB-daunorubicin (—), NAB-
daunorubicin after irradiation at a wavelength of 302 nm at a distance of
5 cm for 10 min (Experimental Procedures) (- - -), and daunorubicin
(- - -) and B, NAB-daunosamine (—) and NAB-daunosamine after
kradiationatsoznmatadistmweofSanfa10nin(—-—).Thesdvmt
was methanol.
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and were entirely accounted for by the absorption of the p-
azidobenzoyl chromophore. Upon UV irradiation, this absorp-
tion was substantially reduced (Fig. 1B). The photoactivation
of standard photolabeling mixtures in the absence of added
protein (up to 1.39 uM NAB-daunorubicin) showed a first order
reduction of 270 nm of NAB-daunorubicin absorption with a
tw = 79 sec™". A higher NAB-daunorubicin concentration (13.9
uM) resulted in a coincident photobleaching of the anthracycli-
none ring absorption above 400 nm, probably due to photoac-
tivated drug-drug cross-linking (data not shown) (48).
Identification of rat tissue anthracycline binding com-
ponents by photoaffinity labeling. The anthracycline pho-
toaffinity labeling pattern of rat tissue was determined by UV
irradiation of mixtures of H-NAB-daunorubicin and tissue
homogenate followed by SDS-PAGE. The radioactivity in 1-
mm gel slices was compared to the migration of polypeptide
molecular weight standards. The pattern of radioactive labeling
of most major and minor photolabeled components was inde-
pendent of the Coomassie brilliant blue-stained polypeptide
patterns. As shown for rat heart (Fig. 2A), several major pho-
tolabeled components were superimposed on a baseline radio-
activity of 2—4 times ambient background which was distributed
throughout the gel. Overall, the heart homogenate 18.3- and
31.2-kDa species were the most prominently photolabeled com-
ponents among all tissues examined. The 18.3-kDa species was
also found in kidney and lung homogenates. The photolabeling
pattern of the 100,000 X g clarified heart supernatant fraction
was dramatically different from its homogenate profile (Fig.
2B). In particular, the supernatant fraction was characterized
by the complete absence of the 18.3-kDa and the 31.2-kDa
components. Thus, these major photolabeled heart species are
localized exclusively in the 100,000 X g particulate fraction.
Because of the prominent photolabeling of these components
and because of the important anthracycline effects on heart as

T T T T T T T T

A. B.
2t 4 1

18.3 kDa

/

31.2 kDa

05r

DISINTEGRATIONS PER MINUTE (x1073)

0 20 40 60 800 20 40 60 ab
GEL SLICE (1 mm)

Fig. 2. SDS-PAGE profiles of rat heart homogenate (56 ug of protein)

A) and high speed supematant fraction (B) following photolabeting with

unorubicin. The arrows and associated numbers indicate (in

kDa) the migration of radioactively labeled components relative to poty-
peptide molecular weight standards.
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manifest by a severe dose-dependent cardiotoxicity (27), we
further characterized the photolabeling of rat heart.

Subcellular localization of 18.3- and 31.2-kDa com-
ponents. A probable mitochondrial localization of 18.3- and
31.2-kDa components was established by photolabeling purified
heart mitochondria. Purified mitochondria exhibited a 1.46-
fold increased 18.3-kDa component specific photolabeling rel-
ative to that of heart homogenate. This paralleled a 1.9-fold
and a 2.4-fold increase in the specific activity of the mitochon-
drial marker enzymes, succinate cytochrome ¢ reductase and
cytochrome ¢ oxidase, respectively, relative to a similar prote-
olytic enzyme-treated heart homogenate. Concomitantly, the
specific activities of marker enzymes for other major subcellular
organelles in the mitochondrial fraction were reduced. Substan-
tial 31.2-kDa polypeptide also was recovered in the purified
mitochondrial fraction, although relative specific photolabeling
was not quantitated.

The mitochondrial localization of the 18.3- and 31.2-kDa
polypeptides was confirmed and further characterized by quan-
titating the distribution of photolabeled components among
submitochondrial fractions (Fig. 3). Greater than 95% of the
31.2-kDa specific photolabeling recovered was found in the
inner mitochondrial membrane fraction, confirming an inner
membrane localization (Fig. 3A). Sixty-eight per cent of the
18.3-kDa polypeptide also was found in the inner membrane
fraction. However, a significant fraction (22%) of 18.3 kDa
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Fig. 3. The submitochondrial distribution of photolabeled 18.3-kDa and
31.2-kDa polypeptides. Digitonin-treated mitochondria were fractionated
into outer membrane (O), intermembrane space (S), unnermembrane(l)
and matrix (M) fractions by differential centrifugation. These fractions are
represented by blocks ordered according to the same sequence where
they span a length on the abscissa proportional to their protein content.
The ordinate gives the relative specific photolabeling (A and B) or relative
specific activity (C-F) or content which is the percentage of polypeptide
on enzyme activity recovered in each fraction over the percentage of
protein of the same fraction. A, 18.3-kDa polypeptide; B, 31.2-kDa
polypeptide; C, monoamine oxidase; D, adenylate kinase; E, cytochrome
oxidase; and F, giutamate dehydrogenase.

exhibited a higher specific photolabeling in the outer membrane
fraction. Nevertheless, since the 18.3-kDa specific photolabel-
ing does not parallel the distribution of the outer membrane
marker enzyme, monoamine oxidase (Fig. 3C), and since sub-
stantial amounts of the inner membrane proteins may be
released into the outer membrane fraction upon digitonin
subfractionation of mitochondria (34) (Fig. 3E), the 18.3-kDa
component most likely is localized with the inner mitochondrial
membrane.

The relative abundance of radiolabeled 18.3- and 31.2-kDa
polypeptides to total mitochondrial protein was evaluated by
comparing the SDS-PAGE fluorograph of photolabeled rat
heart mitochondria to the corresponding Coomassie blue-
stained polypeptide pattern (Fig. 4). The 18.3-kDa radiolabeled
component coelectrophoresed with a Coomassie blue-stained
polypeptide doublet representing 2.6% of the total mitochon-
drial protein as determined by densitometry. In contrast, the
31.2-kDa component migrated near the trailing edge of a major
polypeptide, accounting for 10-15% of the total mitochondrial
protein stain. The slight shift of the 31.2-kDa mobility relative
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Fig. 4. SDS-PAGE of *H-NAB-daunorubicin photoaffinity-labeled rat heart
mitochondria (100 ug of protein). The protein was stained with Coomas-
sie blue (/ane 1) and fluorographed (/ane 2).
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to the major mitochondrial polypeptide probably reflects an
increase in the molecular mass of the 31.2-kDa polypeptide due
to the covalent attachment of the photoactivated anthracycline
analogue.

Molecular characterization of the photolabeled com-
ponents. Specific hydrolytic enzymes were used to establish
the protein nature of the photolabeled components. Treatment
with DNase and RNase had no effect on either specific or
baseline photolabeling. However, proteinase K treatment of
photolabeled heart homogenate completely abolished all major
labeled components as well as the baseline radioactivity. The
denaturation of heart homogenates by heating at 100° for 10
min, just prior to photolabeling, completely eliminated the
subsequent radiolabeling of 18.3- and 31.2-kDa components
without significantly affecting the baseline radioactivity. The
absence of 18.3- and 31.2-kDa photolabeling in heat-denatured
homogenates is consistent with a specific protein conformation-
dependent recognition of NAB-daunorubicin beyond that
which would be expected from random low affinity interaction
with native or denatured proteins. In addition, when the lipid
components of the photolabeled heart homogenates were ex-
tracted with chloroform:methanol (2:1, v/v), no radioactive
macromolecular components (>10 kDa) were found in the
organic layer.

Characterization of heart homogenate photolabeling.
When heart homogenate was incubated with *H-NAB-dauno-
rubicin in the absence of UV light for 30 min, no radioactivity
above ambient background was found in SDS-PAGE gel slices
except for excess *H-NAB-daunorubicin which migrated near
the tracking dye front. Similar results were obtained after
photoactivating >H-NAB-daunorubicin in the absence of heart
homogenate and then immediately adding the heart homoge-
nate and performing the SDS-PAGE. Maximum photolabeling
of 18.3- and 31.2-kDa polypeptides was seen within 10-12 min
of UV irradiation over a wide range (0.06-0.6 uM) of initial *H-
NAB-daunorubicin concentrations and was linear up to at least
150 ug of heart homogenate protein.

The photolabeling of heart homogenate in the presence of
the nitrene-reactive scavengers, p-aminobenzoate and 8-mer-
captoethanol, did not have a significant effect on 18.3- or 31.2-
kDa polypeptide radiolabeling at a 10°-fold molar excess of
scavenger over *H-NAB-daunorubicin. In fact, no significant
reduction in photolabeling was observed unless scavengers were
present in a 10*-fold molar excess. The absence of a significant
effect on photolabeling by 10°-fold molar excess of nitrene
scavengers confirms that labeling occurs by a true photoaffinity
mechanism rather than by a pseudo-photoaffinity mechanism
(23, 24).

Anthracycline photolabeling specificity of rat heart
18.3-kDa polypeptide. In the presence of increasing concen-
trations of *H-NAB-daunorubicin, photolabeling of 18.3-kDa
polypeptide reached an apparent saturable maximum of 2.42 +
0.47 pmol of *H-NAB-daunorubicin bound/mg of heart homog-
enate protein. By reciprocal analysis, half-maximal photolabel-
ing was achieved at 36 nM *H-NAB-daunorubicin (Fig. 5).
Furthermore, a 16-fold molar excess of nonradioactive analogue
reduced photolabeling by 90%. In contrast, a linear increase in
the photolabeling of 31.2-kDa polypeptide and in the average
baseline radioactivity was observed up to 0.62 um *H-NAB-
daunorubicin (Fig. 5). In the presence of a 16-fold molar excess
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Fig. 5. Photolabeling of 38 ug of rat heart homogenate protein with
increasing concentrations of *H-NAB-daunorubicin (5.06 Ci/mmol). Each
point represents the mean integrated (n = 3) minus average
baseline radioactivity + standard deviation of the indicated labeled com-
ponents: @, 18.3 kDa; B, 31.2 kDa; and A, baseline radioactivity minus
the ambient background.

of nonradioactive analogue, 31.2-kDa radiolabeling was reduced
only 25% and the baseline radiolabeling was unaffected.

We established the 18.3-kDa and 31.2-kDa polypeptide pho-
tolabeling requirement for the daunomycinone ring by compar-
ing the *H-NAB-daunorubicin photolabeling pattern of heart
homogenates to the patterns obtained with the photoactive
model compounds *H-NAB-daunosamine and *H-NAB-etha-
nolamine. In contrast to the extensive photolabeling of 18.3-
and 31.2-kDa polypeptides by 3H-NAB-daunorubicin, the
model compounds *H-NAB-daunosamine and *H-NAB-etha-
nolamine, both lacking the daunomycinone ring, weakly pho-
tolabeled only a 14.6-kDa species (data not shown). The 14.6-
kDa component was confirmed as being electrophoretically
distinct from the 18.3-kDa component by mixing heart homog-
enates which had been separately photolabeled with either *H-
NAB-daunorubicin or *H-NAB-ethanolamine and coelectro-
phoresing them in the same SDS-PAGE lane.

The 18.3- and 31.2-kDa polypeptide photolabeling depend-
ence on the daunomycinone ring was further analyzed by
comparing radiolabeling profiles obtained by photolabeling
heart homogenate with *H-NAB-daunorubicin, *H-NAB-Ad-
riamycin or *H-NAB-carminomycin (Table 1). The 31.2-kDa
polypeptide was photolabeled to the same extent by all three
anthracycline analogues. In contrast, 18.3-kDa polypeptide
photolabeling with NAB-Adriamycin was dramatically reduced,
whereas photolabeling with NAB-carminomycin was negligible.
These results demonstrate the molecular structural dependence
on the anthracyclinone ring for the photolabeling of the 31.2-
and 18.3-kDa polypeptides. However, whereas 31.2-kDa poly-
peptide photolabeling was insensitive to changes in anthracy-
clinone ring functional side chains, maximum photolabeling of
18.3-kDa polypeptide by NAB-daunorubicin confirmed its pref-
erence for the daunomycinone ring.

The effect of daunorubicin amino sugar N-substitution on
photolabeling was studied by labeling heart homogenates with

2102 'S JaquiadaQ Uo ollduer ap Oy Op OpeIST Op apepisianiun e Bio speuinofadse wieydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet

394 Feisted et al.

TABLE 1
Relative photolabeling of rat heart 18.5- and 31.2-kDa polypeptides with *H-NAB-daunorubicin, *H-NAB-Adriamycin, and *H-NAB-
carminomycin
Radiolabeled polypeptides®
Analogue Ratio®
o 18.5 kDa 31.2kDa
pmol[mg protein

3H-NAB-daunorubicin 1.21 +0.257 0.483 + 0.097 25

3H-NAB-Adriamycin 0.595 + 0.118 (p < 0.02)° 0.544 + 0.017 (p > 0.5) 0914

3H-NAB-carminomycin 0.022 + 0.014 (p < 0.01) 0.380 + 0.046 (p > 0.1) 0.058

* Values are means + standard deviations (n = 3).
® pmol of 18.3-kDa polypeptide/pmol of 31.2-kDa potypeptide.

© Statistical comparison of photolabeling of polypeptides to the same polypeptide photolabeled with *H-NAB-daunorubicin was by the Student's ¢ test.

SH-NAB-daunorubicin in the presence of increasing concentra-
tions of nonphotoactive daunorubicin analogues. The presence
of N-substituted daunorubicin competitors significantly re-
duced specific photolabeling without affecting the baseline ra-
dioactivity. For example, a 10-fold molar excess of N-(p-ami-
nobenzoyl)-daunorubicin reduced 18.3- and 31.2-kDa polypep-
tide photolabeling by 35% and 23%, respectively (Fig. 6A).
Furthermore, when the inhibition data from Fig. 6A were
analyzed as originally suggested by Ofengand and Henes (49)
and recently applied to photolabeling experiments (50), the
resultant linear replots confirmed that the 3H-NAB-daunorub-
icin and the competitor interacted with the same binding site
(Fig. 6B). When the slope of the 18.3-kDa replot in Fig. 6B was
used to estimate the K, of the competitor relative to that of
3H-NAB-daunorubicin, the K, of the 18.3-kDa polypeptide for
N-(p-aminobenzoyl)-daunorubicin was calculated to be 25
times that of the Kp for *H-NAB-daunorubicin. Similar pho-
tolabeling experiments carried out in the presence of N,N’-
dibenzyldaunorubicin, N-acetyldaunorubicin, or unsubstituted
daunorubicin gave K, values relative to that of *H-NAB-dau-
norubicin of 100, 330, and 1500, respectively. As expected, the
closest structural analogue of NAB-daunorubicin tested, N-(p-
aminobenzoyl)-daunorubicin, also was the most effective bind-
ing inhibitor. These results demonstrate that all of the anthra-
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Fig. 6. Photolabeling of rat heart homogenate (38 ug of protein) with
0.16 mm *H-NAB-daunorubicin (10.12 Ci/mmol) in the presence of in-
creasing concentrations of N<{p-aminobenzoyi)-daunorubicin. B, Repiot
of the data from A according to the equation (B,/B)—1 = K, [N{p-
aminobenzoyl)-daunorubicin]/{[°H-NAB-daunorubicin], , and B
are the incorporation of radioactivity into 18.3-kDa or 31.2-kDa polypep-
tides in the absence and presence of N+ p-aminobenzoyl)-daunorubicin,
respectively, and K, is the ratio of Kp of N{ p-aminobenzoyi)-daunorubicin
to K of NAB-daunorubicin.

cycline analogues tested have high affinities for the 18.3-kDa
polypeptide.

In vitro NAB-daunorubicin metabolism. Identical radio-
active profiles were obtained after preincubating *H-NAB-
daunorubicin with heart homogenates for 1, 30, or 60 min
followed by photolabeling at 25° for 10 min. The same relative
patterns resulted when preincubation and photolabeling were
carried out at 0° or 37°. These results suggested that, under
these photolabeling conditions, in vitro metabolism did not
occur or, if it did occur, the basic NAB-daunorubicin structure-
dependent labeling was not altered. These two possibilities
were further evaluated by incubating NAB-daunorubicin or °H-
NAB-daunorubicin with heart homogenates under conditions
approximating the standard photolabeling conditions and an-
alyzing for fluorescent or radioactive metabolites by HPLC or
silica gel TLC, respectively. After a 60-min incubation, no
fluorescent metabolites were detected. In addition, >90% of the
total radioactivity detected on TLC was accounted for by H-
NAB-daunorubicin with only 1.5-2.9% corresponding to NAB-
daunorubicinol and 3.2-3.3% corresponding to NAB-daunosa-
mine. Thus, under conditions used in our photolabeling exper-
iments, little or no metabolism was found. This precluded a
significant metabolic effect on the specificity of NAB-dauno-
rubicin photolabeling.

Discussion

The identification of anthracycline-binding polypeptides by
photoaffinity labeling is based on the assumption that a re-
versible complex occurs between the photoactive anthracycline
analogue and polypeptide acceptor sites which specifically rec-
ognize structural characteristics of the drug. Irradiation then
converts the analogue into a reactive nitrene intermediate
which will covalently attach at or near the acceptor-binding
sites (23, 24). Since the nitrene intermediate has a short half-
life reactivity, the photoactivated anthracycline analogue
should efficiently label only those acceptors to which it is
closely associated. Thus, photoaffinity labeling should identify
those cellular components with the highest affinity for anthra-
cycline antibiotics, and a significant relationship may be estab-
lished between those most prominently labeled acceptors and
the biochemical or pharmacological activities of the photoactive
anthracycline analogue, in particular, or of anthracycline an-
tibiotics, in general.

Anthracycline antibiotic macromolecular interactions were
identified in several rat tissues by photolabeling with the pho-
toactive anthracycline analogue, SH-NAB-daunorubicin. Pri-
mary attention was directed toward the 18.3- and 31.2-kDa
polypeptides which were the most prominently labeled species
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in heart homogenate as well as in all other tissues examined.
Subsequent characterization of these labeled polypeptides con-
firmed that the 18.3-kDa acceptor fulfilled all of the basic
criteria assumed for the identification of a specific anthracy-
cline-binding acceptor using photoaffinity labeling. In compar-
ison, the properties of the 31.2-kDa polypeptide reflected a
more general anthracycline antibiotic association.

Perhaps the most significant property of the 18.3-kDa accep-
tor is its saturable photolabeling. Saturable photolabeling is
consistent with the formation of a reversible binary complex
between NAB-daunorubicin and the 18.3-kDa polypeptide prior
to photoactivation. Saturation was not the result of incomplete
photolabeling due to absorption of UV activation light by excess
photoactive analogue, because identical photoactivation kinet-
ics were obtained over a wide NAB-daunorubicin concentration
range. The possibility that a concentration-dependent self-
polymerization of the photoactive analogue might explain the
saturation was excluded by the observation that the simulta-
neous photolabeling of 31.2-kDa polypeptide remained non-
saturable up to 0.62 uM NAB-daunorubicin.

Because photolabeling was less than 100% efficient, it was
not possible to determine the true equilibrium constant for
binary complex formation. However, with a half-maximal sat-
uration photolabeling concentration of 36 nM, the saturable
photolabeling data also were consistent with a high affinity
recognition by the 18.3-kDa acceptor of the photoactive ana-
logue.

The photoaffinity labeling of anthracycline-binding polypep-
tides was dependent on the recognition of the major anthracy-
cline antibiotic structural features by the acceptor. These
unique structural characteristics were identified by photolabel-
ing heart homogenates with several different photoactive an-
thracycline analogues and model compounds. The results
showed that both the 18.3-kDa and the 31.2-kDa polypeptides
exhibited an absolute photolabeling dependency on the anthra-
cyclinone ring. However, whereas 31.2-kDa polypeptide was
photolabeled equally well with several anthracycline analogues,
each having a different anthracyclinone ring, the 18.3-kDa
polypeptide exhibited an optimum photolabeling dependency
for the daunomycinone ring.

The importance of anthracycline antibiotic structure to pho-
tolabeling also was studied by competitive inhibition of NAB-
daunorubicin photolabeling by different anthracycline ana-
logues. The results revealed that the 18.3-kDa polypeptide
exhibits highest affinity for the N-substituted antibiotic sugars.
Nevertheless, this polypeptide also has high affinity for unsub-
stituted daunorubicin. In toto, the results suggest that amino
sugar N-substitution contributes to the overall NAB-daunorub-
icin photolabeling specificity of 18.3-kDa polypeptide, but that
it augments the basic daunomycinone ring specificity and is
not sufficient by itself to direct the photolabeling of the 18.3-
kDa polypeptide.

The localization of the 18.3-kDa and 31.2-kDa polypeptides
to the inner mitochondrial membrane may be a clue to the
identification of their biochemical function(s). For example,
anthracycline antibiotics inhibit oxidative phosphorylation in
cells and isolated mitochondria (3). Evidence suggests a specific
interaction of anthracyclines with the mitochondrial ubiqui-
none-mediated electron transport enzymes (51, 52). Interest-
ingly, ubiquinone-binding proteins of 17 kDa and 37 (or 30)
kDa have been identified in beef heart mitochondria by pho-
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toaffinity labeling with arylazide and azidoubiquinone deriva-
tives (53, 54). The anthracycline-binding polypeptides identi-
fied in this study are remarkably similar in size to these
ubiquinone acceptors. Furthermore, the greater anthracycli-
none ring specificity of the 18.3-kDa acceptor relative to that
of the 31.2-kDa acceptor is directly analogous to the greater
specificity of the 17-kDa protein for ubiquinone compared to
that of the 37 (or 30)-kDa protein (54).

The presence of specific anthracycline-binding polypeptides
in heart plus their possible involvement with ubiquinone-re-
lated electron transport suggests there may be a role for 18.3-
kDa and/or 31.2-kDa acceptors in the mechanism of anthra-
cycline antibiotic-induced cardiotoxicity (27). It appears that
mitochondrial complex I is capable of producing anthracycline
semiquinone free radicals and reactive oxygen metabolites
which mediate the subcellular organelle and membrane disin-
tegration associated with anthracycline cardiotoxicity (55, 56).
If the 18.3-kDa and/or 31.2-kDa polypeptides normally func-
tion as ubiquinone-binding components of complex I, then their
affinity to anthracycline antibiotics might facilitate a single
electron reduction of the drug to the semiquinone free radical.
In light of recent reports that the anthracycline analogue,
carminomycin, is less cardiotoxic (57), photolabeling of the
18.3-kDa polypeptide with photoactive daunorubicin and adria-
mycin analogues but not by a photoactive carminomycin ana-
logue supports the suggested involvement of this acceptor in
the cardiotoxic mechanism of anthracycline antibiotics.

We have also identified an analogous 18.3-kDa anthracy-
cline-binding polypeptide in several tumor cell lines in vitro.?
The presence of variable amounts of this anthracycline acceptor
in drug-sensitive and drug-resistant murine leukemic cells sug-
gests that it could play a role in the antitumor activity of
anthracycline antibiotics in these cells.

Numerous anthracycline antibiotic analogues have been syn-
thesized and tested for their potential antineoplastic activity
(58). The substitution of a proton of the free amino group of
class I anthracyclines with various groups has yielded com-
pounds having chemical properties and pharmacological activ-
ities which differ from that of the parent drug. One of the most
consistent differences is reduced interaction of N-substituted
analogues with double-stranded DNA (59, 60). Consequently;
N-substituted drugs exhibit a weaker inhibition of nucleic acid
synthesis and in some cases are localized primarily to the
cytoplasm (2, 26). These and other properties have stimulated
a search for alternative or additional mechanisms of actions
and have revealed the interaction of anthracyclines with sub-
cellular organelles such as plasma membrane, mitochondria,
and lysosomes, and with cellular proteins, lipids, and polysac-
charides (1-21). In addition, their effects on various cellular
activities have led to a number of suggested functions that
differ from the traditional involvement of anthracyclines in
nuclear-associated events. Qur data illustrate the utility of
photoaffinity labeling to probe for specific anthracycline anti-
biotic cellular acceptors which may be mediators of anthracy-
cline antibiotic function. We are currently using NAB-dauno-
rubicin as well as photoactive analogues of vinblastine to iden-
tify common cellular targets which might be involved in the
mechanism of pleiotropic drug resistance* (61).

3 Unpublished data.
4 Unpublished data.
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Considering the close homology of the photoactive anthra-

cycline analogue to other N-substituted anthracyclines, we
predict that NAB-daunorubicin will be useful for identifying
cytoplasmic targets which mediate the biochemical actions of
this class of drugs. An additional benefit is the significant
binding of NAB-daunorubicin by cellular acceptors that rec-
ognize the anthracyclinone ring. Consequently, NAB-dauno-
rubicin is an important probe for general as well as specific
anthracycline-binding sites and will be useful for characterizing
previously identified as well as novel pathways of anthracycline
antibiotic action.
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