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Summary. We have previously utilized N-(p-azido-
benzoyl)daunorubicin (NABD), a photoactive analogue of
daunorubicin (DNR), to identify unique anthracycline-
binding polypeptides in rodent tissues and in tumor cells.
Using cultured P388 tumor cells, we have now compared
the cellular pharmacology and antitumor activity of
NABD with that of DNR. Although rapidly accumulated
by cells, the intracellular concentration of NABD was less
than 20% that of DNR at steady-state levels. The cellular
uptake of both drugs by P388 cells was dependent on ex-
tracellular drug concentration in the medium and on tem-
perature. The rapid efflux of NABD and DNR from P388
cells in drug-free medium was reduced at lowered temper-
ature (0 °C). Cytofluorescence microscopy demonstrated
that NABD was predominantly localized in the cytoplasm,
in contrast to the nuclear localization of DNR. NABD
produced dose-dependent inhibition of [PH]thymidine
(ICs = 10.0 uM) and [*Hluridine (IC5y=1.60 wM) incor-
poration in P388 cells to a lesser degree than DNR
(PHJthymidine, IC5=0.15uM and  [PHjuridine,
1C4,=0.70 pM). Continuous exposure to NABD inhibited
P388 cell proliferation with an 1Cy, of 0.27 M, compared
with an IC, of 0.017 pM for DNR. NABD is a pharmaco-
logically active, photoactive analogue of DNR, which pos-
sesses properties different from those of the parent drug
but similar to those of other anthracycline analogues. Pho-
toaffinity labeling studies with NABD may identify im-
portant cytoplasmic constitutents which interact with this
type of anthracycline and perhaps with the anthracycline
antibiotics in general.

Present address: Medical Chemical Defense R and D Program,

U. S. Army Medical R and D Command, Att. SGRDPLE, Fort
Detrick, Frederick, MD 21701, USA

Offprint requests to: S.D. Averbuch, Clinical Pharmacology
Branch, DCT, NCI, National Institutes of Health, Building 10,
Room 6N119, Bethesda, MD 20205, USA

Abbreviations used: NABD, N-(p-azidobenzoyl)daunorubicin:
DNR, daunorubicin; D,, daunorubicinol; NABD,, N-(p-azido-
benzoylhdaunorubicinol; dDa, 7-deoxydaunorubicin aglycone;
dD,,, 7-deoxydaunorubicinol aglycone; TLC, thin-layer chroma-
tography; HPLC, high-pressure liquid chromatography; THF, te-
trahydrofuran; PBS, phosphate-buffered saline; DMSO, dime-
thylsuifoxide

Introduction

The anthracycline antibiotics represent an important class
of antineoplastic drugs, which are cytostatic and cytotoxic
to a broad spectrum of tumors [1, 3, 12, 24, 27]. Studies of
anthracyclines in experimental biological systems have
shown these compounds to interact with multiple cellular
organelles and macromolecules [4-8, 10-12, 18, 19, 22,
23, 25, 30]. However, in most instances the identification
of specific macromolecular targets for drug interaction is
confounded by the presence of a high degree of nonspe-
cific adsorption of the anthracyclines to biological mate-
rial and experimental apparatus.

Photoaffinity labeling is an experimental approach
which can circumvent these limitations [9, 15]. To charac-
terize anthracycline interactions with specific cellular mac-
romolecules we have recently utilized a photoactive an-
thracycline analogue, N-(p-azidobenzoyl)daunorubicin
(NABD), to identify unique anthracycline-binding poly-
peptides in rodent tissues [11, 18; R. L. Felsted et al., 1985,
submitted for publication] and in tumor cells [4, 5. The
preparation of this photoactive analogue necessitated a
chemical modification of the daunosamine sugar, which
may significantly change the chemical and pharmacologi-
cal properties of the analogue in comparison with the par-
ent drug. We therefore studied the cellular pharmacology
and antitumor activity of the photoactive analogue,
NABD, compared with daunorubicin (DNR), to clarify
the relationship between photoaffinity-labeled anthracyc-
line targets and anthracycline antibiotic mechanism of ac-
tion.

Materials and methods

Cell lines. P388 murine leukemia cells were maintained in
vitro by serial culture in RPMI Medium 1640 (M. A. Bio-
products, Whittaker Corporation, Walkersville, Md) con-
taining penicillin 50 units/ml, streptomycin 50 pg/ml
L-glutamine 2 pmol/ml (Flow Laboratories Inc., Rock-
ville, Md), B-mercaptoethanol 10 uM (Sigma Chemical
Company, St. Louis, Mo), and 10% fetal bovine serum
(FBS) (Flow Laboratories Inc.) at 37 °C in 5% CO, atmos-
phere. Under these conditions, cells had a population-dou-
bling time of 14—16 h and achieved a maximum cell densi-
ty of 1.8-2.2 x 10 cells/ml. Except where noted, all exper-
iments were performed with the medium described above.
Cell density was determined with the aid of a Coulter
counter (Coulter Electronics Inc., Hialeah, Fla).
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Fig. 1. Structures of daunorubicin (DNR) and N-(p-azidoben-

zoyl)daunorubicin (NABD)

Isolation of human neutrophils. Neutrophils were isolated
by a Ficoll-Hypaque gradient as previously described [14].
Drugs. Daunorubicin (DNR, NSC 82151, Fig. 1) was ob-
tained from the Developmental Therapeutics Program,
National Cancer Institute, Bethesda, Md.

N-(p-Azidobenzoyl)daunorubicin (NABD, NSC
372108, Fig. 1) was prepared by N-azidobenzoylation of
daunorubicin with N-hydroxysuccinimidyl-4-azidoben-
zoate (Pierce Chemical Co., Rockford, Ill). The synthesis
and characterization of the final product, NABD, has been
described elsewhere (R. L. Felsted et al., 1985, submitted
for publication). NABD photoactivation occurs following
exposure to intense, low-wavelength (<350 nm) light and
therefore all drug experiments described here were per-
formed in ambient light. Partition coefficients were deter-
mined according to the method of Kessel [20], and the ra-
tios of drug concentration in the octanol:aqueous phase
were 1.68 and > 119 for DNR and NABD, respectively.
Daunorubicinol (D,) and N-(p-azidobenzoyl) daunorubici-
nol (NABD,) were prepared enzymatically from DNR and
NABD, respectively, with 0.138 mg/ml rat liver daunoru-
bicin reductase in 5 mM NADPH (P and L Biochemicals,
Milwaukee, Wis) and 10 m M Tris-HCI buffer, pH 8.5 [16].
7-Deoxydaunorubicin aglycone (dDa) and 7-deoxy-
daunorubinicol aglycone (dD,,) were prepared as de-
scribed by Smith et al. [26].

Fluorescence spectra. Fluorescence excitation and emission
spectra were obtained with a Model SPF-500 absolute
spectrophotometer (American Instrument Co., Silver
Spring, Md). DNR and NABD had identical activation
maxima at 470 nm and emission maxima at 585 nm.

TLC and HPLC methods. Silica gel thin-layer chromato-
graphy (TLC) was performed as described previously [28].
In a solvent system containing chloroform: methanol:
acetic acid (100:2:2.5), NABD appeared as a single fluo-
rescent spot with an R, value of 0.27, while DNR remained
at the origin.

The high-pressure liquid chromatography (HPLC) sys-
tem consisted of two Beckman 100A pumps fitted with a
uBondapak phenyl column (3.9 mm x 30 cm, Waters Asso-
ciates, Milford, Mass) and a Gilson 121 fluorometer con-
taining activation and emission filters of 480 and 560 nm,
respectively. The previously described [2] reversed-phase
method of a 10-min gradient of 15%~50% tetrahydrofuran
(THF) in 0.1 g/100 ml ammonium formate buffer, pH 4.0,
at a flow rate of 2 ml/min was modified slightly by the ad-

dition of 5 min isocratic 50% THF in buffer at the end of
the gradient. With this system, DNR, D,, NABD, NABD,,
dDa, and dD,, have retention times of 10.1, 8.6, 13.7, 12.5,
11.7, and 9.8 min, respectively.

Incubation conditions. Tumor cells in late log phase growth
were washed twice with ice-cold phosphate-buffered saline
(PBS) and resuspended in fresh medium. After preincuba-
tion of the cells for 60 min, the drugs were added in an
equal volume of prewarmed (37 °C) medium so that the fi-
nal cell density was 10%/ml. Owing to the poor aqueous
solubility of NABD, this drug was dissolved in dimethyl-
sulfoxide (DMSO) to give a final DMSO concentration of
0.5% in medium. DNR was handled identically. Unless
otherwise indicated, all incubations were performed at
37 °C in a metabolic shaking incubator.

Assay of drug uptake and metabolism. Following incuba-
tion, 1.0 ml cells was added to 0.4 ml F50 Versilube sili-
cone fluid (General Electric Co., Waterford, NY) in 1.5-ml
micro test tubes, and the celis were centrifuged at 13 000 g
for 1 min. The supernatant solution was poured off and
the sedimented cells were resuspended in 1.5ml 0.54 N
H,S0, in 75% isopropanol. Fluorescence was determined
with excitation at 470 nm and emission at 585 nm, and
drug content was calculated by comparison with simul-
taneously performed DNR and NABD standards [19]. A
duplicate sample of sedimented cells was resuspended in
1.0 ml medium and the cell density determined. In drug
metabolism experiments, sedimented cells or medium
were/was extracted with chloroform :methanol (2:1, v:v).
The extracts were evaporated to dryness under a stream of
nitrogen gas, redissolved in small volumes of methanol,
and analyzed by TLC and HPLC. P388 cell-free homoge-
nates were prepared by washing 107 cells twice with 10 ml
ice-cold PBS, followed by resuspension and brief sonica-
tion in 50 mM potassium phosphate buffer (pH 7.4). The
homogenate (200 pg protein) was incubated with 10 uM
DNR or NABD in a final volume of 0.1 ml 10 mM MOPS
buffer, pH 7.0, containing 1% DMSO for 60 min. The in-
cubations were terminated by the addition of 1.0 ml chlo-
roform :methanol (2:1, v:v), clarified by centrifugation
(13 000 g, 2 min), and the fluorescent metabolites present
in the supernatant solution were analyzed by HPLC.

Efflux experiments. After incubation with 10 uM DNR or
NABD for 120 min, cells were sedimented, washed twice
with 10 ml ice-cold PBS, and resuspended in drug-free me-
dium at either 0 or 37 °C. After varying periods of incuba-
tion, cells were sedimented by centrifugation (13 000 g,
1 min) and their remaining drug content was determined
fluorimetrically as described above.

Cytofluorescence microscopy. Cells incubated with DNR or
NABD were washed once or twice with 0.154 M NaCl,
and the sedimented cells were resuspended in a small vo-
lume of 0.154 M NaCl. Cell suspensions were examined
immediately on an American Optical Model 10 micro-
scope (American Optical Corp., Buffalo, NY) fitted with
an HBO 50 mercury arc lamp and FITC interference filter
for incident illumination and 500 nm and 515 nm secon-
dary filters. Photomicrographs were made on Kodak
Ektachrome film (ED 135, ASA 200).



Incorporation of radioactive macromolecular precursors. Af-
ter incubation of cells for 120 min with NABD or DNR,
0.1 ml medium containing 1uCi [methyl-*H]thymidine
(2.0 Ci/mmol, New England Nuclear, Boston, Mass),
1 uCi PH(G)Juridine (6.0 Ci/mmol, New England Nuc-
lear) or 1 uCi [3,4-*H]valine (65 Ci/mmol, New England
Nuclear) was added to the cultures. After incubation for
60 min with radiolabeled nucleoside or 120 min with ra-
diolabeled amino acid, cells were assayed for incorpora-
tion of *H into trichloroacetic acid-precipitable material as
described previously [17].

Cell growth inhibition assay. After washing with ice-cold
PBS, P388 cells (2 x 10°/ml) were resuspended in fresh me-
dium containing various concentrations of NABD or
DNR in 0.5% DMSO for increasing times of exposure up
to 72 h. Following an initial lag phase, cell growth in con-
trol and drug-treated samples was linear up to 72 h, at
which time cell density was determined and the slope of
the log cell density-vs-time plot was calculated. The
growth rate at each drug concentration was expressed as a
percentage of the control growth rate. Dose-response
curves were generated and the drug concentration required
to inhibit 50% of cell growth rate (ICs,) was determined
from a logarithmic curve fit analysis.

Results
Drug accumulation by whole cells

At 37°C, DNR was taken up rapidly by P388 cells over
the first 20 min, followed by an accumulation which ap-
proached steady state by 60 min. NABD uptake was also
initially rapid, but in contrast to DNR, steady state levels
were achieved at 10 min and total drug accumulation was
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Fig. 2. Effect of temperature on the accumulation of DNR and
NABD by P388 cells. Points each represent the mean of four
experimental determinations. Each SD was <24% of the mean
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Fig. 3. Accumulation of DNR and NABD by P388 cells. Points re-
present the means of triplicate samples from three separate experi-
ments. Each SD was <22% of the mean

much less (Fig. 2). The cellular accumulation of DNR ex-
ceeded NABD accumulation by a factor of 5-6 at steady
state. Assuming a mean cell size of approximately 800 um?
[29], this corresponds to a cell :medium molar ratio of 344
for DNR and 50 for NABD. The cellular uptake of both
DNR and NABD were temperature-sensitive, cellular ac-
cumulation at 0 °C being much less than at 37 °C (Fig. 2).
The uptake of both anthracyclines was concentration-de-
pendent (Fig. 3); and for drug concentrations from 0.5 to
10 M the uptake of DNR was 5~10 times that of NABD.

Drug efflux by whole cells

DNR had a rapid initial efflux, which slowed and ap-
proached a new steady state after 30 min (Fig. 4). NABD
exited cells extremely rapidly, so that intracellular drug
content was undetectable 5 min following resuspension in
fresh medium (Fig. 4). At steady state cells retained over
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Fig. 4. Effect of temperature on the efflux of DNR or NABD
from P388 cells. Points represent means of three experimental
determinations. Each SD was < 19% of the mean
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Fig. 5. Reverse-phase HPLC separation of a chloroform :metha-
nol (2:1; v:v) extract of P388 cells (10°/ml) after incubation with
10 uM NABD for 2 h. At this time point, NABD, accounted for
15% of the total fluorescence as determined from the integrated
area under the curve for each peak

60% of the accumulated DNR, whereas the NABD-treated
cells were free of detectable drug.

The efflux of both drugs occurred by way of a process
that was reduced at 0 °C compared with 37 °C. However,
this temperature dependency was much greater for DNR
egress, since the new steady-state drug level was not signi-
ficantly different in drug-free medium, whereas NABD
steady-state cellular content was reduced by over 70% at
0 °C (Fig. 4).

Drug metabolism by whole cells and cell homogenates

HPLC analysis of extracts from P388 or medium incubat-
ed with DNR or NABD for various times of incubation
showed a time-dependent production of a fluorescent
compound that cochromatographed with NABD, (Fig. 5).
This compound is the product of the side chain C-13 car-
bonyl reduction to the more polar alcohol which is the ma-
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Fig. 7 (A, B). Effect of DNR and NABD on [*H]thymidine and
PHluridine incorporation by P388 cells. Cells (10°/ml) were incu-
bated for 2 h with various concentrations of DNR or NABD and
incorporation of [PHlthymidine (A) or [PHluridine (B) into trich-
loroacetic acid-precipitable material was then assessed as de-

{scribed in Materials and methods. Points represent the means of

triplicate samples from three separate experiments. Each SD was
< 10% of the mean

jor metabolite of class I anthracycline antibiotics [25]. By
72 h this NABD metabolite accounted for 60% of the total
fluorescence extracted from the sedimented cells. The par-
ent NABD accounted for 25%, and unknown metabolites
accounted for 15%, of total fluorescence. An equal propor-

Fig. 6 (A, B). Cytofluorescence microscopy of human neutrophils incubated with DNR (A) or NABD (B). Human neutrc.)phils were
isolated as described in Materials and methods and incubated with 20 pM drug. After 15 min, cells were washed once with ice-cold

0.154 M NaCl and examined by fluorescent microscopy. (x 500)
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Table 1. Effect of DNR and NABD on [*PH]thymidine and PHJuridine incorporation in P388 tumor cells

Drug IC50 (}LM)a IC50 Ratio )
(PHlthymidine: *Hluridine)
PHIThymidine [PH}Uridine
Extracellular Intracellular Extracellular Intracellular Extracellular Intracellular
DNR 0.15b 100 0.70 375 0.21 0.27
NABD 10.0 500 1.60 200 6.25 2.50

2 1Csq, 50% inhibitory concentration
b Mean of three triplicate experiments

tion of NABD and NABD, was present in the supernatant
fraction at 72 h. When NABD was incubated in medium
without cells no fluorescent metabolites were detected.
When P388 cellular homogenate was incubated with
NABD at 25°C in the presence of air for 60 min no
NABD, was formed. Under anaerobic conditions in the
presence of excess | mM NADPH approximately 1% of
NABD was converted to NABD, after 60 min at 37 °C.
Neither the photolytic product, N-(p-aminoben-
zoyl)-DNR, nor DNR was formed in either whole cells or
cell homogenates incubated with NABD.

Cytofluorescence microscopy

The intracellular distribution of DNR and NABD was
evaluated by cytofluorescence microscopy. As described
previously [14], DNR was concentrated in cell nuclei with
slight cytoplasmic localization (Fig. 6). In contrast, NABD
showed cytoplasmic accumulation, with little if any drug
fluorescence observed in cell nuclei (Fig. 6). Although
most easily seen in human neutrophils (Fig. 6), these char-
acteristic intracellular drug localization patterns were also
observed in P388 cells.

Inhibition of cellular macromolecular synthesis

As with DNR, NABD produced dose-dependent inhibi-
tion of [*Hlthymidine and [*HJuridine incorporation in in-
tact P388 cells (Fig. 7). However, NABD inhibited labeled
precursor incorporation to a lesser degree than DNR
(Table 1). In addition, no more than 50% inhibition was
observed following a 2-h exposure of cells to NABD, in
spite of high concentrations of the drug. In contrast to

DNR, NABD inhibited PHluridine incorporation more ef-
fectively than [*H]thymidine incorporation (Table 1).
NABD had no effect on protein synthesis as determined
by [*H]valine incorporation.

Cell growth inhibition in vitro

Following continuous exposure to NABD, P388 cell
growth was inhibited in a dose-dependent fashion, with an
ICs, of 0.27 uM as against an IC,, of 0.017 uM for DNR.
The difference in cell growth ICs, between DNR and
NABD (16-fold, Fig. 8) approximates the difference in cel-
lular accumulation of each drug after a 2-h incubation
(18-fold, Fig. 4). However, this relationship was not ob-
served for the drug concentrations required for the inhibi-
tion of cellular macromolecular synthesis (Table 1). For
example, there was a 67-fold difference in extra-cellular
concentrations and a 5-fold difference in intracellular con-
centrations of the two drugs, associated with a 50% inhibi-
tion of [*H]thymidine incorporation. Also, cells were ex-
posed to each drug for 2 h, washed, and resuspended in
fresh medium, and cell growth determined at 74 h. The
short duration of drug exposure did not affect cell growth
inhibition by DNR, whereas the NABD ICs, was highly
dependent on the duration of exposure (Fig. 8).

Discussion

We have described the cellular pharmacodynamics of a
new daunorubicin analogue, NABD, which has a photoac-
tivatable p-azidobenzoyl group attached to the amino su-
gar. Following irradiation with ultraviolet light, this com-
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Fig. 8. Sensitivity of P388 cells to DNR and
NABD. Cells (10°/mi) were incubated for
2 h or 72 h with DNR or NABD. Cell densi-
ty was determined at 72 h and growth rate,
calculated as described in Materials and
methods. Points represent the means of tri-
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pound covalently binds specific cellular proteins in a var-
iety of normal organs and cultured tumor cells in vitro [4,
5, 11, 18; R. L. Felsted et al., 1985, submitted for publica-
tion]. Whereas NABD shares structural similarities with its
parent drug, the amino substitution results in significant
changes in the biological and biochemical properties of
NABD in tumor cells.

NABD was cytostatic against P388 cells in vitro, al-
though significantly less potent than DNR (Fig. 8). The
differences in antitumor activity may, in part, be explained
by the different cellular pharmacological properties ob-
served in this study. For instance, although NABD is very
lipophilic, having a partition coefficient 70-fold larger
than DNR, there was, nonetheless, significantly less cellu-
lar uptake of NABD. Although lipophilicity may deter-
mine cellular uptake characteristics of some anthracyclines
[20], this is not always the case [13]; there may be addition-
al mechanisms operative in the cellular accumulation of
these drugs. For example, differences in drug pKa, high
affinity for serum proteins present in the extracellular me-
dium, less intracellular binding, and greater capacity for
active cellular drug efflux may account for low cellular ac-
cumulation of NABD. In fact, additional experiments (not
shown) demonstrate that the presence of FBS decreases
cellular uptake of NABD 3-fold, whereas FBS has no ef-
fect on the cellular uptake of DRN [13]. Also, the lack of
NABD nuclear cytofluorescence suggests that there may
be fewer intracellular binding sites available for this drug,
and that more NABD is therefore available for active ex-
trusion by the cell. The rapid and apparent complete efflux
of NABD from P388 cells occurs by a mechanism different
from that of DNR, since the former process is only partial-
ly inhibited at 0 °C, in contrast to nearly complete inhibi-
tion of DRN efflux at 0 °C.

Presumably, one of the consequences of low intracellu-
lar accumulation of NABD is less effective inhibition of
nucleic acid synthesis in growing tumor cells. In P388 cells
grown in vitro, much greater extracellular concentrations
of NABD than of DNR are required to inhibit radiola-
beled thymidine incorporation by 50% (Table 1). However,
higher intracellular NABD content is also required to
achieve this level of inhibition, so that other mechanisms,
e.g., less nuclear binding, in addition to drug transport
may be operative. Alternatively, the inhibition of thymi-
dine incorporation may be due to the effect of drug on nu-
cleoside transport rather than direct interference with
DNA synthesis [10]. In contrast, NABD inhibits RNA syn-
thesis, as measured by radiolabeled uridine incorporation,
more effectively than DNR does (Table 1). This selectivity
against RNA synthesis is also found for other anthracy-
clines, including amino-substituted (e.g., N-trifluoroace-
tyl-adriamycin-14-valerate, N, N-dibenzyldaunorubicin
and N,N-dimethyldaunorubicin) and class II (e. g., aclacin-
omycin and marcellomycin) analogues {1, 10, 12]. Further-
more, most of these compounds, as well as others of pot-
ential clinical importance, including N-acetyldaunorubi-
cin, 4-demethoxydaunorubicin, and 7-con- O-methyl noga-
rol, demonstrate a predominant cytoplasmic localization
when exposed to tumor cells in vitro [14]. In spite of this
apparent cytoplasmic localization, these compounds are
able to cause DNA damage [21] and inhibit nucleic acid
synthesis [13, 14]. Thus, these drugs may act through me-
chanisms which differ from that of drugs such as DNR,
which are located predominantly in the nucleus. Further-

more, these differences cannot be related simply to differ-
ences in total cellular accumulation of drug. Presumably
these cytoplasmically localized analogues, including
NABD, interact with non-nuclear cellular constituents and
these interactions may mediate important biochemical
events within the cell. For example, quinone-containing
antibiotics may be activated in the cystoplasm by micro-
somal flavoproteins or mitochondrial enzymes to drug-
free radicals. These radicals may then cause primary or
secondary damage to nearby cellular components or they
may travel into the nucleus to interact with DNA [7]. Fur-
ther understanding of these interactions may be provided
by photoaffinity labeling of NABD to tumor cells. For ex-
ample, we have recently demonstrated that when NABD is
incubated with P388 tumor cells and then photoactivated
by UV light, there is specific covalent binding of the drug
to a low-molecular-weight mitochondrial polypeptide.
Furthermore, the photo labeling of this mitochondrial
polypeptide with NABD is significantly enhanced in an-
thracycline-resistant P388 cells [5]. The function of this
polypeptide and its role in anthracycline antibiotic me-
chanism of action is currently under investigation in our
laboratory. Therefore, NABD appears to be useful as a
mechanistic probe.

In summary, we have described the cellular pharma-
cology of NABD compared with that of DNR, and have
shown that the photoaffinity analogue differs from that of
its parent compound especially in its nuclear localization
and its effect on nucleic acid synthesis. However, NABD
retains antitumor activity in vitro and has properties simi-
lar to those of several active anthracycline analogues.
Therefore, photoaffinity labeling studies utilizing NABD
may identify important cytoplasmic macromolecules
which interact with this type of anthracycline and perhaps
with the anthracycline antibiotics in general to mediate
biochemical events within the cell.
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