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ABSTRACT

Parabactin, a microbial iron chelator (a siderophore), is shown to be a
more potent cell synchronization agent than either desferrioxamine or
hydroxyurea. When the LI 210 cell cycle is blocked with parabactin, cells
are held at the Gi-S border. If the ligand is later washed away, the block
is reversed, and the cells cascade into S phase. The cells are synchronized
through three cell cycles. The siderophore-induced block is exploited in
the inhibition of growth of LI 210 cells by combination with the antineo-
plastics, doxorubicin (Adriamycin), cytarabine, and bischloroethyl nitro-
sourea. The growth-inhibitory effects of Adriamycin, cytarabine, and
bischloroethyl nitrosourea in combination with parabactin are shown to
be dependent on the time frame in which the combination of drugs is
presented to the cells. The results are in keeping with changes in LI 210
cell cycle kinetics induced by the catecholamide chelator, parabactin.

INTRODUCTION

The role of iron in proliferative processes has received sub
stantial attention in recent years (1, 2). This transition metal
plays a critical role in several essential oxidation-reduction
systems within the cell, e.g., catalase, cytochromes, and ribo-
nucleotide reducÃase. The importance of iron in proliferative
processes is mirrored in the up-regulation of transferrin recep
tors in rapidly dividing versus resting cells (3). Furthermore,
the same increase in transferrin receptor expression can be seen
when iron is artificially withheld from these cells by exposing
them to various iron ligands (4). Although the ability of excess
iron to increase tumor growth in vivo (5) is somewhat uncertain
and the subject of continuing investigation, it has been clearly
demonstrated in a number of laboratories (6-11) that iron
deprivation severely inhibits the growth of tumor cells in vitro.

When murine leukemia (LI210) and human Burkitt's lym-

phoma (Daudi) cells are exposed to the microbial iron chelators
(siderophores), parabactin (Fig. 1), and vibriobactin, cell growth
can be essentially halted (6-8). Both these siderophores have
ICso1 values of <2 JIM, with reversible cytostatic activity on
short-term exposure and cidal activity on long-term exposure.
These polyamine catecholamides are extremely potent synchro
nization agents operating at the ribonucleotide reductase (8)
level. The above observations raised several questions regarding
the potential of these ligands as agents to be used in combina
tion chemotherapy, (a) Can the cell synchronization properties
of the ligands be exploited in combination with other chemo-
therapeutic agents? (b) How do these siderophores compare
with other compounds as synchronization agents, e.g., hydrox
yurea and desferrioxamine? These questions are addressed in
this study.

MATERIALS AND METHODS
L-Parabactin was synthesized as previously described (12). A stock

solution of 2 mMparabactin was made in 50% (v/v) ethanol and water.
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1The abbreviations used are: H .â€ž.50% inhibitory concentration; ara-C, cytar
abine; BCNU, bischloroethyl nitrosourea; HEPES, 4-(2-hydroxyethyl)-l-pipera-
zine ethanesulfonic acid; DAPI, 4,6-diamidino-2-phenylindole; CI, combination
index; HBSS, Hanks' balanced salt solution; MOPS, 3-(W-morpholino)propane-

sulfonic acid.

Stock solutions of Adriamycin and ara-C were prepared in water.
BCNU was prepared in 50% (v/v) ethanol and water. All solutions
were passed through a 0.2-/Â¿mfilter prior to use. RPMI 1640, fetal
bovine serum, HEPES, and MOPS were obtained from Gibco. Cell
culture flasks, 25 and 75 cm2, were purchased from Corning. Adria

mycin was obtained from Adria, carmustine (BCNU) from Bristol,
hydroxyurea from Aldrich, and cytosar (ara-C) from UpJohn. DAPI
was obtained from Sigma. Desferrioxamine was provided by CIBA-
GEIGY.

Cell Culture. Murine LI210 leukemia cells were maintained in ex
ponential growth as suspension cultures in complete medium contain
ing RPMI-1640, 2% HEPES-MOPS buffer, and 10% fetal bovine
serum. Cultures in logarithmic growth were treated with parabactin
and/or either BCNU, ara-C, or Adriamycin, at varying concentrations.
Cells were counted by electronic particle analysis (Model ZB1 Coulter
Counter; Coulter Electronics, Hialeah, FL). The IC50 was defined as
the drug concentration necessary to inhibit cell growth to 50% of the
control growth at 48 h.

The drug vehicle [50% (v/v) ethanol/water] in appropriate amounts
was added to all control flasks.

Drug Combinations. In each experiment, a parabactin control was
run in addition to a vehicle control. 1,1210 cells in suspension culture
at approximately 3 x 10* cells/ml were incubated in the presence of 5

fiM parabactin for 5 h to obtain a cell cycle block. Three sets of
experiments were performed for each drug combination except with
BCNU where a fourth experiment was carried out.

(a) For simultaneous drug combinations, cells at 3 x IO4 cells/ml

were exposed to a constant ratio of chelator to antineoplastic, a ratio
in which absolute concentrations were varied. We chose to keep the
absolute concentrations of the drugs in the neighborhood of their 1CM,
values. This rendered the ratio of parabactin to ara-C of 100:1, of
parabactin to Adriamycin of 100:1, and of parabactin to BCNU of 1:1.
The growth was monitored at 48 h, and an K \â€žvalue was determined.
A separate experiment was run to determine the ICso value of parabac
tin, ara-C, Adriamycin, and BCNU.

(b) In a second experiment, cells at 3 x 105/ml were first incubated
with 5 fiM parabactin for 5 h at 37Â°Cand then washed with fresh
medium (2 x 25 ml), resuspended at 3 x IO4cells/ml, and immediately

treated with varying concentrations of the antineoplastic. Growth was
monitored every 12 h for 96 h.

(c) In a third experiment, protocol b was carried out on the cells,
except in this case, washed cells were incubated at 37Â°Cfor 3 h prior

to addition of the antineoplastic.
(J) Cells at 3 x 10s cells/ml were treated with 5 //M parabactin for 3

h, and then BCNU was added at varying concentrations. The flasks
were allowed to incubate for an additional 5 h. The cells were next
washed with fresh medium and resuspended at 3 x IO4cells/ml, and

their growth was monitored every 12 h for 96 h.
In each case, the drug concentrations are indicated on the figure

legends.
Flow Cytometric Analysis. Cell analysis was performed with a HAI

COM flow cytometer (RATCOM, Inc., Miami, FL) interfaced with a
microcomputer (IBM-XP). Cultured LI210 cells were incubated with
5 n\\ parabactin, 100 Â¿IMdesferrioxamine, or 300 /Â¿Mhydroxyurea at
37Â°for 5 h. The cells were then washed free of the chelator and regrown

in fresh medium for 30 h. Cell samples were taken at various intervals
and stained with DAPI (10 mi/ml). DNA distributions were obtained
from the fluorescence analysis of the DAPI-stained cells.

Cloning Assay. Cells at 3 x 10* cells/ml were incubated with 5 Â¿IM

parabactin for 5 h and washed with fresh medium. Treated cells were
then plated in triplicate 96-well microtiter plates at 0.4 cells/well with
each well containing 100 Â¿ilof sample. The plates were incubated at
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PARABACTIN

Fig. 1. The hexacoordinate catecholamide iron chelator parabactin. A sider-
ophore isolated from Paracoccus denitrificans.

37'C in a humidified incubator in an atmosphere of 5% CO.. and 95%

air. The plates were examined with an inverted phase microscope at
x 100 magnification. The final number of colonies per plate was quan-
titated at 7 days after plating. Groups of SOor more cells per well were
identified as having been cloned from a single viable cell.

Viability Assay. Cell viability was assayed by two dye exclusion
methods. In one method cells were diluted 1:1 with 0.4% trypan blue
in phosphate-buffered saline and counted in a hemacytometer using a
light microscope. In the second method 10e cells were diluted in 1 ml

of a 1.12% sodium citrate solution of propidium iodide (SO us/ml) and
counted on a fluorescent microscope.

Data Analysis for Simultaneous Drug Combinations. Briefly, this
procedure involves (a) determination of an 1C',,,for each drug and (b)

determination of an K \â€žvalue for a constant ratio of two drugs. The
molar ratio of the drugs is maintained while the absolute concentration
of the drugs is changed. The cell growth data from these experiments
are plotted as log /â€¢â€ž//â€¢'â€žversus concentration (log [c]), where /â€¢'â€žis
fraction of cells affected, /â€¢'â€žis fraction of cells unaffected, and c is molar

concentration. These data are analyzed according to the following
equation.

A/DA + BID, = CI (A)

The D values are the 1CÂ«,,concentrations of each of the drugs alone.
The A and B values are the concentrations of each drug at the 1C,,, of
the constant ratio combination. When the CI is in excess of 1, the
combination is "antagonistic." When it is less than one, the combina
tion is "synergistic"; and when the CI is equal to 1, the combination is

additive (13).
Radiolabeled Thymidine Incorporation. Cells treated with 5 Â¿IMpar

abactin for 5 h were washed, resuspended in fresh complete medium,
and incubated at 37*C. Cell samples were removed every 2 h and pulse
labeled by incubating at 37'C for 30 min with [me(Ay/-3H]thymidine

(New England Nuclear, Boston, MA; specific activity, 80.9 Ci/mmol;
I/X Ã¯/ml)in triplicate tubes containing 10' cells in a total volume of 1

ml of complete medium. Labeling was halted by the addition of 0.5 ml
of ice-cold HBSS containing thymidine (1 mg/ml) to each tube. The
cells were washed, resuspended in 1 ml of 10% trichloroacetic acid in
HBSS containing thymidine (1 mg/ml), and allowed to sit on ice for
30 min. The acid-precipitable material was filtered and the filter
washed. Then filters were air dried and counted in Biofluor (New
England Nuclear) scintillation fluid. Background labeling was evaluated
in cell samples pulsed with [3H]thymidine at 5*C.

% of control incorporation

_ treated cpm - treated background cpm
control cpm - control background cpm

RESULTS

Effects of Parabactin on Cell Cycle Kinetics. In a comparative
study, parabactin was shown to be a far more effective cell cycle
blocking agent than either hydroxyurea or desferrioxamine
(Fig. 2). For example, to generate cell cycle blocks similar to
that produced by S MMparabactin (ICSO,1.3 MM)at 5 h, LI210
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Fig. 2. Flow cytometric DNA histograms of L1210 cells treated with parabac

tin, desferrioxamine, and hydroxyurea.

cells required 100 MMdesferrioxamine (ICso,7.5 MM)for 5 h or
300 MMhydroxyurea (IC5o,40 MM)for 5 h. When comparing
the IC50 value of each of the ligands, it is clear that the
compounds with the higher IC5ovalues are also the poorer cycle
blocking agents.

Adriamycin-treated Cells. The Adriamycin K\â€žunder our
experimental conditions was 0.027 MMat 48 h, while the
parabactin IC50was 1.34 MMat 48 h. However, when LI210
cells were treated with parabactin and Adriamycin in simulta
neous combination, the results indicated that the combination
was "antagonistic" (Fig. 3/4).Following the procedure of Chou

and Talalay, the cells were exposed to a constant molar ratio
of parabactin to Adriamycin of 100:1. The micromolar concen
trations at this constant ratio were 2:0.02, 1.75:0.0175,
1.5:0.015,1.25:0.0125,1.0:0.01, and 0.5:0.005. The IC50of the
combination was 1.42 MM(CI = 1.57). Chou and Talalay's
analysis of the data (see "Materials and Methods") clearly
revealed the combination to be "antagonistic" at the 100:1

ratio.
In a second experiment, cells were treated with 5 MMpara

bactin for 5 h, washed free of the ligand, and immediately
treated with 0.02 MMor 0.03 MMAdriamycin (Fig. 4). In this
experiment, the parabactin clearly potentiated the activity of
Adriamycin (see "Discussion"). In a final experiment, the cells

were pretreated with 5 MMparabactin for 5 h, washed, and then
incubated for 3 h in fresh medium to allow the cells to cascade
into the S phase of the cell cycle. At this point, cells were
treated with Adriamycin at various concentrations. These cells
displayed growth patterns similar to cells treated with Adria
mycin immediately after washing the parabactin away.

ara-( -treated Cells. The IC50 of ara-C in our LI210 cell
assay system was 0.033 MM.LI210 cells were treated with
parabactin and ara-C simultaneously at a constant molar ratio
of 100:1. The concentrations at a constant ratio of parabactin
to ara-C were 1.75:0.0175, 1.5:0.015, 1.25:0.0125, 1.0:0.01,
0.75:0.0075, and 0.5:0.005. The ICso of the combination was
1.39 MM(CI = 1.33). Again, Chou and Talalay analysis of the
growth data indicated "antagonism" (Fig. 3D).

However, when cells were first treated with 5 MMparabactin
for 5 h, washed with fresh medium, and immediately treated
with ara-C, as with the Adriamycin:parabactin combination,
the parabactin potentiated the activity of the ara-C (Fig. 5).
Finally, when cells were pretreated with 5 MMparabactin for 5
h, washed, resuspended in fresh medium, allowed to cascade to
S phase for 3 h, and treated with ara-C, the effects were
essentially those observed when cells were treated with para
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Fig. 3. Analysis of simultaneous drug combination; Fa, fraction affected; In. fraction unaffected. A: parabactin (â€¢);Adriamycin (D); combination of parabac-
tin:Adriamycin at a molar ratio of 100:1 (â€¢).B: parabactin (â€¢);ara-C (T); and combination of parabactin:ara-C at a ratio of 100:1 (â€¢).o parabactin (â€¢);BCNU (â€¢);
and combination of parabactin:BCNU at a ratio of 1:1 (O).
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Fig. 4. Growth curves of L1210 cells. Control (O); parabactin (â€¢;5 Â¡iMfor 5
h followed by wash and resuspension); Adriamycin (D; 0.02 Â«MKAdriamycin (A;
0.03 MM);Adriamycin (â€¢;S UMparabactin for 5 h, wash and resuspension, and
then Adriamycin, 0.02 u\i I; Adriamycin (A; 5 Â«\tparabactin for 5 h, wash and
resuspension, and then Adriamycin, 0.03 <IM).
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Fig. 5. Growth curves of L1210 cells. Control (O); parabactin (â€¢;5 Â»Mfor 5
h, wash, and resuspension); ara-C (II; 0.03 /i\i); ara-C (A; 0.04 /AI); ara-C (â€¢;5
I/M parabactin for S h, wash, and resuspension, and then ara-C (0.03 UM);ara-C
(A; 5 Â«IMparabactin for 5 h, wash, and resuspension, and then ara-C, 0.04 MM).

bactin for 5 h, washed free of the ligand, and immediately
treated with ara-C.

BCNU-treated Cells. The IC50 for BCNU in our system was
4.13 Ã•/M.When cells were treated simultaneously with parabac
tin and BCNU at a molar ratio of 1:1, the IC50 of the combi
nation was 2.28 UM(CI = 1.1), indicating additivity (Fig. 3Q.
The absolute micromolar drug concentrations to which cells
were exposed were 3:3, 2:2, 1:1, 0.5:0.5, and 0.25:0.25.

When cells were first treated with 5 J/M parabactin for 5 h,
washed with fresh medium, and treated with BCNU immedi
ately, an additive effect was again observed (Fig. 6). When cells
were first treated with 5 ÃŸMparabactin for 5 h, washed, allowed
to cascade into S phase for 3 h, and finally exposed to 5 or 6
MMBCNU, the effects were again additive.

However, when cells were first exposed to 5 /Â¿Mparabactin
for 3 h, then presented with varying concentrations of BCNU
for an additional 5 h, washed, and resuspended in fresh medium,
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Fig. 6. Growth curve for LI210 cells. Control (O, parabactin (â€¢;5 /IM
parabactin for 5 h, wash, and resuspension); BCNU (li, 5 itM); BCNU (A; 6 pM);
BCNU (â€¢:5 (A) parabaclin for 5 h, wash, and resuspension and then 5 n\i
BCNU); BCNU (A; S n\i parabactin for S h, wash, and resuspension and then 6
^M BCNU).
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MICROBIAL IRON CHELATOR-INDUCED CELL CYCLE SYNCHRONIZATION

cell growth indicated parabactin potentiation of BCNU activity
(Fig. 7).

Treatment Reversibility. When cells were treated for 5 h with
5 MMparabactin, the growth-inhibitory effects of parabactin

were found to be reversible on washing away of the ligand.
Viability of parabactin-treated cells was verified by dye exclu

sion methods, taking cell samples every 5 h for 35 h after
washing away of the ligand. The viability decreased to a mini
mum of 88% at 10 h. These results were in agreement with the
cloning assay which indicated 91% of colonies were cloned
from a single cell after short-term exposure to the chelator (5

h) as from single control cells. The number of cells per colony
from the parabactin-treated cells was consistently less than from

the control cells. However, when cells were treated for an
extended period of time with S /J.Mparabactin, cidal activity
was observed (Table 1). For example, at 60 h, only 30% of the
cells were viable as determined by trypan blue exclusion.

Synchronization Effects. Cells incubated with 5 MMparabactin
for 5 h exhibited a block in DNA synthesis at the GrS border
(by flow cytometry), with a greatly decreased S and 62 phase
(Fig. 2). Concentrations of 100 UM desferrioxamine and 300
MMhydroxyurea for 5 h were required to produce similar blocks.
On removal of the chelators by simple washing, parabactin-

treated cells maintained synchronization for 3 cell cycles. The
cycling figure only includes cells moving into the third cycle
(Fig. 8). However, desferrioxamine- and hydroxyurea-treated

cells showed normal DNA histograms after 12 h.
Radiolabeled Thymidine Incorporation. Incorporation of

[me/Aj'/-:'H]thymidine into LI210 cells after treatment with 5

MMparabactin for 5 h and washing (Fig. 9) revealed cycling of
incorporation in a time frame consistent with the normal 10-
to 12-1)doubling time of LI210 cells, and with the cycling of

DNA content as seen in the flow cytometric studies (Fig. 8).
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Fig. 7. Growth curves for L1210 cells. Control (O); parabactin (â€¢;5 UMfor 8
h, wash, and resuspension); BCNU (Q, 2 nM for 5 h, wash, and resuspension);
BCNU (A; 3 pM for 5 h, wash, and resuspension); parabactin (T; 5 JIM for 3 h
followed by l /AI BCNU for 5 h, wash, and resuspension); parabactin (â€¢;5 /aM
for 3 h followed by 2 UMBCNU for 5 h, wash, and resuspension); parabactin (A;
5 JIMfor 3 h followed by 3 JIMBCNU for 5 h, wash, and resuspension).

Table 1 Cidal activity of dictators
The percentage of LI210 cell kill in cells treated with 5 UM parabactin, 100

tiM desferrioxamine, and 300 UM hydroxyurea is shown. Cell viability was deter
mined by trypan blue exclusion.

% of activity

LigandParabactin

(5 piÃ¹)
Desferrioxamine (100 /i\i)
Hydroxyurea (300 /IM)12h5524

hIS

20
1548

h49

6060

h70

8025

DISCUSSION

Parabactin has a pronounced effect on the growth properties
of LI 210 cells (6, 8). Stasis is observed on short-term exposure
of the cells to the ligand and cidal activity when cells are exposed
for long periods of time (Table 1). The stasis is reversible by
simply washing the ligand away from the cells within the first
5 h. When cells treated in this way are reseeded in fresh medium,
there is approximately a 14-h lag in growth relative to untreated
controls. At this point, cells appear to grow normally with a
doubling time of 12 h (Figs. 4 to 7). The effects of parabactin
on LI210 cell growth are even more apparent after examining
its impact on cell cycle kinetics. Parabactin holds the cells at
the Gj-S border until it is removed, at which point cells cascade
into S phase (Fig. 8). A portion of the cells seem to remain
synchronized for 3 cell cycles.

Cycling of [3H]thymidine incorporation (Fig. 9) during the

first 12 h after washing does not correspond to the levels
expected from the percentages of cells with S-phase DNA
content (Fig. 8). For example, at 8 h the percentage of cells
having S-phase DNA content is approximately twice that of
control; however, [3H]thymidine incorporation corresponds to

a DNA synthetic rate of only 120% of control. From these
studies it seems that, while a sizeable fraction of the cells moves
synchronously through the cell cycle in 10 to 12 h, there is also
a fraction of cells which are moving more slowly through the
cell cycle. Together, the fraction of cells moving more slowly
through the cell cycle, along with the decrease in viability of
cells after short-term parabactin treatment, may account for the
14-h delay in cell growth relative to controls. While this delay
in the growth of parabactin-treated cells is not completely
understood at this time, we are further exploring the mechanism
of the iron chelator's action on cell cycle kinetics.

The effects of the catecholamide on the cell cycle kinetics of
LI 210 cells were compared with the effects of desferrioxamine
and hydroxyurea (Fig. 2). Cells exposed to 5 MMparabactin
experienced a block at the G,-S border in 5 h, while desferriox
amine was required to be in excess of 100 MM,for a 5-h exposure.
Finally, hydroxyurea needed to be in excess of 300 MMconcen
tration for the same 5-h exposure time. It is interesting that the
concentration of desferrioxamine required to block cells at the
Gi-S border is in excess of 13.3 times the 48-h IC50 value of
desferrioxamine and 7.5 times the 48-h IC50 of hydroxyurea.
The cell cycle blocking ability of parabactin was therefore far
superior to that of hydroxyurea or desferrioxamine. The release
of the desferrioxamine ( 14) and hydroxyurea (15) blocks results
in less effective cell cycle synchronizations, as the DNA histo
grams are normalized very quickly.

As mentioned above, the reversibility of the effects of para
bactin is dependent on how long the cells are exposed to the
ligand. For example, when the cells are exposed to 5 MM
parabactin for 48 h, 49% of the cells die as determined by
trypan blue exclusion. At 300 MM,hydroxyurea kills 22% of the
cells after 48 h, while 100 MMdesferrioxamine kills 60% (Table
1). The potent cell cycle blocking ability of parabactin and its
reversibility suggested its application in combination with other
phase-specific antineoplastic drugs.

Parabactin-treated cells offer two opportunities for potentia
tion of growth inhibition, (a) Agents acting at the d-S border
should be more effective since the cells are held at this phase.
(b) Agents acting during S phase should have improved activity,
since a larger percentage of the cell population will be synchro
nized into the S phase when the parabactin block is released.

When utilized in combination with ara-C, Adriamycin, or
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BCNU, parabactin can produce "antagonistic," additive, or
"synergistic" (potentiation) effects depending on the time frame

during which the drugs are applied.
Three basic experiments were run in the combination che

motherapy studies, (a) Parabactin was used simultaneously with
BCNU, ara-C, or Adriamycin. (b) Cells were first blocked with
parabactin, held at the d-S border, and then the parabactin
was washed away. The cells were immediately exposed to
BCNU, ara-C, or Adriamycin. (c) Cells were first blocked with
parabactin, the ligand washed away, the cells allowed to cascade
into S phase, and then treated with BCNU, ara-C, or Adria
mycin. The latter two experiments rely heavily on cell cytometry
techniques to evaluate the fraction of cells in each phase of the
cell cycle after treatment with the catecholamide chelator. A
fourth experiment was performed with BCNU. The cells were
treated with parabactin for 3 h and then with BCNU for 5 h.
Then, after both drugs were washed away, cells were resus-
pended and regrown.

When cells are exposed to parabactin and ara-C simultane
ously, the effect of the combination is an "antagonistic" one

(Fig. 3b). This is in keeping with the previous observation that
ara-C kills cells best in S phase (16) and that parabactin holds
cells at the d-S border. This parabactin block thus diminishes
the S-phase component of the cell population, reducing the
number of cells most susceptible to ara-C. Finally, the "antag
onism" is apparent from the analysis of drug-induced growth

inhibition. The IC50value for the ara-C direct combination with
parabactin at a 100:1 ratio was 1.33 MMwith a CI > 1, indicating
an "antagonistic" effect.

However, when cells were first exposed to 5 /*Mparabactin
for 5 h, washed free of the ligand, and treated with ara-C
immediately, the parabactin potentiates the activity of ara-C,
particularly at 0.04 /tM ara-C (Fig. 5). Inspection of Fig. 5
reveals that the growth of parabactin-treated cells is approxi
mately 14 h behind the growth of the control cells. Conse-
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Fig. 9. Time course for the effect of a 5 h-5 JIMparabactin treatment postwash-
ing on [3H]thymidine incorporation into the acid-precipitable fraction of L1210

cells.

quently when comparing the effects of the parabactin:ara-C-
trented cells with ara-C-treated cells, the 14-h lag for the para-
bactin-treated cells must be considered. Therefore, in evaluating
the combination curve relative to the ara-C curve, one must
look at a point on the combination line 14 h ahead of the ara
C line. Even at this, it is clear that parabactin potentiates the
activity of ara-C. When the same experiment was carried out,
however, with an additional 3-h wait after parabactin treatment,
the results were essentially the same, and potentiation was
observed.

The same experiments were carried out with Adriamycin.
The simultaneous drug combination experiment with a 100:1
ratio of parabactin to Adriamycin indicated "antagonism." Ap

plying Equation A to the data from Fig. 3A resulted in a CI
value of 1.57, indicating antagonism. However, again when the
cells were treated first with parabactin to initiate a block at Gt-

S and then washed free of the ligand and treated immediately
with Adriamycin, the effect of Adriamycin was potentiated,
particularly at 0.03 n\i (Fig. 4). Again one must consider the
14-h lag time in growth generated by the parabactin. However,
even after accounting for this, reduction in growth rate is about
twice that observed for the Adriamycin itself. In view of the
toxicity of Adriamycin, this may be of some practical signifi
cance. Finally, when the cells were allowed to cascade into S
phase for 3 h after washing away of the siderophore and then
treated with the drug, the results were essentially the same, i.e.,
potentiation. As both Adriamycin (17) and ara-C operate best

in S phase, the observed results are as expected.
The final drug studied in this evaluation was BCNU. When

cells were exposed to parabactin and BCNU simultaneously,
the results indicated the combination to be additive, with a CI
approximately equal to 1 (Fig. 3( ).

When the cells were first treated with 5 Â¿Â¿Mparabactin for 5
h and then released and immediately treated with BCNU (Fig.
6), the effects were still additive. When cells are first treated
with 5 iiM parabactin for 5 h and next washed free of the ligand,
resuspended, and allowed to grow for 3 h, cascading into S
phase, and next treated with BCNU, there appears to be a slight
potentiation. This is probably because the drug begins to oper
ate as the cells cycle into G2 phase. Because of the synchroni

zation effect, a larger than normal portion of cells were in ( ;..
phase. However, when the cells were treated with 5 /IM para
bactin for 3 h, then exposed to BCNU for an additional 5 h,
and then washed and resuspended in culture, the potentiation
was even greater (Fig. 7). After accounting for the parabactin-
induced lag, the effect of the BCNU was two times as great as
it was in the absence of parabactin. It was interesting to note
that 1 MMBCNU in combination with parabactin was more
active than 3 Â¿Â¿MBCNU alone. In fact, cells treated with 1 Â¿tM
BCNU (not shown) grew at the same rate as controls. The
literature suggests that BCNU operates best at the d-S border
and in (Â¡:of the cell cycle, while cells in S phase are more
resistant (18). The BCNU potentiation effects of the drug
combination were consistent with the observation that cells
treated with parabactin were held at the (Â¡,S border. It remains
somewhat unclear to us, however, why we did not observe
synergistic effects when the drugs were used in direct simulta
neous combination without washing.

The ability of parabactin to enhance the chemotherapeutic
effects of various antineoplastic drugs was highly dependent on
its ability to both block cell cycle kinetics and effectively reverse
this block, releasing the cells into a synchronized cell cycle. A
consideration of the IC50values of the drugs is probably relevant
when considering the effectiveness of these compounds as cell
cycle blocking agents. At 3.5 times its I( \0, parabactin was an
excellent cell blocking agent; it was better than desferrioxamine
at 13.3 times its IC50and hydroxyurea at 7.5 times its IC50(Fig.
2). Furthermore, one of the most critical issues was the fact
that parabactin-treated cells maintained partial synchronization
for at least 3 cell cycles, unlike desferrioxamine- and hydrox
yurea-treated cells, in which cell synchronization disappeared

after one cell cycle.
In summary, parabactin, a relatively nontoxic microbial iron

chelator, was a more potent cell cycle synchronization agent
than either hydroxyurea or desferrioxamine. Its action offers
some potential advantage in the design of combination che
motherapy protocols allowing the use of lower dosages of toxic
chemotherapeutics. When parabactin is used in combination
with either ara-C, Adriamycin, or BCNU, the activity of the
drugs may be enhanced. However, the time frame for the drug
combination is critical.
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