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ABSTRACT

Microbial siderophores represent a class of iron chelators
characterized by their high affinity (i.e., formation constants,
>1040 M) for ferric iron. Previously, we demonstrated that the

bacterial siderophores, A/-[3-(2,3-dihydroxybenzamido)propyl]-A/-
[4-(2,3-dihydroxybenzamino)butryl]-2-(2-hydroxyphenylXrans-5-
methyloxazoline-4-carboxamide (Parabactin) and A/1,A/8-bis(2,3-

dihydroxybenzoyl)spermidine (Compound II), inhibit the growth
of L1210 cells and the replication of DNA (but not RNA) viruses
at low micromolar concentrations (Biochem. Biophys. Res. Com
mun., 121: 848-854, 1984). The basis for this antiproliferative

effect on L1210 cells has now been investigated further. Onset
of growth inhibition induced by 5 /Â¿MParabactin occurs much
earlier than with an equimolar concentration of Compound II but,
once established by either chelator, inhibition appears to be
irreversible. Growth inhibition was fully preventable with exoge
nous FeCI3 when given at the same time as the chelators. Flow
cytometric analysis revealed a G,-S cycle block following treat

ment for 4 h with either 5 Â¿Â¿MParabactin or 30 /Â¿MCompound II.
The block was readily reversed with exogenous FeCI3, allowing
cells to progress to mid-S phase by 3 h and to G, again by 9 h.
Thereafter, cells accumulated at a second block located at S
phase. The treatment conditions required for the initial cell cycle
block (at 4 h) were adapted for subsequent studies. Clonogen-
icity of L1210 cells in soft agar following a 4-h exposure was

reduced to 22% of control by 5 U.MParabactin and to 16% by
30 pM Compound II. Neither growth inhibition in suspension
culture nor decreased clonogenicity in soft agar could be re
versed with exogenous iron, following treatment with the chela-

tors. Both chelators caused an early and significant decrease in
[14C]thymidine incorporation over the 4-h period (50% inhibitory

concentration at 4 h, 0.4 Â¿IMfor Parabactin and 6.0 u,u for
Compound II). [3H]Uridine incorporation was inhibited later than
[14C]thymidine and to a much lesser extent, while [3H]leucine

incorporation was not significantly affected. Treatment of cells
with 5 put Parabactin or Compound II for 4 h decreased deoxy-

adenosine triphosphate pools by 38 and 70%, respectively, and
increased deoxythymidine triphosphate pools by 67 and 36%,
respectively, suggesting interference with ribonucleotide reduc-

tase. Indeed, extracts of cells treated for 4 h with either 5 /IM
Parabactin or 30 ^M Compound II exhibit a 97 to 98% decrease
in cytidine-5'-diphosphate reductase activity compared to con

trol, whereas DNA polymerase was elevated slightly. These data
suggest that interference with DNA biosynthesis by inhibition of
the non-heme iron-containing enzyme, ribonucleotide reductase,
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represents one site of drug action involved in the early antiproli
ferative effects of the bacterial siderophores, Compound II and
Parabactin.

INTRODUCTION

Siderophores are a class of iron [Fe(lll)] chelating and transport
molecules produced by certain microorganisms as part of their
iron acquisition and assimilation apparatus. Typically, they are
low-molecular-weight catechol or hydroxamate ligands, having a
very high affinity for iron (1, 2). Parabactin,3 a spermidine cate-

cholamide (Chart 1), produced by the plant pathogen, Paracoc-

cus denitrificans, forms a 1:1 hexacoordinate complex with iron
and has a formation constant (K() of 10*8 M (Ref. 3; Footnote 4).

By comparison, diferric transferrin, the major iron transport gly-
coprotein of mammalian systems, has a K, of 1024M (4).

The virulence of microorganisms in humans has been associ
ated with the efficiency of the microbial siderophore in removing
iron from transferrin for assimilation (5). Of significance, from the
standpoint of chemotherapeutic strategies, is the fact that, al
though cross-utilization of siderophores by different microorga

nisms has been observed, the spermidine catechol amÂ¡deligands
described in this paper actually suppress the growth of many
pathogens. Bergeron ef al. (6) have substantiated this by dem
onstrating that the in vitro growth of Escherichia coli, Pseudo-

monas aeruginosa, Staphyloccus aureus, and the fungus, Can
dida albicans, could be restricted by Parabactin. Thus, microbial
siderophores represent a potential class of therapeutically useful
natural products that can be applied as a means of depriving
invading organisms of iron.

Due to the essential role which iron plays in metabolic proc
esses of mammalian systems, it seemed probable that sidero
phores would also prove useful in controlling the growth of
neoplastic cells and tissues. Indeed, in two comprehensive re
views, Weinberg (7, 8) has provided compelling rationale for iron
withholding as a strategy in treating neoplastic disorders. Indi
cations that this approach might prove tenable were recently
provided by our laboratories in a study (9, 10) demonstrating
potent antileukemic and antiherpetic in vitro activity with a series
of iron chelators, including Parabactin and Compound II (11),
another siderophore produced by Paracoccus denitrificans
(Chart 1). Specifically, the ICsovalues for inhibition of cultured
L1210 cell growth were 2 and 7^w for Parabactin and Compound
II, respectively (10). This inhibition was fully prevented with 10
UM Fed.,. In another study (12), the importance of supplemental

3The abbreviations used are: Parabactin, N-[3-(2,3-dihydroxybenzamido)propyl]-
A/-[4-(2,3-dihydroxybenzamino)butryl]-2-(2-hydroxyphenyl)frans-5-methyloxazo-
line-4-carboxamide; Compound II, N',N'-bis(2,3-dihydroxybenzoyl)spermidine;
DTT, dithiothreitol; ICM, 50% inhibitory concentration; PBS, phosphate-buffered

saline.
4 K. N. Raymond, personal communication.
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GROWTH INHIBITION BY IRON CHELATORS

iron to neoplastia Å“il growth was demonstrated. Administration
of iron to mice bearing ascites L1210 cells substantially increased
the growth and leukemogenicity of the tumor.

The selectivity of the siderophores for inhibiting DNA (but not
RNA) virus replication strongly suggests that they act by inhibit
ing DNA biosynthesis (9, 10). A possible target for these iron
chelators is ribonucleotide reducÃase,the rate-limiting enzyme in
the DNA-biosynthetic pathway (13). The enzyme contains a non-

heme iron center which serves in the stabilization of a tyrosyl
free radical at its active site (14). Its potential as a target for
antineoplastic chemotherapy has already been exploited by the
clinically useful anticancer agent, hydroxyurea. In the present
study, we demonstrate that the early antiproliferative activity of
the siderophores involves inhibition of ribonucleotide reducÃase
as one of the sites affected by chelator-mediated iron depletion.

MATERIALS AND METHODS

Chemicals. [14C]Thymidine was purchased from Amersham (Arlington
Heights, IL). [14C(U)]CDP, [3H]uridine, [mef/)y/-3H]TTP, [3H]dATP, [3H]-
adenosine, [3H]leucine, and E. coli DNA polymerase I were obtained from

New England Nuclear Corp. (Boston, MA). dATP, dCTP, dGTP, dTTP,
ATP, and poly[d(A,T)] were purchased from Pharmacia-P-L Biochemicals

(Piscataway, NJ). Parabactin and Compound II were synthesized as
previously described (6, 15-18). Stock solutions (4 HIM) of Parabactin

and Compound II were made in 50% (v/v) ethanol and H2O, respectively,
and passed through 0.2-fim filters prior to use.

Cell Culture. Murine L1210 leukemia cells were maintained in expo
nential growth as a suspension culture in complete medium containing
RPMI-1640, 16 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
6 HIM3-(A/-morpholino)propane sulfonic acid, and 10% NuSerum (Collab

orative Research, Inc., Lexington, MA). Cultures in logarithmic growth
were treated with the chelators at 5 ^M for 12, 24, and 48 h for growth
studies. Cells were counted by electronic particle analysis (Model 2F

Parabactin

Compound U
Chart 1. Structural formulas for two spermidine catecholamide iron chelators

synthesized and elaborated by the plant pathogen, P. denitriiicans. as siderophores
(3,11 ). The iron formation constant for Parabactin is 10*" M, and that for Compound
II, an intermediate metabolite in Parabactin biosynthesis, is 1040M (Ref. 2; Footnote

4).

Coulter Counter; Coulter Electronics, Hialeah, FL). Viability was deter
mined by trypan blue dye exclusion.

Flow Cytometry. Exponentially growing L1210 cells were treated with
5 put Parabactin or 30 UM Compound II for 4 h in complete medium at
37Â°C. For the iron reversal experiments, FeCI3 (prepared in dilute HCI)

was added directly to the culture medium after the initial 4-h incubation

for the times indicated to give a final concentration of 90 MM. Neither
FeCI3 or ethanol at the concentrations used had any effect on the
progression of the cell cycle. At the end of the incubation period, the
cells were washed once in ice-cold complete medium and stained with
the DNA fluorochrome, 4,6-diamidinc-2-phenylindole, in the presence of
0.2% Triton X-100 (19). DNA distributions were obtained on an ICP-22

flow cytometer (Ortho Instruments, Westwood, MA) as described previ
ously (19).

Soft Agar Cloning. L1210 cells were incubated in the presence or
absence of varying concentrations of Parabactin or Compound II for 4 h.
They were then washed twice and suspended in fresh complete medium.
In prevention studies, cells were treated for 4 h, and FeCI3 was added
at a final concentration of 90 /Â¿Mto the plating layer. The soft agar
method of Pluznik and Sachs (20) was slightly modified as described
elsewhere (21) and used to culture treated L1210 cells. Briefly, a 2.5-ml
lower layer of 0.5% agar in double-strength Eagle's minimal essential

medium containing 10% fetal calf serum was placed in a 35- x 10-mm

plastic Petri dish and permitted to solidify at room temperature. L1210
cells from the various treatment groups were suspended in a plating
layer (0.85 ml) of 0.3% agar in double-strength Eagle's minimal essential

medium with 10% fetal calf serum. After solidifying at room temperature,
the agar was inspected to ensure there were no cell clumps. Cultures
were prepared in quadruplicate and incubated at 37Â°C in a humidified

incubator in an atmosphere of 5% CO2 and 95% air. Cultures were
examined with an inverted phase microscope at x 100 or x200 magnifi
cation. The final number of colonies was quantitated between 1 and 2
wk after plating. Groups of 30 or more cells were identified as colonies.

Radiolabeled Precursor Incorporation. Exponentially growing L1210
cells in complete medium were treated for 1, 2, or 4 h with either
Parabactin or Compound II at various concentrations. The cells were
then pulse labeled with [14C]thymidine, [3H]uridine, or [3H]leucine for 1 h.
[mef/7y/-14C]Thymidine (specific activity, 52 Ci/mmol),.0.3 nCt/m\, or [6-
3H]uridine (specific activity, 17 Ci/mmol), 0.3 /iCi/ml, or [3H]leucine (spe

cific activity, 60 Ci/mmol), 1.2 /iCi/ml, was incubated for 1 h separately
in quadruplicate microtiter wells containing 105 L.1210 cells/ml, plus the

siderophore in a total volume of 200 pi of complete medium. Labeling
was halted by the addition of 100 n\ of ice-cold PBS containing 0.2% (v/

v) sodium azide per well. Radiolabeled precursor incorporation was
quantitated using an automated cell harvester as previously described
(22).

Deoxyribonucleoside Triphosphate Pool Analysis. The method of
Hunting and Henderson (23) was followed as briefly outlined below.
Approximately 1.5 x 107 exponentially growing L1210 cells were incu
bated for 4 h at 37Â°C with either 5 ^M Parabactin or 5 /IM and 30 pM

Compound II in complete medium. Control cells received an amount of
ethanol equivalent to that received by the Parabactin-treated group.

The cells were then centrifugea at 1000 x g for 2 min at 0-4Â°C. The

medium was removed, and ice-cold 0.4 M perchloric acid was added to
give a final concentration of 2.4 x 107 cells/ml in perchloric acid. The
perchloric acid contained [3H]adenosine to property account for sample
dilution. The cells were extracted for 20 min at 0-4Â°C. The extract was

then clarified by centrifugation, the perchloric acid supernatant was
removed, and the sample was neutralized by four extractions using a
0.5 M solution of Alamine-336 (McKerson Chemical Corp., Minneapolis,

MN) in trichlorotrifluoroethane (Aldrich Chemical Corporation, Milwaukee,
Wl) as described by Khym (24). Samples were stored at -20Â°C.

The samples were assayed for dATP and dTTP content by the method
of Hunting and Henderson (23) using E. coli DNA polymerase I and
poly[d(A,T)] as the template primer. The reaction was allowed to proceed
for 30 min at 37Â°C and then stopped by placing the samples on ice,
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GROWTH INHIBITION BY IRON CHELATORS

followed by the addition of 0.1 ml of ice-cold 50% (w/v) trichloroacetic
acid followed by 2 ml of ice-cold 10% (w/v) trichloroacetic acid in 10 mM
sodium pyrophosphate. Acid-insoluble radioactivity was collected on 0.5-

jim cellulose acetate filters (Scheicher and Schuell, Keene, NH) using
four 2-ml washes with ice-cold (w/v) 10% trichloroacetic acid in 10 mM
sodium pyrophosphate followed by five 2-ml washes with ice-cold 95%

ethanol. The filters were dried under a heat lamp, and radioactivity was
quantitated using ACS II (Amersham, Arlington Heights, IL) aqueous
scintillation counting cocktail and a Beckman LS-1800 scintillation spec

trometer. Standard curves for dATP and dTTP were obtained, and data
were analyzed as previously described (23).

CDP ReducÃase Assay. Briefly, L1210 cells were incubated for 4 h
with either 30 UM Compound II or 1 UM Parabactin at 37Â°C.Control cells

for the Parabactin treatment group received an equivalent amount of
ethanol. At the end of the incubation period, the cells were rinsed 2 times
with ice-cold PBS. The cells were suspended at 4 x 107 cells/ml in a

buffer containing 25 mM Tris-HCI, pH 7.5, 2.5 mM DTT, and 0.1 mM

EDTA. The cells were then disrupted by sonication on ice and centrifugea
at 100,000 x g for 45 min at 2-4Â°C. The supernatant was then assayed

immediately for CDP reductase activity according to the method of
Steeper and Steuart (26) by incubating 200 Â¿ilof extract in a total volume
of 300 n\ containing 17 mM Tris-HCI, pH 7.5, 4 mM DTT, 4 mM MgClj,
0.29 mM [14C]CDP (4.3 cpm/pmol), and 0.07 mw EDTA at 37Â°Cfor 45

min. The reaction was halted by placing the reaction tubes in a boiling
water bath for 5 min. The samples were then incubated at 37Â°Cfor 2 h

with a 2-mg/assay tube of Crotalus atrox venom dissolved in 0.1 M 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (pH 9.0):10 mM MgClj at

a concentration of 20 mg/ml to convert nucleotides to nucleosides. The
reaction was stopped by boiling, and 0.7 ml of H2O was added to each
tube. Deoxycytidine was separated from cytidine using Dowex-1-borate

column chromatography as previously described (27). Four ml of H2O
were used to elute deoxycytidine from the column (3.5 x 1.0 cm).
Samples were counted in 15 ml of ACS II using a Beckman LS1800
scintillation spectrometer.

ONA Polymerase Assay. L1210 cells were incubated for 4 h in the
presence of 5 UM Parabactin or 30 Â¿IMCompound II at 37Â°C.The cells

were then washed twice with ice-cold PBS. Cell extracts (100,000 x g)

were prepared as described above. DNA polymerase activity was mea
sured as described previously (25) using activated calf thymus DNA
(Sigma Chemical Co.) as the template primer and [mef/)y/-3H]TTP as the

labeled substrate.
Data Analysis. Data were analyzed using a Digital Equipment Corp.

PRO 350 computer (Concord, MA) equipped with RS/1 data manage
ment software (BBN Software Products Corp., Cambridge, MA).

RESULTS

The time dependence of growth inhibition of L1210 cell cul
tures by the siderophores at 5 IIM is shown in Chart 2. The
concentration of 5 ^M was selected for both Parabactin and
Compound II as an approximation of previously published (9,10)
ICsovalues at 48 h (2 and 7 UM, respectively). Onset of growth
inhibition by 5 U.M.Parabactin was almost immediate and occurred
much earlier than with 5 UMCompound II (24 h). Both chelators,
however, eventually caused a total cessation of cell growth. In
either case, this inhibition could be prevented with 5 UM FeCI3
added to the culture medium at the same time as the chelator.
Viability, as determined by try pan blue dye exclusion, remained
at >90% throughout the experiment, except for the cells treated
with 5 tiM Parabactin for 48 h where viability was 69% of control.

An early perturbation in cell cycle progression induced by the
siderophores was detected at 4 h by flow cytometric analysis.
Treatment with 5 Â¿IMParabactin (Chart 3) or 30 UM Compound
II (data not shown) for 4 h resulted in a disappearance of the G2
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Chart 2. Growth kinetics of control 11210 cells (O) and cells treated with 5 ^M
Parabactin (O) or Compound II (A) in the presence (solid symbols) or absence
(open symbols) of 5 Â¡MFeCI3 over the course of a 48-h incubation. Points, mean
of samples run in triplicate; bars are within the points. At all points, viability was
found to be greater than 95% of control by trypan blue exclusion with the exception
of Parabactin at 48 h, where viability decreased to 69%.

peak and a reduction in the S region (Chart 38). The effect is
characteristic of a cell cycle block at the d-S boundary (28). It
was determined that 5 UM Parabactin and 30 UM Compound II
were approximately the minimum concentrations required to elicit
this effect at 4 h. Cells treated for 4 h with 5 ^M Parabactin and
then exposed to 90 Â¿Â¿Mexogenous FeCI3 progressed into mid-S
phase, indicating a release of the cell cycle block. Cells pro
ceeded through the cycle so that 9 h after the addition of iron,
they returned to GÃ¬phase (Chart 3Â£).At 21 h, the cells accu
mulated at a second block corresponding to S phase (Chart 3F).
By itself, 90 UM FeCI3 had no effect on cell cycle progression
and may be more than required to reverse the initial block.

The treatment conditions required to attain the early cell cycle
block (i.e., 5 pM Parabactin or 30 UM Compound II for 4 h) were
adapted as an end point for subsequent studies. Under these
conditions, both siderophores significantly inhibited colony for
mation in soft agar (Table 1). The addition of exogenous FeCI3
(90 UM)failed to reverse this inhibition of colony formation (Table
1). A similar Â¡(reversibility was also observed in complete sus
pension culture medium with cells treated for 4 h with either 5
UM Parabactin or 30 UM Compound II (Table 1). By itself, FeCI3
had no effect on colony formation or on cell growth in culture
medium.

Macromolecular precursor incorporation studies (Chart 4) re
vealed that both siderophores exerted a significant dose-de
pendent effect on [14C]thymidine incorporation after 4 h of treat

ment [ICsoat 4 h, 0.4 MMfor Parabactin and 6.0fiM for Compound

CANCER RESEARCH VOL. 45 OCTOBER 1985

4756

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2421674/cr0450104754.pdf by guest on 19 M

ay 2023



GROWTH INHIBITION BY IRON CHELATORS
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Charts. Flow cytorneine analysis of control L1210 cells (A) and cells treated
with 5 MMParabactin(B)for 4 h. Note that Parabactinaloneeliminatedthe G2peak
and decreased the area of the S phase, indicating a cell cycle block at the G,-S
boundary. Addition of exogenous FeCUat 4 h released the block so that 3 h later,
the bulk of the cells progressed to mid-S phase (C); by 5 h (D), to late S phase,
and by 9 h, to Gt again (E).By 21 h (F), however, the cells begin to accumulate at
a second site different from the first (B), which appears to correlate with an S-
phase block.

Table 1
Irreversibility of Parabactin- or Compound //-induced growth inhibition OÃ•L1210

cells in soft agar or suspension culture

Treatment
(4h)None

5 tiM Parabactin
5 MMParabactin
30 /Â¿MCompound II
30 Â¡IMCompound IIFeCI3

(90MM)Â±

+

+%

of control cellgrowthSoft

agar*100

21.5Â±1.8C

19.3 Â±0.9
15.6 Â±1.8
10.2 + 0.8Culture"100

26.5Â±1.221

.4 Â±3.4

The number of colonies in the control groups rangedfrom 1878 Â±288 to 2133
Â±196. FeCb and ethanol at the concentrations used had no significant effect on
colony formation as determined by the Student i test.

6 Percentageof control at 24 h.
0 Mean Â±SE for two experiments.

II as determined by a median effect plot of the data (29)]. The
ratio of their ICsovalues for inhibition of [14C]thymidine incorpo

ration equals 15, which approximates the inverse of the ratio of
their PBS:octanol partition coefficients (10) which equals 30. At
concentrations which almost totally inhibited [14C]thymidine in

corporation by 4 h, Parabactin (0.8 UM)and Compound II (20 U.M)
exhibited similar inhibition kinetics during the 4-h incubation
(Charts 5 and 6). In both cases, inhibition of [14C]thymidine

incorporation occurred prior to, and to a greater extent than,
that of [3H]uridine. Protein synthesis as indicated by [3H]leucine

incorporation was not significantly affected with either chelator
during the period of treatment.

Intracellular 2'-deoxynucleoside-5'-triphosphate content (Ta

ble 2) was analyzed in siderophore-treated cells. At 4 h, both 5

UM Parabactin and 5 UM Compound II caused a reduction in
dATP pools of 38% and 70% and a concomitant increase in
dTTP pools of 67% and 36%, respectively. At the concentration
required to establish a cell cycle block comparable to that ef
fected by 5 U.MParabactin (30 /UM),Compound II decreased dATP

2r

_ 0

-3

-4
-0.5 0 0.5

LOG (CONCENTRATION, p M)

1.0 1.5

Chart 4. Dose-effect relationship for Parabactin and Compound II on [14C]-

thymidme incorporation into L1210 cells at 4 h. Points, mean of two experiments
run in quadruplicate (Fa, fraction affected; Fu, fraction unaffected). Data were
analyzed by linear regression.

-O- r.5H1-LEUCINE

-O- CSH]-URIDINE

â€¢â€¢â€¢[MCJ-THYMIDINE

TIME (HR)
Chart 5. Time course for the effect of 0.8 MMParabactin on [14C]thymidine,

[3H]uridine,and [3H]leucineincorporation into the acid-precipitabtefraction L1210
cells. Points, mean of two separateexperiments run in quadruplicate;bars, SE.

IOO

g 60
u

^ 40

20

â€¢O-Ã•3H3-LEUCINE

-O- C3H]-URIDINE

â€¢9-I(4C1-THYMIDINE

TIME (HR)
Chart 6. Time course for the effect of 20 MMCompound II on ("CJthymidine,

[3H]uridine,and [3H]leucineincorporation into the acid-precipitablefraction L1210
cells. Points, mean of two separate experiments run in quadruplicate oars. SE.
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GROWTH INHIBITION BY IRON CHELATORS

Table 2
Effect of Parabacim and CompoundII on dATPand dTTPpools, CDPrÃbonucleotidereducÃase,and DNApolymeraseactivity in U 210 cells

Treatment (4h)None5

pM Parabactin
5 UMCompound II
30 Â«Â¿MCompound IIdATP

(pmol/IO*cells)23.5

Â±2.4a
14.6 Â±2.1a
7.1 Â±0.2"
2.6 Â±0.5"dTTP

(pmol/106cete)30.8

Â±5.1a
51.5 Â±4.8"

41.8 Â±5.8
63.9 Â±6.0"CDP

ribonucleotide
reducÃaseactivity

(pmoldCDP/h/107cells)494

Â±16" (100)Â°

7.0 Â±5.4 (1)
ND*

14.7 Â±2.6(3)DNA

polymeraseactivity
(pmolTMP/h/107cells)26.06

(100)

28.9(111)
ND

32.8(126)
* Mean Â±SO of at least two experiments performed in triplicate.
5 Mean Â±SO of a representativeexperiment run in triplicate.
c Numbers in parentheses, percentageof control.

P < 0.05 by the Student t test.
* ND, not determined.

pools by 89% and increased dTTP pools by 107%. The data are
consistent with pool shifts occurring as a result of rÃbonucleotide
reductase inhibition (30). Indeed, CDP reducÃase activity was
nearly (>97%) inhibited in cells treated for 4 h with the chelators
(Table 2). Cell extracts prepared from cells exposed for 4 h to
either 5 MMParabactin or 30 ^ M Compound II contained only 2
to 3% of control CDP reductase activity on a per cell basis. By
contrast, DNA polymerase activity in these same cell extracts
was slightly elevated (Table 2).

DISCUSSION

The growth kinetics of cells treated with the iron chelators
indicates that Parabactin initiates an inhibitory effect much earlier
than Compound II. This can be overcome by increasing the
concentration of Compound II as reflected in the ICsovalues for
the two compounds (2 uMfor Parabactin and 7 ^M for Compound
II). This difference may be related to the greater lipophilicity of
Parabactin and, hence, its greater ability to permeate cells rather
than its greater avidity for iron. This was also apparent in the
dose-response study for the inhibition of [14C]thymidine incor

poration. The inverse of the ratio of the chelator ICsoconcentra
tions more closely approximates the ratio of their partition coef
ficients than the ratio of their formation constants. It is significant
from a chemotnerapeutic standpoint that growth inhibition by
either chelator appears to be irreversible once it is established,
although it is not a particularly cytotoxic event in terms of cell
lysis as indicated by try pan blue dye exclusion.

That growth inhibition is due to iron chelation seems apparent
from studies in which iron, added at the same time as the
chelators, prevents the effect. This is consistent with previous
findings (9, 10) in which both the antiteukemic and antiherpetic
activities of these same chelators could be similarly prevented.
It remains to be demonstrated that growth inhibition is not a
consequence of extracellular iron chelation. This possibility
seems unlikely, however, based on a comparison of the content
of total iron in the medium (-0.7 pu) to the ICso concentration
for inhibition of [14C]thymidine incorporation (0.4 ftu). Also, the

rate of removal of iron from transferrin is a slow process [in the
order of several hours (31)] relative to the onset of growth
inhibition, particularly with Parabactin. Finally, there exists a good
correlation between the antiproliferative activity and lipophilicity
of various siderophores examined (9,10). This correlation would
not be expected if extracellular chelation were taking place.
Ultimately, studies with radiolabeled chelators will be performed
to further resolve this issue.

Flow cytometric analyses revealed an initial cell cycle block at
the Gi-S boundary in cells treated for 4 h (Chart 3). Interestingly,

the phase specificity of the effect is the same as that for
hydroxyurea (28) which is believed to inhibit cell growth through
interference with rÃbonucleotidereductase via a free radical scav
enging mechanism (32). Unlike with hydroxyurea, the cell cycle
block induced by the siderophores occurs at much lower drug
concentrations (mw versus nu) and can be released by the
addition of exogenous iron to the medium (Chart 3). In the case
of siderophores, however, the release of the block by iron
appears to be temporary since, following one passage through
the cell cycle, the cells appear to accumulate at a second site
corresponding to S phase.

The time (4 h) and drug concentrations (5 /*M Parabactin, 30
A/MCompound II) used in establishing the initial cell cycle block
were determined to be the approximate minimal treatment con
ditions required for the effect and were adapted for subsequent
studies. Following such treatment, cells were found to be mark
edly growth inhibited in either soft agar or in suspension culture.
Unlike with the cytofluorograph studies, growth in either of these
systems did not resume with addition of exogenous iron. Appar
ently growth inhibition by siderophore-mediated iron deprivation

is an irreversible phenomenon once it becomes fully established.
As suggested by the flow cy tometric analysis, macromolecular

precursor incorporation into DNA was selectively inhibited by
both Parabactin and Compound II prior to and to a greater extent
than RNA synthesis (Charts 5 and 6) during the 4-h treatment

while protein synthesis was unaffected. Inhibition of DNA syn
thesis was determined not to occur at the level of DNA polym
erase, suggesting that DNA precursor formation might be af
fected. Indeed, examination of intracellular 2'-deoxynucleoside-
5'-triphosphate pool sizes following a 4-h exposure to either

siderophore revealed an elevation of the dTTP pool and a low
ering of the dATP pool size as is characteristic of agents which
inhibit ribonucleotide reductase, such as hydroxyurea, or hy-

droxamate iron chelators (30). Conclusive evidence that ribonu
cleotide reductase is the primary target for chelator-mediated

inhibition of DNA biosynthesis was obtained by analyzing CDP
reductase activity in cell extracts from cells treated for 4 h with
5 AÂ«M Parabactin or 30 U.MCompound II. In agreement with the
other data collected, CDP reductase activity was almost com
pletely inhibited (>97%) following this 4-h exposure to the che

lators.
Overall, the data suggest that inhibition of ribonucleotide re

ductase is involved in the early antiproliferative activity of these
particular bacterial siderophores. However, the iron-reversal ex

periments suggest that an additional biochemical site(s) might
also be affected by iron depletion. Specifically, the initial G,-S

block in DNA synthesis was fully reversible by exogenous iron,
while growth inhibition in either soft agar or suspension culture
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was not. Cytofluorograph analysis shows that a second block at
the S phase occurs following iron reversal of the initial block.
Among the second sites that might be involved are electron
transfer reactions, peroxide and oxygen metabolism, and the
tricarboxylic acid cycle (31).

That such sites might be involved in growth inhibition is
apparent from a recent report, Hibbs et al. (33). They provide
evidence to indicate that activated macrophage cytotoxicity to
ward tumor cells could be mediated by iron removal from the
target cells. This, in turn, is accompanied by a selective inhibition
of DNA replication and mitochondrial respiration, both of which
are dependent on iron-containing proteins and enzymes. The
authors speculate that a macrophage-derived iron chelator could

be involved in the leaching process which leads to cytotoxicity.
A number of other iron chelators, such as desferrioxamine and

related hydroxamates (30), a-picolinic acid (34), certain thiosem-

icarbazones (35, 36), as well as other types of inhibitors, such
as deoxynucleosides (14), have also been shown to inhibit tumor
cell growth by interfering with ribonucleotide reducÃaseactivity.
What makes the present compounds particularly interesting is
the combination of their llpophilicity (10) and, more importantly,
their extreme affinity for iron. Parabactin, for example, has an
iron formation constant of 1048(3, 30) as compared to 1031for

desferrioxamine (37). This property could allow the siderophores
to extract iron from critical binding sites within the cell which
might not be accessible to less avid chelators.

Microbial siderophores from plant pathogens (I.e., Parabactin
and Compound II) and their synthetic derivatives may also rep
resent an important class of pharmacological agents with poten
tial value in the treatment of acute and chronic conditions of iron
overload (15); bacterial, fungal (6), and DNA viral infections (10);
and various proliferative disorders. Parabactin and Compound II
or related microbial siderophores may prove useful in cancer
chemotherapy as single agents or in combination with other
agents, such as other inhibitors of ribonucleotide reductase or
S-phase-specific antineoplastics. Ultimately, the critical determi

nant in their effectiveness will be their selectivity for target tissues
which has not yet been studied. It is known from earlier studies
(10), however, that nonproliferating cell monolayers are appar
ently unaffected by Compound II or Parabactin at concentrations
roughly 200 times their IC6ovalues. Thus, the siderophores seem
to be selective for proliferating cell populations.
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