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Abstract

Tachpyridine (N,N',N"-tris(2-pyridylmethyl)-cis,cis-1,3,5-triaminocyclohexane; tachpyr) is a potent hexadentate iron chelator under
preclinical investigation as a potential anti-cancer agent. Tachpyridine induces apoptosis in cultured cancer cells by triggering a
mitochondrial pathway of cell death that is p53-independent. To explore the relationship between the chelation chemistry of tachpyridine
and its biological activity, a sensitive and specific reversed-phase high-performance liquid chromatography (RP-HPLC) method was
devised and used to measure tachpyr and its metal complexes in cells and tissue culture media. Major species identified in cells treated
with tachpyr were tachpyr itself, [Zn(tachpyr)]*", and iron coordinated to two partially oxidized species of tachpyridine, [Fe(tachpyr-ox-
2)**, and [Fe(tachpyr—ox—4)]2+. The kinetics of intracellular accumulation of [Zn(tac:hpyr)]2+ and [Fe(tachpyr—ox—Z)]2+ were markedly
different: [Zn(tachpyr)]*" rapidly reached plateau levels, whereas intracellular levels of [Fe(tachpyr-ox-2)]*" and free tachpyr rose
steadily. At the last timepoint measured, 9% of total cellular iron and 13% of total cellular zinc were bound by tachpyridine. Taken
together, [Zn(tachpyr)]”, [Fe(tachpyr—ox—Z)]”, and free tachpyr accounted for virtually all of the tachpyr added, indicating that iron and
zinc are the principal metals targeted by tachpyridine in cells. Consistent with these findings, activation of the apoptotic caspases 9 and 3
was blocked in cells pre-treated with either iron or zinc. Pretreatment with either of these metals also completely protected cells from the
cytotoxic effects of tachpyridine. These results demonstrate a link between metal depletion and chelator cytotoxicity, and suggest that
intracellular chelation of zinc as well as iron may play a role in the cytotoxicity of tachpyridine.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Development of iron chelators as therapeutic agents has
focused primarily on their use in the treatment of second-
ary iron overload. However, by binding redox-active iron,
chelators may also play a beneficial role in the treatment of
pathological conditions mediated by oxidative stress,
including ischemia-reperfusion injury, neurodegenerative
diseases, and inflammation. In addition, chelators also
exhibit toxic propensities that may be deliberately

Abbreviations: SPE, solid phase extraction; PBS, phosphate-buffered
saline; IS, internal standard.
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exploited for different purposes: for example, due to their
ability to sequester metals essential to tumor growth or to
foster redox cycling of bound iron, chelators may be useful
as anti-cancer agents [1,2]. Optimizing chelators for these
diverse applications will require a precise understanding of
their cellular targets.

There has been a growing interest in the use of iron
chelators as anti-cancer agents. For example, desferriox-
amine, the chelator of choice in the treatment of iron
overload, has been utilized both as a single agent and in
combination therapy for the treatment of patients with
leukemia [3,4] and neuroblastoma [5-9]. However, the
relatively modest anti-tumor activity of desferrioxamine
has led to an ongoing search for chelators with improved
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Fig. 1. Molecular structure of tachpyr, (N-methyl)-tachpyr, metal complexes (M = Fe, Zn, Cu) and oxidized species of [Fe(tachpyr-ox-n)|** (n = 2, 4, 6).

activity. Tachpyridine represents one chelator under active
exploration for its anti-tumor properties. Others include
isonicotinoyl hydrazones, thiosemicarbazones, O-trensox,
as well as microbiological siderophores such as desferrith-
iocin [1,2].

Tachpyr  (N,N',N"-tris(2-pyridylmethyl)-cis,cis-1,3,5-
triaminocyclohexane) (Fig. 1) is a hexadentate metal che-
lator based on the framework triamine cis,cis-1,3,5-tria-
minocyclohexane. Tachpyr has been shown to chelate
divalent metal ions (M = Fe?t, Zn>", Cu®", Ca’",
Mg, Mn*") under aqueous or non-aqueous conditions,
and the corresponding chelates, [M(tachpyr)]**, have been
chemically characterized [10-12]. Tachpyr is toxic to
cultured cancer cells, exhibiting an enhanced potency
relative to desferrioxamine [13], and activating a caspase
cascade that culminates in apoptosis [14]. Further, tachpyr
exerts a cytotoxic effect on cells with both mutant and
wildtype p53 [15]. Since cancers with mutant p53 repre-
sent over 50% of human cancers, and since mutant p53
renders cells resistant to numerous conventional che-
motherapeutic agents such as cisplatin and etoposide, this
suggests that tachpyr may be of utility in the treatment of
tumors that are refractory to treatment with conventional
agents. The in vivo anti-tumor properties of the tach family
of metal chelators are currently being explored through the
Rapid Access to NCI Discovery Resources (RAND) pro-
gram of the NCI.

The ability to optimally utilize chelators is predicated on
a close understanding of the biological basis of their
activity. Although some insights have been gained into
molecular pathways involved in tachpyr-mediated cell
death [14,15], central to an understanding of tachpyr’s
mode of action is an appreciation of the nature of its metal
binding, and the relationship between metal speciation and
cytotoxicity. Previous results have shown that the iron, zinc
and copper complexes of tachpyr are blocked in their

cytotoxic activity, whereas the calcium, magnesium and
manganese complexes are not [13]. These results are in
accord with the chemistry of tachpyr, and its demonstrated
ability to bind with Fe(II), Cu(Il) and Zn(II) more strongly
than Mn(II), Ca(ll) or Mg(I) in aqueous solution
[16,17] as well as the propensity of [Ca(tachpyr)]*"
[Mg(tachpyr)]*" and [Mn(tachpyr)]** complexes to dis-
sociate in aqueous media (ref. [10] and Planalp, unpub-
lished observations). Further studies of the chemistry of
tachpyr demonstrated that in the presence of equimolar
concentrations of iron and zinc, zinc is bound first by
tachpyr, followed by iron. However, on prolonged incuba-
tion, iron was able to displace zinc [17]. The chemistry of
tachpyr is additionally complicated by changes in the
ligand that ensue following binding to iron. Thus, in
addition to a simple binding reaction, [Fe(tachpyr)]*"
readily undergoes iron-mediated oxidative dehydrogena-
tion of its aminomethylene groups to form the monoimino-,
diimino- and triimino-complexes (denoted here as
[Fe(tachpyr-ox—n)]“; n =2, 4, 6) upon exposure to oxy-
gen and/or H,O, (Fig. 1) [12]. The propensity of these
species to form in the intracellular environment and their
role in the biological activity of tachpyridine has not been
assessed.

In order to define the metals that represent important
cellular targets of tachpyridine in cells, the extent to which
tachpyridine’s chemical behavior predicts its cellular activ-
ities, and the role of metal chelation in its cytotoxic
properties, we developed a quantitative and reproducible
method of analysis capable of differentiating among tach-
pyr and its metal complexes in cells and media. Using this
method, we demonstrate that the chemistry of tachpyr
accurately predicts its cellular behavior. We demonstrate
for the first time that zinc, in addition to iron, is an
important cellular target of tachpyr. Further, preincubation
of cells with either iron or zinc prior to drug exposure
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blocked caspase activation and protected cells from the
cytotoxic effects of subsequent challenge with tachpyri-
dine, arguing that metal chelation is an essential compo-
nent of tachpyridine’s cytotoxic action.

2. Materials and methods
2.1. Chemicals and reagents

Tachpyr and (N-methyl)s-tachpyr were prepared and
their purity confirmed as >99% by 'H and '*C NMR as
previously reported [12,16]. HPLC-grade triethylamine
(TEA), acetic acid, ammonium hydroxide and Optima-
grade acetonitrile, methanol and water were purchased
from Fisher Scientific. Citric acid and sodium dodecyl
sulfate (SDS; for ion pair chromatography) were from
Sigma—Aldrich. All other chemicals were of the highest
quality available. Oasis'™ HLB 1 ml/10 mg and 3 ml/
60 mg extraction cartridges were obtained from Waters.
A solid phase extraction vacuum manifold, pre-cut 0.2 pm
nylon membrane were purchased from Alltech Associates.

Aqueous standard solutions of [Fe(tachpyr)]*" and
[Fe(tachpyr-ox—n)]2+ (n = 2, 4, 6) for validation of HPLC
peak assignments were prepared as follows at a concen-
tration of 10~ M and diluted further as needed. A yellow
aqueous solution of unoxidized [Fe(tachpyr)]2+ (1073 M)
was prepared by reaction of equal volumes of tachpyr
(0.1 M) and freshly prepared FeCl,-4H,O (0.1 M) under a
nitrogen atmosphere, and then further dilution (1:50). A
mixture of [Fe(tachpyr)]*" and [Fe(tachpyr-ox-2)]*" (ca.
1:1) was prepared by reaction of d;-MeOH solutions of
FeCl5-6H,0 (0.1 M) and tachpyr (0.1 M) under N,. The
composition was confirmed by 'H NMR spectroscopy.
This mixture (total [Fe] = 0.05 M) was further diluted
(1:50) giving a blue solution.

A set of solutions, [Fe(tachpyr—ox—n)]zJr (n=2,4,6), of
increasing degree of oxidation were prepared by addition
of 1, 2, and 3 molar equivalents (7.5, 15 and 22 pl,
respectively) of (NHy4),S,Og (0.1 M) to 750 pl samples
of the 1:1 [Fe(tachpyr)]*":[Fe(tachpyr-ox-2)]*" mixture
described above. These solutions exhibited colors of pur-
ple, light purple and light purple-brown respectively [12].
UV-Vis spectroscopic studies of the solutions confirmed
the formation of the n = 2, 4, 6 species, of successively
higher n as more oxidizing agent was added. Decreases in
signal intensities also indicated that this agent caused
partial decomposition of the Fe complexes.

2.2. Cell culture and sample preparation [18]

The human cervical cancer cell line Hela was obtained
from ATCC. Cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum, 1% antibiotic mixture (100 units/ml peni-
cillin, 100 pg/ml streptomycin), and maintained at 37 °C in

a humidified 5% CO, incubator. SUM149 breast cancer
cells were a generous gift of Dr. I. Berquin (Wake Forest
University Health Sciences). SUM149 cells were grown in
serum-free Ham’s F12 medium containing 1 mg/ml bovine
serum albumin, 5 mM ethanolamine, 10 mM HEPES
([2-hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid]),
5 pg/ml transferrin, 10 nM triiodothyronine, 50 nM
sodium selenate, 5 pg/ml insulin, 1 pg/ml hydrocortisone,
5 pg/ml gentamycin and 25 pg/ml fungizone in 10% CO,
as described [19]. Cells were seeded in duplicate
100 mm x 20 mm plastic tissue culture dishes (Falcon,
Becton Dickinson) at a density of approximately
2.0 x 107 cells per dish in a volume of 10 ml of media.
Approximately 16 h after seeding, media was removed and
replaced with fresh media containing tachpyr at a final
concentration of 50 uM. Tachpyr metabolites in the growth
media were measured following centrifugation of the
culture supernate and addition of (N-methyl)s;-tachpyr to
a final concentration of 5 UM as an internal standard (IS)
prior to solid phase extraction (SPE). For measurement of
tachpyr metabolites in cells, cell monolayers were
washed twice with 10 ml of ice-cold phosphate-buffered
saline (PBS; pH 7.4) and mechanically detached from the
dishes by scraping. Next, cells were suspended in 1 ml of
ice-cold PBS (pH 7.4), followed by the addition of 10 pl of
IS solution at a final concentration of 10 uM. Total cell
number and viability was assessed by trypan blue exclu-
sion in separate dishes treated in parallel to dishes used for
HPLC analyses. Under these conditions, viability was 100,
90, and 77% after 4, 8, and 16 h, respectively. Floating cells
were collected by centrifugation and added to the cell
suspensions to determine total intracellular tachpyr
and metabolites. Finally, the cell suspensions were dis-
rupted by two brief (8 s) periods of sonication while the
tubes were maintained on ice. The cell lysates were
centrifuged at 15,000 rpm, 4 °C for 40 min. The cell lysate
supernatant and tissue culture media were immediately
subjected to SPE and HPLC as described in the following
sections.

2.3. Solid phase extraction procedure [20-22]

Solid phase extraction was performed using a 1 ml/
10 mg or 3 ml/60 mg Oasis’™ HLB extraction cartridge
(Waters) for cell lysates and tissue culture media, respec-
tively. The cartridge was conditioned with 1 ml of metha-
nol and equilibrated with 1 ml of water, then loaded with
1 ml of cell lysate or 10 ml of tissue culture media. After
washing with 1 or 2 ml of methanol:NH,OH:water (5:2:93
v/v/v), the analytes were eluted with 0.2 or 1 ml of acetic
acid:methanol (2:98 v/v). In this step, cell lysates and
tissue culture media samples were concentrated five-
and 10-fold, respectively. No evaporation or reconstitution
steps were required. A 25 pl aliquot of final elutes of Hela
cell lysates and tissue culture media were analyzed by
HPLC.
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2.4. HPLC instrumentation

The HPLC system consisted of two Waters 510 pumps, a
717 plus autosampler, and a 490E programmable multi-
wavelength detector. Full system control, data acquisition,
processing, and reporting were performed using Millen-
nium 3.2 software (Waters). A Sentry’™ RPI18 guard
column (3.9mm x 20mm, 5 um particle size) attached
to a Waters SymmetryShield™ RP18 column (4.6 mmx
250 mm, 5 pm particle size) (Waters) was used at ambient
temperature with UV-Vis detection at 261 nm, 435 nm
and 600 nm. The autosampler temperature was set at
4 °C. The mobile phase was filtered through a 0.2 pm
nylon membrane and degassed by sonication prior to
use. The flow rate was set at 1.0 ml/min and the injection
volume was 25 pl.

2.5. HPLC method development

Tachpyr is a basic, relatively nonpolar compound,
while its metal complexes are highly polar and structu-
rally similar to each other. To minimize interactions
between basic solutes and silanol groups on the surface
of the stationary phase particles, as well as to minimize
tailing effects, a Waters SymmetryShield™ RP18 col-
umn was selected [23]. A buffering solution of 25 mM
citric acid in acetonitrile:water (50:50 v/v) was used as an
initial mobile phase. To optimize the separation of the
metal species of tachpyr, sodium dodecyl sulfate, an
anionic ion-pair reagent, was added to the mobile phase
[24-27]. A concentration of 10 mM SDS was found to
yield optimal retention times and satisfactory resolution
of metal species. In order to simultaneously elute tachpyr
metal complexes and the ligand, tachpyr, which has a
very different polarity, a gradient elution was used. Based
on a series of optimization trials, final mobile phase A
contained 10 mM SDS, 25 mM citric acid in acetonitrile:-
water (50:50 v/v), and mobile phase B contained 3 mM
SDS, 25 mM citric acid and 3 mM triethylamine in
acetonitrile:water (50:50 v/v). The optimized elution
program consisted of a gradient of 100% A over
17 min followed by 100% B for 28 min, and a return
to 100% A over 8 min.

2.6. Selectivity, peak assignment, and interferences

A set of aqueous solutions of [Zn(tachpyr)]2+,
[Cu(tachpyr)]*", [Fe(tachpyr)]*" and [Fe(tachpyr-ox-
m]*" (n =2, 4, 6) reference samples were prepared as
described above. These solutions were diluted to 50 uM
and injected individually and as a mixture into HPLC.
Component peaks were assigned by spiking the mixture
with individual substances or substance mixtures. Multi-
channel UV-Vis detection was used to further distinguish
the peak of [Fe(tachpyr)]zJr (Zmax = 438 nm) from
[Fe(tachpyr—ox-Z)]2+ (Amax = 435 and 600 nm) [17].

2.7. Inertness of [Zn(tachpyr)*", [Cu(tachpyr)]*", and
oxidative reactivity of [Fe(tachpyr-ox-n)J*" species

Stock solutions of 1 mM tachpyr and (N-methyl);-tach-
pyr dissolved in methanol or PBS (pH 7.4) can be kept at
4 °C for 3 months. To analyze metal-complex oxidation,
metal complex solutions were freshly prepared and kept on
ice (0°C). At 0, 4, 8, 12, 16, 24 and 48 h, Hela cells and
tissue culture media were spiked with known concentra-
tions of metal complexes. Solid phase extraction and
HPLC analysis were performed. The concentrations at
different times were compared to those at O h. The results
showed that [Zn(tachpyr)]*" and [Cu(tachpyr)]*" com-
plexes remained unchanged for over 48h, but
[Fe(tachpyr)]** oxidized to [Fe(tachpyr-ox-2)]*" comple-
tely during the solid phase extraction procedure, and
[Fe(tachpyr-ox-2)]*" was also gradually oxidized to
[Fe(tachpyr-ox-4)]** and [Fe(tachpyr-ox-6)]*". Thus,
after 4 h, the [Fe(tachpyr—ox—2)]2Jr level was about 97%
of its initial level, and was 75% of its initial level after 24 h.
Under aerobic conditions, the [Fe(tachpylr)]2+ standard
sample (50 pM) was entirely oxidized to form [Fe(tach-
pyr-ox-2)]>" and traces of [Fe(tachpyr-ox-4)]*" within 5 h.
Similarly, after solid phase extraction [Fe(tachpyr)]*" at
5 uM no longer existed in the elution buffer and [Fe(tach-
pyr—0x—2)]2+ plus traces of [Fe(tachpyr—ox—4)]2Jr were
observed.

These oxidative reactivity studies therefore suggested
that rapid sample analysis with quantification of [Fe-
(tachpyr-ox-2)]*" would approximate the combined
[Fe(tachpyr)]** and [Fe(tachpyr-ox-2)]>" present in the
analyte. Thus, fresh [Fe(tachpyr)]2+ standard solutions
were prepared prior to each experiment, using degassed
methanol or PBS (pH 7.4) as a solvent. The cell and media
samples were kept on ice and processed and analyzed as
soon as possible, usually within 4 h.

2.8. Validation parameters

Linearity of tachpyr and its metabolites in spiked Hela
cells and tissue culture media was investigated at eight
concentrations over a range of 0.1-100 and 0.1-25 pM,
respectively. Calibration curves were obtained by least-
squares linear regression analysis of the peak area ratio of
analyte/IS versus analyte concentration. Extraction recov-
ery of tachpyr and its metabolites were determined using
solid phase extraction procedures for Hela cells and tissue
culture media spiked with known concentrations of tachpyr
and its metabolites. The SPE recovery of tachpyr and its
metal complex metabolites from Hela cells and tissue
culture media was determined by comparing the results
(n =5) from SPE and from unextracted pure standards
directly injected into the chromatography system. The
extraction recovery was from 75.8% for tachpyr to
103.2% for [Fe(tachpyr)]*" complexes. The intra-day
repeatability of the method was determined by repeating
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Table 1
Validation parameters

Analytes Hela cells Tissue culture media
[Fe(tachpyr)-ox—Z]zJr [Zn(tachpyr)]2+ Tachpyr [Fe(tachl;)yr)—ox—Z]zJr [Zn(tachpyr)]2+ Tachpyr

Linearity a = S.D. 0.0269 + 0.0053 0.0237 £ 0.0060 0.0643 £ 0.0005 0.1237 £ 0.0030 0.0488 £ 0.0064 0.2247 £+ 0.0023
(y=ax+b)

b £ S.D. —0.0028 £ 0.0185 0.0159 £ 0.0078 —0.0295 + 0.0102 0.0279 £ 0.0444 0.143 £ 0.1073 —0.5373 £ 0.052
Extraction recovery (%) 103.2 79.6 75.8 95.5 83.6 713
R.S.D. (%) 7.2 35 8.8 2.1 4.9 5.8
Precision Intra-day mean (uM) 2.0 2.1 10.7 1.9 2.1 20.5

R.S.D. (%) (n =5) 6.3 8.9 6.8 2.6 6.8 3.0

Inter-day mean (uM) 2.0 2.0 10.9 1.9 2.0 20.2

R.S.D. (%) 4.1 74 6.9 6.2 6.7 1.6

(n=4or5)

Validation parameters for HPLC determination of tachpyr and its metal complexes. Linearity, extraction recovery, intra-day and inter-day precision are
shown. The validated concentration for extraction recovery and precision is 2.0 uM for [Fe(tachpyr)-ox-2]*" and [Zn(tachpyr)]**, 10 uM for tachpyr in Hela

cells and 20 uM in tissue culture media.

the sample preparation procedure and the analysis of a
single sample of Hela cells and tissue culture media spiked
with known concentrations of analytes on the same day
(n = 5). Inter-day reproducibility was assessed by repeat-
ing the experiment on 4 or 5 consecutive days. The
accuracy (concentration detected x 100/concentration
spiked) for tachpyr and its metabolites in cells and media
ranged from 100.8 to 108.6 and 97.2 to 104.2%, respec-
tively. The coefficients of variation (CV) for intra-day and
inter-day assays for tachpyr and its metabolites in cells and
media were less than 9% (see Table 1 for full validation
parameters).

2.9. Cytotoxicity assays

Cells were seeded in 96-well plates at 2000 cells per
well. Three to six replicate cultures were used. Twenty-
four hours later, the medium was replaced with fresh
medium containing 25 pM zinc sulfate, 200 pM iron sul-
fate or no additional supplements (control). (Zinc sulfate
was used at lower concentration due to its toxicity at
concentrations greater than 25 uM.) After 24 h, metal-
containing medium was removed and replaced with basal
growth medium. Tachpyridine was added and incubation
continued for an additional 72 h. At the end of the 72-h
period, viability was measured using an MTS assay [28].

2.10. Caspase assays

Cleavage of caspases was measured by western blotting,
as previously described [14].

2.11. Metal measurements

All samples were analyzed in triplicate using a Perkin-
Elmer Optima 3100 XL inductively coupled plasma optical
emission spectrometer (ICP-OES). The following instru-
mental parameters were employed throughout: plasma Ar
flow, 15 1/min; auxiliary gas flow, 0.5 I/min; nebulizer gas

flow rate, 0.8 I/min; power, 1300 W. Standard solutions
containing twelve metals dissolved in slightly acidic water
spanning the range 0.1-50 pg/ml were used to prepare
calibration curves. The averages of the three measurements
along with the relative standard deviations were reported
for each metal.

3. Results
3.1. Measurement of tachpyridine metal metabolites

Tachpyridine is a hexadentate metal chelator that pre-
ferentially binds the biometal ions Fe*", Zn*", and Cu*"
[2,3]. In addition, chemical analysis has shown that tach-
pyridine bound to Fe** undergoes iron-mediated oxidative
dehydrogenation to form monoimino-, diimino- and trii-
mino-complexes (designated as [Fe(tachpyr-ox-n)]2+;
n=2,4,6) [12] (Fig. 1). In order to evaluate the con-
tribution of these reactions to the biological activity of
tachpyridine, it was first necessary to design an assay to
measure the formation of these metabolites in vivo. We
therefore devised an HPLC method capable of resolving
the structurally similar Fe*", Zn*", and Cu®* complexes of
tachpyridine as well as the [Fe(tachpyr-ox-n)]*" species.
By combining an anionic ion pair reagent with a gradient
elution, the separation of these polar species from the
relatively nonpolar ligand was achieved in a single
step. Fig. 2 illustrates the resolution obtained using this
analytic system. The retention times of [Fe(tachpyr-
0x-6)1*",  [Fe(tachpyr-ox-4)1*", [Fe(tachpyr-ox-2)]*",
[Fe(tachpyr)]*", [Zn(tachpyr)]*", [Cu(tachpyr)]*", (N-
methyl)s-tachpyr and tachpyr were 15.2, 17.0, 18.7,
19.0, 21.0, 22.8, 44.7 and 48.2 min, respectively. The
relative standard deviations of retention times varied from
0.9 to 2.1%.

Chromatograms obtained from untreated Hela cells and
untreated tissue culture media, along with Hela cells and
tissue culture media spiked with 5 uM of [Fe(tachpyr-ox-
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mI*" (n=0, 2, 4, 6), [Zn(tachpyr)]**, [Cu(tachpyr)]*™,
tachpyr and 50 pM of the internal standard (N-methyl)s-
tachpyr are shown in Fig. 3. No interference peaks were
found at the retention times of these standards. The media
and cells spiked with (N-methyl);-tachpyr were incubated
for 2 h followed by HPLC analysis. No chelation was
observed under these conditions (data not shown), indicat-
ing that (N-methyl)s;-tachpyr could be used as a stable
internal standard, and that it did not interfere with the
reactions of tachpyr.

HPLC method validation was performed by assessing
linearity, extraction recovery, intra-day and inter-day pre-
cision. Linear ranges were 0.5-100 uM for tachpyr and
0.25-25 puM for metabolites, with correlation coefficients
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ranging from 0.9904 to 1. The limit of detection (LOD;
defined as the lowest concentration that produces a response
two times the noise level) was 0.1 pM for metal complexes
and 0.25 pM for tachpyr, and the limit of quantification
(LOQ; defined as the lowest concentration that can be
accurately measured, producing a signal to noise ratio of
5) was 0.25 puM for metal complexes and 0.5 pM for
tachpyr. Validation parameters are shown in Table 1.

3.2. Identification of intra- and extracellular metal
metabolites following treatment of cells with tachpyridine

Using this analytic method, we assessed the formation of
metal metabolites in cells treated with tachpyridine. Hela
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cells were treated with 50 pM tachpyr for 16 h, and cells
and tissue culture media were collected and analyzed by
HPLC. As shown in Fig. 4, major species detected were
tachpyr itself, Zn(tachpyr)>", [Fe(tachpyr-ox-2)]>", and
[Fe(tachpyr-ox—4)]2+. As discussed in Section 2, due to
oxidation that occurs during the analytic procedure, the
[Fe(tachpyr-ox-2)]*" peak is best considered as the sum of
[Fe(tachpyr)]*" and [Fe(tachpyr-ox-2)]**. Occasionally,
small quantities of [Fe(tachpyr-ox-4)]*" were observed,
which could indicate slight oxidation of [Fe(tachpyr-ox-
2)]*" during the analysis, or the intracellular formation of
[Fe(tachpyr-ox—4)]2+. The [Fe(tachpyr-ox—6)]2+ complex
was not observed.

3.3. Kinetics and quantification of metabolite
formation in cells

Fig. 5 shows the average quantity of metal complexes in
Hela cells and tissue culture media for three independent
experiments in which cells were treated in duplicate with
50 uM tachpyr over a time course of 16 h. In Hela cells,
[Zn(tachpyr)]*" increased quickly to a peak level of
0.23 nmol/10° cells (tmax = 1 h) and rapidly fell to a pla-
teau level of 0.16 nmol/10° cells and a final concentration
of 0.17 nmol/10° cells (16 h), while [Fe(tachpyr-ox-2)]*"
gradually rose to a final concentration of (.08 nmol/
10° cells. The increase in cellular tachpyr level and
decrease in tachpyr level of tissue culture media indicate
gradual cellular uptake of tachpyr and increasing metal
chelation by tachpyr. Thus the concentration of tachpyr in
tissue culture media decreased as the total amount of
[M(tachpyr)]2+ in tissue culture media increased and the
tachpyr level in Hela cells increased to 0.60 nmol/10° cells
(tmax = 16 h). Simultaneously, the tissue culture media
concentrations of [Zn(tachpyr)]*" and [Fe(tachpyr-ox-
2)]2+ reached final values of 4.65 and 1.71 pM, respec-
tively (16 h). [Cu(tachpyr)]*" was generally below the
limit of quantification both in Hela cells and tissue culture
media (ca. <0.01 nmol/10° cells). The total recovery of

tachpyr in Hela cells and tissue culture media ranged from
93 to 103% of the total amount of tachpyr added.

In order to test the fraction of intracellular iron and zinc
that could be accessed by tachpyridine, total iron and zinc
content were measured in untreated Hela cells by atomic
absorption. Total iron content was 0.91 &+ 0.32 nmol/
10° cells, zinc content was 1.22 £+ 0.6 nmol/10° cells, and
copper content was 0.03 & 0.01 nmol/10° cells (mean -+
S.D., n = 4). Thus, in cells treated for 16 h, approximately
9% of total cellular iron and 13% of total cellular zinc are
bound to tachpyridine.

To determine whether this general pattern of accumula-
tion differed among cell types, the accumulation of tach-
pyridine and its metal metabolites was also assessed in
SUM149 cells, a breast epithelial cell line. As shown in
Fig. 6, an overall similarity in the pattern of uptake was
seen. In both cell types, [Zn(tachpyr)]* " complexes formed
initially, followed by the gradual accumulation of [Fe(tach-
pyr-ox-2)]*" complexes. After 16 h, the mean ratio of
Fe/Zn complexes ranged from 0.4 to 1.1 in the two cell
types, and the ratio of total intracellular metal complexes
([Fe(tachpyr-ox-2)1*" plus [Zn(tachpyr)]*") to free ligand
ranged from 0.4 to 0.6. These values were not statistically
different between the two cell types (P > 0.2, Student’s
t-test).

3.4. Metal protection from the cytotoxic effect of
tachpyridine

These results suggested that zinc as well as iron might
be important cellular targets of tachpyridine, and that
chelation of both metals might play a role in the
cytotoxicity of this chelator. To test this prediction,
SUM149 cells were preincubated with either zinc or
iron in growth media for 24 h. Excess metal was then
removed, and cells treated with tachpyridine for 72 h. As
shown in Fig. 7, pretreatment with either iron or zinc
was able to protect cells from the cytotoxic effect of
tachpyridine.



1684 R. Zhao et al./Biochemical Pharmacology 67 (2004) 16771688

1.0

0.8 A

Intracellular levels (nmoles/million cells)

—@&— Tachpyr
—v— [Zn(tachpyn)]**
—=— [Fe(tachpyr)-ox-2]**

00 T T T T T T T
0 2 4 6 10 12 14 16 18
(A) Time (hr)
50

= —@— Tachpyr

% —V— [2Zn(tachpyn)]**

D —&— [Fe(tachpyr)-ox-2]*"

o)

S

£

o 40 4

5

@

€

g

=

=

o

o

2

a8 7

£

0

]

>

o

4

O T T T T T T T
0 2 4 6 10 12 14 16 18

(B) Time (hr)
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3.5. Metal pretreatment prevents caspase activation

Caspases are proteolytic enzymes that play critical roles
in the initiation and execution of apoptosis. Previous
results have shown that tachpyridine triggers a mitochon-
drial pathway of apoptosis characterized by the early
activation of caspase 9 followed by activation of caspase
3 [14]. To test whether metal pretreatment could inhibit
caspase activation, cells were pretreated for 24 h with
media containing either excess iron or zinc. Cells were
then washed and treated with tachpyridine in normal
growth medium. In agreement with previous results
[14], treatment with tachpyridine triggered the activation
of caspases 9 and 3, as measured by the appearance of the

cleaved (active) forms of these proteases (Fig. 8). As
shown in Fig. 8, pretreatment with iron or zinc completely
blocked cleavage of both the intitiator caspase 9 as well as
the executioner caspase 3.

4. Discussion

Although the distribution of biometals complexed by
synthetic chelating agents is of great importance to their
biological effects, there are relatively few reports of attempts
to identify intra- and extracellular metal complexes resulting
from chelator treatment [29,30]. To our knowledge, com-
plexes of tachpyr have not been previously studied.
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Using an analytic method that simultaneously quantifies
both tachpyr and its metal complexes, we measured the rate
of accumulation of the free ligand and its metal complexes
in cells treated with tachpyridine. We observed that in
aggregate, the summed concentrations of [Zn(tachpyr)]**,
[Fe(tachpyr-ox-2)1*", [Cu(tachpyr)]*" and free tachpyr
account for virtually all of the tachpyr added. Thus,
although tachpyr complexes with Mg?", Ca’", and
Mn>" can be formed in nonaqueous solvent [13], results
presented here suggest that these complexes are labile in
vivo. Zinc and iron complexes of tachpyridine were the

predominant species identified (Fig. 4). Although tachpyr
has a good affinity for Cu>" [31], this complex was present
in very small quantities in our analysis. This likely reflects
the low overall levels of copper in the cell, which are less
than one-tenth the levels of zinc or iron (see Section 3), and
which approach the limits of detection of our analysis [32].
The low levels of copper complexes we detect may also
reflect the relative inaccessibility of copper coordinated to
cellular ligands. Thus, while intracellular iron and zinc
may readily be detected, e.g. by fluorescent sensors [33—
35], this is not the case for copper. Nevertheless, copper
chelation may represent a quantitatively small but qualita-
tively important mode of action of tachpyridine. Together,
zinc, iron and copper represent the primary cellular metals
targeted by tachpyridine.

Chemical analysis has demonstrated that upon binding
of iron, tachpyr undergoes iron-mediated oxidative
dehydrogenation, leading to the formation of monoi-
mino-, diimino-, triimino-complexes [Fe(tachpyr-ox-
1> (n = 2, 4, 6) [12]. Furthermore, tachpyr binds Fe(III)
reductively to a mixture of [Fe(tachpyr)]pr and [Fe(tach-
pyr-ox-2)]>" [Planalp, unpublished observations]. Due to
the propensity of [Fe(tachpyr)]2+ to oxidize to [Fe(tach-
pyr-ox-2)]*" during the course of the analysis, we were
unable to determine which of these two species predomi-
nates in vivo. Nevertheless, our experiments clearly indi-
cate that in combination, these two species represent the
predominant species of iron complexes in cells, and
that further oxidation states ([Fe(tachpyr—ox—ét)]2Jr and
[Fe(tachpyr-ox—6)]2+) are rarely detected. This may be
due to a slow rate of formation of these species in the
intracellular environment, or to their more rapid decom-
position, since a probe of oxidation with S,05>~ indicated
a greater tendency to decomposition as oxidation pro-
gressed (R. Planalp, unpublished observations).

The kinetics of the accumulation of zinc and iron
complexes of tachpyr were markedly different. There
was a reproducible trend in which tachpyr and
[Fe(tachpyr)]zJr complexes accumulated steadily, while
[Zn(tachpyr)]*" reached its maximal concentration much
more rapidly (Fig. 6). Although little inter-experiment
variability in absolute concentrations was seen in earlier
timepoints, variability increased at later times. This may in
part be attributable to the variation in rate of cell kill by
tachpyr, since R.S.D. was greatest at the 12 and 16 h
timepoints, when the fraction of cells undergoing cell
death began to increase. Measurements of total iron and
zinc in Hela cells by atomic absorption indicated that by
16 h, tachpyridine bound approximately 9% of the total
iron and 13% of the total zinc in cells. This is comparable
to estimates of the fraction of intracellular zinc that reside
in labile pools [36]. In the case of iron, this value is at or
above values typically assigned to the size of the labile iron
pool [37], suggesting that tachpyr may be able to access
iron from intracellular sites in addition to the labile pool, or
that it may act as an intracellular sink that intercepts and



1686 R. Zhao et al./Biochemical Pharmacology 67 (2004) 16771688

7
Lzl Tp alone
N
XY Metal alone
B4
R
tosesos]
€
c
o T
Jotegeds]
© 0.6 1 R
n oososest e =
154
—
® osstess|
1054
[0}
1
o oo
c
@
R R
K]
= 0.4 RS 255595
o esoos o]
KRR 12554
%) soossts] osssosel
fogeses| oteses|
KX 500503
<( KX fotoses|
R 12554
R sooosst
R K
RXRM oSetede]
0.2 RS ss6s5%s]
3 ogessss| fosssee|
[So%e%ed [o%e2e%]
R oo0o%s
R Jososesel
KRR 12554
R 5000
KX fotoses|
R g
0.0 KA 922020

Fig. 7. Protection from tachpyridine cytotoxicity by pre-treatment with zinc or iron. SUM149 cells were treated for 24 h with growth medium containing no
additional metals, 25 uM zinc sulfate or 200 uM iron sulfate. After 24 h cells were washed, the medium replaced with medium containing no supplements,
and 16 puM tachpyridine added. Incubation was continued for 72 h and viable cells assessed by an MTS assay. Means and standard deviations of three
replicate cultures are shown. A representative experiment of three independent experiments is shown.

captures iron as it cycles through the labile pool. In any
case, our results indicate that tachpyridine is highly effec-
tive in accessing both cellular iron and zinc. The ability to
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Fig. 8. Metal pretreatment prevents caspase activation. SUM149 cells
were pretreated for 24 h with growth medium containing no additional
metals, 25 pM zinc sulfate or 200 uM iron sulfate. After 24 h cells were
washed, and the medium replaced with medium containing no additional
metals and 16 pM tachpyridine. Controls were treated identically, except
that tachpyridine was omitted. Cells were harvested 32 h after the addition
of tachpyridine and lysates prepared and analyzed for caspase cleavage by
western blotting. Lanes represent cells treated with control medium
throughout (C); cells pretreated with zinc-supplemented medium, followed
by control medium (Zn); cells pretreated with iron-supplemented medium,
followed by control medium (Fe); cells pretreated with zinc-supplemented
medium, followed by tachpyridine (Zn + Tach); cells pretreated with iron-
supplemented medium, followed by tachpyridine (Fe 4+ Tach); cells
pretreated with control medium, followed by tachpyridine (tach). Arrows
denote the precursor (pro) and cleaved forms of caspases 9 and 3. f-Actin
was used as a loading control.

effectively capture the preponderance of intracellularly
available zinc and iron may contribute to the potent pro-
apoptotic effect of tachpyridine.

The time course of intracellular metal speciation of
tachpyr in Hela cells was remarkably concordant with
the coordination chemistry of tachpyr in aqueous pH 7.4
media. In a study of the coordination preference of tachpyr,
one molar equivalent of tachpyr was reacted with a mixture
of one equivalent of zinc (as Zn(II)(aq)) and one of iron (as
an Fe(II)/Fe(Ill) mixture) in aerobic aqueous pH 7.4
solvent [17]. Tachpyr strongly favored Zn(Il) initially
(90 + 10% after 5 min), but of a period of 48 h the
proportion of [Zn(tachpyr)]*" dropped to 56 & 10% while
that of [Fe(tachpyr-ox-n)]>" (n = 2, 4) grew. Similarly, the
results presented here demonstrate that after 1h, the
proportion of Zn(tachpyr) to Fe(tachpyr) complexes in
Hela cells was 90 £ 3%, whereas after 16 h it had dropped
to 70 £ 11%. A similar overall pattern of metal complex
formation and ligand accumulation was seen in two dif-
ferent cell types (Fig. 6), although in SUM149 cells the
decline in zinc complexes over time was not seen.

The ability of tachpyridine to access intracellular pools
of both iron and zinc led us to test whether it might be
possible to protect cells from the cytotoxic effects of
tachpyridine by preloading cells with these metals. As
shown in Fig. 7, pretreatment with iron or zinc did indeed
effectively protect cells from tachpyridine cytotoxicity.
Since tachpyridine exerts its apoptotic effect by activating
caspases, proteolytic enzymes that play a key role in
executing the death pathway in cells, we assessed the
effect of metal pretreatment on caspase activation. As
shown in Fig. 8, pretreatment with iron or zinc was able
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to prevent activation of caspases 9 and 3 in cells treated
with tachpyridine. This suggests that zinc and iron may
inhibit cell death triggered by tachpyridine by preventing
the activation of caspases, either by direct or indirect
mechanisms. For example, key iron-dependent enzymes
include ribonucelotide reductase, mitochondrial electron
transport proteins, hydroxylating enzymes, lipoxygenases,
cyclooxygenases, as well as cytosolic aconitase/IRP-1
[38]. If tachpyridine initiates apoptosis by accessing metals
bound to these or other critical cellular enzymes, pre-
loading cells with iron or zinc may provide sufficient
“decoy” targets for tachpyridine to protect these critical
cellular proteins. Alternatively or additionally, pretreat-
ment with metals may induce cytoprotective pathways that
reduce susceptibility to apoptosis. For example, zinc may
directly inhibit the proteolytic activity of caspases, parti-
cularly caspase 3 [39-41].

Careful assessment of intracellular metal speciation may
be generally useful in providing insights into the mode of
action of iron chelators, since iron chelators are not com-
pletely selective in their metal binding activity, despite
substantial preference for iron over other metals. For
example in the case of tachpyr, preliminary studies [17]
and comparison with model compounds indicate a lower
limit of 10* and upper limit of 107 for the ratio
K([Fe(tachpyr)]*")/K«([Zn(tachpyr)]* ). Despite this con-
siderable thermodynamic preference for iron, the experi-
ments presented here demonstrate an important ability of
zinc as well as iron to modulate the apoptotic effect of
tachpyridine. Even more remarkably, desferrioxamine, a
chelator in widespread clinical use for the treatment of iron
overload, has a formation constant for iron that exceeds
that of its formation constant for zinc by over 20 orders of
magnitude [42]. Deferiprone, another clinically used iron
chelator, exhibits a similar substantial preference for Fe>"
over Zn>", with formation constants of 10>’ for Fe>" and
10" for Zn>" [43]. Nevertheless, treatment of thymocytes
with either desferrioxamine or deferiprone led to a rapid
depletion of intracellular zinc, an effect that was also
observed following administration of deferiprone to mice
[44]. Further, apoptosis induced by deferiprone was pre-
vented by treatment with zinc both in vitro and in vivo.
Such discordances between thermodynamic binding pre-
ferences and in vivo effects of chelators underscore the
value of direct measurements of metal complex formation,
such as reported here. Further, they suggest that interaction
with zinc may be a generally important but understudied
determinant of the biological effects of iron chelators.

Collectively, our experiments demonstrate that tachpyr-
idine chelates both iron and zinc in cells, and point to a role
for zinc as well as iron depletion in the cytotoxic activity of
tachpyridine. Compounds that act as chelators may have
effects in addition to metal depletion (for example, iron
complexes of tachpyridine [45] as well as other chelators
[43], may generate free radicals). Although cells treated
with tachpyridine exhibit characteristics of iron depletion,

such as ferritin repression [13], a relationship between
metal depletion and apoptosis has not been directly shown.
Here, we demonstrate that repletion with iron or zinc can
prevent cell death induced by tachpyridine, providing a
link between metal depletion and tachpyridine-induced
cell death. The identification of critical iron and zinc-
dependent enzymes targeted by intracellular metal chela-
tors, coupled with studies directed at elucidating how
disruption of their function leads to apoptosis, may yield
important insights into how the activity of metal chelators
may be controlled.
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