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ABSTRACT: The organometallic anticancer agent titanocene dichloride, Cp2TiCl2, is now in phase II clinical
trials as an anticancer drug, but its mechanism of action is poorly understood. We show here that the
interactions of Cp2TiCl2 with human serum transferrin (hTF) and that of Ti2-hTF with adenosine triphosphate
(ATP) have characteristics that could allow transferrin to act as a mediator for titanium delivery to tumor
cells. Such reactions may therefore be important to the anticancer activity of this new class of drugs.
Cp2TiCl2 reacts rapidly with human apo-transferrin under physiological conditions (100 mM NaCl, 25
mM bicarbonate, and 4 mM phosphate, pH 7.4) with carbonate as a synergistic anion. The Cp ligands are
released from the drug. Two-dimensional [1H, 13C] NMR studies ofε-[13C]Met-hTF show that TiIV loads
the C-lobe first followed by the N-lobe and binds in the specific FeIII sites. The protein conformational
changes induced by TiIV appear to be similar to those induced by FeIII . Carbonate can act as a synergistic
anion in Ti2-hTF but does not appear to be essential. A specific TiIV-hTF adduct is formed even in the
absence of bicarbonate. When the pH of Ti2-hTF solutions is lowered, no TiIV is released at the endosomal
pH of ca. 5.0-5.5, but one TiIV dissociates between pH 4.5-2.0. In contrast, in the presence of 1 mM
ATP, all TiIV is readily released from both lobes when the pH is lowered from 7.0 to 4.5. Moreover, FeIII

displaces TiIV rapidly from the C-lobe of Ti2-hTF (<5 min) but only slowly (days) from the N-lobe.
Thus, the species FeCTiN-hTF might also provide a route for TiIV entry into tumor cells via the transferrin
receptor. Ti2-hTF effectively blocked cell uptake of radiolabeled59Fe-hTF into BeWo cells, a human
placental choriocarcinoma cell line in culture. These results imply that titanium transferrin might be
recognized by the transferrin receptor and be taken up into cancer cells.

Two classes of TiIV complexes, organometallic biscyclo-
pentadienyl titaniumIV complexes and bis(â-diketonato)-TiIV

complexes, have been shown to exhibit high antitumor
activities against a wide range of murine and human tumors,
with less toxic side effects than cisplatin (1, 2). Titanocene
dichloride (Cp2TiCl2, Cp ) η5-C5H5) is currently in phase
II clinical trials as an anticancer agent (3-5). Titanocene
dichloride significantly overcomes cisplatin resistance in
ovarian carcinoma cell lines (6) and also exhibits pronounced
antiviral, antiinflammatory and insecticidal activities (7). In
addition, some TiIV complexes show pronounced antibacterial
activity (8-10), and 45Ti is potentially useful as a radio-
pharmaceutical (11). However, in contrast to platinum-based
anticancer drugs (12), the biological chemistry and mecha-
nism of action of titanium compounds are poorly understood

(1, 2, 13). Attack on cellular nucleic acids is believed to be
crucial for the antitumor activity of Cp2TiCl2, which inhibits
DNA synthesis rather than RNA and protein synthesis, and
titanium accumulates in nucleic acid-rich regions of tumor
cells after in vivo or in vitro administration (7, 14, 15).
However, unlike cisplatin, TiIV does not bind strongly to
DNA bases at physiological pH but forms strong complexes
with nucleotides only at pH values below 5 (16). This and
the finding that the vanadium and molybdenum analogues
fail to form stable complexes with DNA under physiological
conditions, raise doubts that nucleic acids are the predomi-
nant target (13, 17, 18). Efforts to identify the biologically
active species have been largely unsuccessful due to the rapid
hydrolysis of TiIV complexes at neutral pH and the precipita-
tion of polymeric hydrolysis products (2, 19).

Recently, we reported our preliminary finding that TiIV

binds strongly to the serum transport protein transferrin (20,
21). This was subsequently confirmed by other workers (22)
and suggests that transferrin may mediate the uptake of Ti
from the anticancer drug into cells. Transferrin is an 80-
kDa glycoprotein present in blood plasma at a concentration
of ca. 35µM. It has two specific FeIII binding sites, one in
the N-lobe and one in the C-lobe, each providing ap-
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proximately octahedral coordination from two Tyr, His, Asp,
and bidentate carbonate (synergistic anion) ligands (see Chart
1). The major receptor recognition sites on hTF are thought
to be localized on the C-lobe (23-26), supported by the
recent X-ray crystal structure of the human transferrin
receptor (25). Transferrin in human serum is only 30%
saturated with iron, and the vacant sites can bind other metal
ions (35, 36). It has been suggested that transferrin can act
as a natural carrier for anticancer metal ions (36) as well as
other chemotherapeutic drugs (26), since there are high levels
of transferrin receptors on the surface of tumor cells (27-
30), possibly due to their increased requirement of iron for
metabolism, growth, and development. Indeed, it has been
suggested that transferrin is responsible for the transport and
delivery of metal ions such as67GaIII and RuIII to cancer cells
(31, 32). Transferrin takes up FeIII at pH 7.4 and delivers it
to cells via receptor-mediated endocytosis (33). The general
features of this process are now well-understood (34-36).
First, FeIII binds to apo-hTF and induces a major conforma-
tional change of the protein, from the lobe-open to the lobe-
closed form. Then, the iron-saturated holo-hTF binds to the
specific transferrin receptors on the cell surface and is
internalized by clathrin-coated vesicles into endosomes. Here
the pH is mildly acidic (pH ca. 5.0-5.5), and FeIII is released
from the transferrin. ATP is a possible direct FeIII acceptor
from transferrin and a major FeIII carrier inside cells
(34, 37).

We report here a detailed study of uptake of TiIV from
the anticancer agent Cp2TiCl2 by human transferrin at blood
plasma pH values, release of bound TiIV to ATP at cellular
endosomal pH values, and displacement of TiIV by FeIII , as
well as uptake of Ti2-hTF into BeWo placental cancer cells.
These studies may shed light on how titanium anticancer
complexes are activated in vivo, as well as on the rational
design of more active and less toxic metallodrugs.

MATERIALS AND METHODS

Materials.Apo-hTF was purchased from Sigma (catalog
no. T0519) and washed three times with 0.1 M KCl to
remove low molecular mass impurities using Centricon 30
ultrafilters (Amicon). Titanocene dichloride was purchased
from Arcos Chemical Co. and was used in all the experiments
as a freshly prepared DMSO/saline (0.1 M NaCl; 1/9,v/v)

solution at 277 K, as reported for in vivo experiments (14,
15). This stock solution was ca. 10-20 mM and was used
within 5 h. 5′-Adenosine triphosphate disodium salt (ATP)
was obtained from Aldrich Chemical Co. and was used as a
freshly prepared aqueous solution. The purity was verified
by 1H and 31P NMR spectroscopy. NaHCO3 (Aldrich),
nitrilotriacetic acid (H3NTA, Aldrich), Hepes (Aldrich),
NaH13CO3 (MSD isotopes,>99% enriched), and59FeCl3
(Amersham, in 0.1 M HCl) were used as received.59Fe-hTF
was prepared by incubating apo-hTF with59FeCl3 in the
presence of NaHCO3. Recombinantε-[13CH3]Met-hTF was
supplied by Professor R. C. Woodworth and Dr. A. B. Mason
(University of Vermont) and was prepared as previously
described (38, 39). All other chemicals were reagent-grade
and were used as received. For all the UV experiments, a
freshly prepared physiological buffer was used with final
concentrations of 4 mM NaH2PO4, 100 mM NaCl, and 25
mM NaHCO3 (pH 7.4).

A solution of [Fe(NTA)2] was prepared from the iron
atomic absorption standard solution and 2 mol equiv of H3-
NTA. The pH was slowly raised to 5.5 with microliter
amounts of NaOH (1 M), and this solution was then diluted
to 9.0 or 1.8 mM.

UV-Vis Spectroscopy.Apo-hTF solutions were prepared
by diluting aliquots of a stock apo-hTF solution to ca. 2.5
× 10-5 M with physiological buffer, pH 7.4. The hTF
concentrations were determined spectrophotometrically using
ε280 93 000 M-1cm-1 (40). UV difference spectra after
addition of Cp2TiCl2 to apo-hTF were recorded immediately
and at different time intervals. For titration experiments,
aliquots of Cp2TiCl2 (0.5-10 µL) were added, and the
solution was left to equilibrate at 298 K for 30 min. The
binding or release of TiIV was monitored by the increase or
decrease in absorbance at 321 nm. All the UV experiments
were performed with 1-cm cuvettes on a computer-controlled
Shimadzu UV-1000 spectrometer with temperature control
at 298 or 310 K.

NMR Spectroscopy.Apo-transferrin was dissolved in 0.1
M KCl in D2O/H2O (10%/90%) containing 10 mM NaHCO3.
The pH was adjusted to 7.4( 0.1, when necessary, using
NaOH and HCl (0.1 M). The pH* values (meter readings)
of NMR solutions were recorded before and after NMR
measurements.

1H NMR spectra were recorded on a Bruker DMX 500
spectrometer at 500 MHz, using 0.6 mL of hTF solution (ca.
0.8 mM) in 5-mm tubes at 298 K, using ca. 1000 transients,
6 µs (50°) pulses, 1.8 s recycle time, 16 384 data points,
and water suppression via presaturation. The chemical shift
reference for1H was sodium trimethylsilyl-d4-propionate
(TSP) via endogenous formate (8.465 ppm, pH*> 7).
Resolution enhancement of the spectra was achieved by
processing the free induction decays with a combination of
unshifted sine-bell and exponential functions (line broadening
of 1.5-20 Hz) on a Silicon Graphics computer using XWIN
NMR software.

Proton-decoupled13C and31P NMR spectra were recorded
on a Bruker DMX 500 spectrometer operating at 125 and
202 MHz, respectively. Typically, 30 000 (13C) or 1000-
2000 (31P) transients were collected using 50° pulses,
relaxation delay 2 s, and 16 384 data points. The13C
reference was external TSP, and for31P was external 85%

Chart 1
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H3PO4. The spectra were processed using exponential func-
tions (line-broadening of 5-20 Hz).

NMR samples ofε-[13C]Met-hTF (ca. 0.26 mM) were
prepared in 0.1 M KCl in D2O/H2O (30%/70%), and pH
values were adjusted to 7.4( 0.1 using NaOH or HCl.
Sodium bicarbonate in D2O (0.25 M) was added to transferrin
solutions to give a concentration of 10 mM. After addition
of Cp2TiCl2 to protein samples to give drug/protein mol ratios
of up to 2:1, the pH was readjusted to 7.4( 0.1, and the
samples were left 30 min at 298 K for equilibration.

2D [1H, 13C] HSQC spectra (41) were acquired on a Bruker
DMX 500 spectrometer at 298 K. The sequence was
optimized for1J(1H-13C) ) 136 Hz, and 16-32 transients
were acquired using 2048 data points in the f2 dimension
(1H), 32-64 increments oft1, 13C frequency width of 3000
Hz (sw1), and relaxation delay of 1.6 s, giving a total of ca.
30 min to 1 h for the acquisition of each spectrum. The
GARP-1 sequence (42) was used to decouple13C. After zero-
filling to 2048 × 512 points, unshifted-Gaussian functions
were used for processing. The residual water signal was
suppressed by a combination of presaturation and pulsed-
field gradients. Peaks were referenced to TSP via theε-CH3

peak ofL-methionine (external, 15.14 ppm) for13C and via
formate (8.465 ppm, present as a minor impurity) for1H.

InductiVely Coupled Plasma Atomic Emission Spectrom-
etry (ICP-AES).This was performed on a Thermo Jarrell
Ash IRIS spectrometer using standard methods. Metal-loaded
protein was purified by using Centricon 30 (Amicon)
ultrafilters and washing three times with ultrapure water
followed by ultrafiltration after each washing. The final
protein solution was diluted with ultrapure water, and
titanium and iron contents were measured without digestion
of the sample.

pH Measurements.The pH values of the solutions were
adjusted with HCl or NaOH (DCl or NaOD for samples in
D2O solution) and determined using a Corning 240 pH meter
equipped with an Aldrich micro combination electrode,
calibrated with Aldrich buffer solutions at pH 4, 7, and 10.
The pH meter readings for D2O solutions are recorded as
pH* values, i.e., uncorrected for the effect of deuterium.

Bicarbonate-Free Experiments.All the solutions were
freshly prepared using ultrapure water and were bubbled
thoroughly with high-purity helium to remove residual CO2.
Anaerobic UV cuvettes were used to prevent CO2 contami-
nation from the air. Similar experiments in the presence of
NaHCO3 were also carried out for comparison.

Cell Culture Experiments.BeWo cells were cultured to
80% confluence in Ham’s F12 medium plus 10% fetal calf
serum, with glutamine, penicillin, and streptomycin. The cells
were washed three times with balanced salt solution (BSS,
136 mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, and
18 mM Hepes, pH 7.4) and incubated in balanced salt
solution containing 0.5µM 59Fe-hTF for 1 h at 310 K in the
presence or absence of competing metal transferrin com-
plexes, at increasing molar ratios. Following incubation, the
cells were washed three times with balanced salt solution
and incubated with Pronase (1 mg/mL) for 30 min at 277
K. They were aspirated from the plate into Eppendorf tubes
and centrifuged at 14000g for 1 min. The supernatant was
removed and counted, representing surface-bound59Fe. The
pellet was resuspended in 1 mL BSS and sonicated, and 100
µL was removed for DNA analysis. The remaining 900µL

was counted representing intracellular59Fe (43). All values
were calculated as cpm/µg DNA and are the mean( SEM
of four experiments, each performed in triplicate. DNA was
analyzed using Hoechst dye as previously described (43).

RESULTS

Reactions of human serum transferrin, recombinant iso-
topically labeled human transferrin (ε-[13C]Met-hTF with
> 95% ε-13CH3 enrichment at all nine Met residues) with
the anticancer complex Cp2TiCl2, TiIV release to ATP, and
displacement of TiIV by FeIII were studied by UV-Vis
spectroscopy, ICP-AES spectrometry, and one-dimensional
1H,13C, 31P, and 2D [1H, 13C] NMR spectroscopy under
physiologically relevant conditions.

Uptake of TiIV by apo-hTF from Anticancer Drug Cp2TiCl2
under Physiologically ReleVant Conditions.Reactions of the
anticancer drug Cp2TiCl2 with human serum apo-transferrin
in physiological buffer (100 mM NaCl, 4 mM phosphate,
and 25 mM bicarbonate, pH 7.4) were studied initially using
UV-Vis spectroscopy. When 2 mol equiv of Cp2TiCl2 was
added to an aqueous solution of apo-hTF (2.4× 10-5 M) at
310 K, two new sharp bands at 242 and 295 nm and a new
broad band at 321 nm appeared immediately in the difference
spectrum and increased in intensity over a period of 5 min.
There was little further change in the spectrum over a period
of 24 h (data not shown).

A titration to investigate the stoichiometry of TiIV binding
was performed under similar conditions but at 298 K.
Selected UV difference spectra at equilibrium are shown in
Figure 1. A plot of∆A321 against the molar ratio (r) of Cp2-
TiCl2 to apo-hTF is shown in Figure 2. It can be seen that
with the increase ofr, the three UV bands near 242, 295,
and 321 nm increase in intensity and reach a plateau atr )
2, which suggests that two TiIV ions bind strongly to
transferrin (i.e., one in each lobe). The value of the extinction
coefficient for the broad band at 321 nm is 4830 M-1cm-1

based on protein concentration. The resulting yellow Ti2-
hTF solution was stable at ambient temperature for several
weeks.

1H NMR studies were carried out to investigate the
structural changes in hTF induced by reactions with Cp2-
TiCl2. Aliquots of a solution of Cp2TiCl2 (0-2 mol equiv,
freshly prepared in DMSO-d6/saline, 1/9, v/v) were added
to a solution of apo-hTF in 0.1 M KCl (D2O/H2O, 10/90%)
containing 10 mM bicarbonate, pH 7.4.1H NMR spectra of

FIGURE 1: Reaction of Cp2TiCl2 with apo-hTF gives rise to new
bands in the UV difference spectrum after addition of various mole
equivalents of Cp2TiCl2. Conditions: 25µM apo-hTF in 100 mM
NaCl, 25 mM HCO3

-, and 4 mM NaH2PO4, pH 7.4, 298 K. Ratio
(Ti/hTF) from bottom to top: 0.41, 0.82, 1.27, 1.64, and 2.05.
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hTF are complicated by the overlap of a large number of
resonances from this large molecule (80 kDa). However,
some regions of the1H NMR spectrum are sensitive to metal
binding to the specific iron sites of the protein (44). The
region near 2 ppm contains resonances due to theN-acetyl
groups of the NAcGlc and NAcNeu residues in each of the
two biantennary glycan chains attached to Asn-413 and Asn-
611 in the C-lobe of the protein (39, 45, 46). The high-field
region (0.5 to-1 ppm) consists mainly of ring-current shifted
resonances, including those from groups in hydrophobic
patches near the specific metal binding sites in both the
N-lobe and the C-lobe of the protein (47). The 500-MHz1H
NMR spectrum of theN-acetyl region is shown in Figure
S1 (in Supporting Information). After addition of the first
mole equivalent of Cp2TiCl2, two new sharp peaks appeared
at 2.07 and 2.03 ppm, together with a broad weak peak at
2.10 ppm. No further changes occurred in this region on
addition of the second equivalent of Cp2TiCl2. The changes
that occurred in the high-field region of the 500-MHz1H
NMR spectrum were similar to those observed previously
for reactions of TiIV-citrate with apo-hTF (20).

1H NMR studies were also carried out to investigate
whether the Cp ligands are displaced during the reaction of
Cp2TiCl2 with hTF. TiIV-bound Cp exhibits a singlet at 6.42
ppm at neutral pH, while released Cp (CpH) shows two
multiplets at 6.57 and 6.62 ppm and a weak multiplet at 2.95
ppm (19). The 500-MHz1H NMR spectra recorded over the
period 10-40 min during reaction of 1 mol equiv of Cp2-
TiCl2 with apo-hTF in the presence of 10 mM bicarbonate
at pH* 7.4, 298 K, are shown in Figure S2 (in Supporting
Information). It can be clearly seen that a strong singlet for
TiIV-bound Cp at 6.42 ppm is present after 10 min and that
two broad peaks at 6.57 and 6.62 ppm are already discernible.
The latter peaks continued to increase in intensity at the
expense of the peak at 6.42 ppm. After 30 min, the peak at
6.42 ppm had nearly disappeared, and the peaks at 6.57 and
6.62 ppm had attained their maximum intensities. With the
addition of a second mole equivalent of Cp2TiCl2, similar
changes in intensity of the CpH peaks were observed with
time (data not shown).

13C NMR studies were carried out to investigate whether
the binding of TiIV to hTF also involved concomitant binding
of carbonate as synergistic anion. The carbonyl region of a
125 MHz13C NMR spectrum of apo-hTF in the presence of
4 mol equiv of H13CO3

- (4 mM, enriched to> 99% in13C)
and after addition of 2 mol equiv of Cp2TiCl2 is shown in
Figure S3 (in Supporting Information). In the absence of Cp2-
TiCl2, a sharp peak at 161.1 ppm due to H13CO3

- was

observed, together with a broad envelope at 173-183 ppm
corresponding to the backbone and side-chain carbonyls of
apo-hTF (natural abundance13C) (48). In the presence of
Cp2TiCl2, the peak due to free H13CO3 decreased in intensity
markedly, and a new peak assignable to Ti-CO3-hTF
appeared at 166.5 ppm. This peak is weak and has a chemical
shift comparable with that for hTF loaded with other
diamagnetic metals (such as Ga3+, Bi3+, Co3+) and had
disappeared when the spectrum was recorded 3 weeks later.

TiIV Binding to Apo-hTF under Bicarbonate-Free Condi-
tions.To investigate whether carbonate as synergistic anion
is essential for TiIV binding to apo-hTF, comparative UV-
Vis and1H NMR experiments were performed in the absence
or presence of bicarbonate. In the absence of bicarbonate,
the reaction of 2.0 mol equiv of Cp2TiCl2 with apo-hTF (30
µM) in 10 mM Hepes buffer, pH 7.4, 298 K, give rise to
three new bands in the UV-Vis difference spectrum at ca.
242, 295, and 315 nm, which increased in intensity over a
period of 1 h. Similar UV-Vis changes were observed in
the presence of 5 mM bicarbonate and at the same apo-hTF
concentration, but the reaction was faster (0.5 h), and the
intensities of the bands were lower at equilibrium (ca. 26%
lower at 315 nm). However, when NaHCO3 (5 mM final)
was introduced into the Ti2-hTF solutions formed under
bicarbonate-free conditions, the bands decreased in intensity
markedly over a period of 4 h, and the final UV-Vis
difference spectrum was nearly identical to that for Ti2-hTF
formed in the presence of bicarbonate.

To investigate possible structural differences between Ti2-
hTF adducts formed in the absence and in the presence of
bicarbonate,1H NMR experiments were performed. When
Cp2TiCl2 was added into the apo-hTF solution (0.7 mM), a
yellow color developed. However, the changes in NMR
peaks in the absence of bicarbonate were quite different from
those in the presence of bicarbonate (vide infra). In the glycan
N-acetyl region near 2 ppm, there was little change when
1.0 or 2.0 mol equiv of Cp2TiCl2 was added (data not shown)
in the absence of bicarbonate, in contrast to the marked
changes in the presence of bicarbonate (see Figure S1 in the
Supporting Information). These peaks remained unchanged
even when 10 mM NaHCO3 was introduced into the solution.
In the high field region (see Figure S4 in the Supporting
Information), the changes to peaks in the absence of
bicarbonate were also different from those in the presence
of bicarbonate when 1.0 or 2.0 mol equiv of Cp2TiCl2 was
added to the apo-hTF solution. When 10 mM of bicarbonate
(13C-enriched) was introduced after the reaction of Cp2TiCl2
and apo-hTF in the absence of bicarbonate, some peak
changes in the high field region occurred slowly, but the
final spectrum was not identical to that for Ti2-hTF formed
in the presence of bicarbonate (see Figure S4). A13C NMR
spectrum recorded after introducing NaH13CO3, contained a
small peak at 166.5 ppm, but this disappeared 4 days later
(data not shown).

Order of Lobe Loading of apo-hTF with TiIV. 2D [1H, 13C]
NMR spectra of recombinant nonglycosylated human trans-
ferrin with > 95% ε-13CH3 enrichment at all nine Met
residues (for locations, see Figure S5 in Supporting Informa-
tion) were obtained using inverse detection techniques (49,
50). When 0.65 mol equiv of Cp2TiCl2 was added to
recombinant apo-hTF at pH 7.4 in the presence of 10 mM
NaHCO3, the cross-peak for Met-464 in the C-lobe of the

FIGURE 2: Titration curve for the reaction of Cp2TiCl2 with apo-
hTF. Increase in intensity of the LMCT band at ca. 321 nm is plotted
against the ratio [Ti]/[hTF] (r). Conditions: as Figure 1.
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protein decreased markedly in intensity (Figure 3), and a
new strong peak shifted ca. 2 ppm downfield in the13C
dimension and ca. 0.2 ppm upfield in the1H dimension
appeared concomitantly. The cross-peak for C-lobe Met-499
(1.86/15.65 ppm) split into two peaks with the new peak
appearing slightly to low field in both13C and1H dimensions.
With 1.0 mol equiv of Cp2TiCl2 present, the original cross-
peaks for Met-464 and Met-499 had disappeared almost
completely, and the new peaks at 1.12/18.32 ppm and 1.89/
15.68 ppm had increased in intensity; similarly, the cross-
peak for Met-499 had almost completely shifted to its new
position. Also, a cross-peak assignable to Met-389, which
was not observed for the apo-protein, appeared after addition
of 1.0 equiv of Cp2TiCl2 (Figure 3). When the second mol
equiv of Cp2TiCl2 was added, there was no further change
to the cross-peaks for the C-lobe Met residues, but shifts
were observed for the cross-peaks of the N-lobe residues
Met-26, Met-309, and Met-313.

pH-induced TiIV Release from Ti2-hTF.The pH-dependent
properties of Ti2-hTF (obtained from the reactions of Cp2-
TiCl2 with apo-hTF in physiological buffer) were investigated
over the pH range of 2 to 10 by introducing aliquots of HCl
or NaOH (0.5-3.0 M), and the absorbance at 321 nm
(ligand-to-metal charge-transfer LMCT band) was then
measured after incubation at 298 K for 1 h. No absorbance
change at 321 nm was evident over the pH range of 5.0 to
9.5 (see Figure 4), suggesting that Ti2-hTF is stable over
this pH range. Below pH 5, the absorbance at 321 nm
decreased and plateaued to ca. 53% of its initial value by
pH 2, implying cleavage of TiIV-tyrosinate bonds in the
protein. Ti2-hTF was stable at alkaline pH with a small
decrease inA321 only at pH> 9.5 (Figure 4).

TiIV Release from Ti2-hTF in the Presence of ATP.In the
presence of 1 mM ATP, theA321 value for Ti2-hTF decreased
sharply over the pH range 7.4 to 5.0 and by pH 4.5 was the
same as that of apo-hTF in the presence of the same
concentration of ATP (Figure 4). This suggests that TiIV is
completely released from Ti2-hTF under these conditions.

This contrasted with the partial release of TiIV from
Ti2-hTF in acidic solutions in the absence of ATP.

A 31P{1H} NMR pH titration was carried out to investigate
further the role of ATP (see Chart 1) in facilitating TiIV

release from Ti2-hTF. A solution of purified Ti2-hTF in the
presence of 2 mol equiv of ATP was titrated over the pH
range 7.5 to 4.5 in ca. 0.5 pH unit steps, each equilibrated
at 298 K for ca. 30 min before the31P{1H} spectrum was
recorded. A similar pH titration of ATP at the same
concentration but in the absence of Ti2-hTF was also studied
for comparison. The31P NMR spectrum of ATP alone at
pH 7.0 shows doublets at-6.97 and-10.38 ppm and a
triplet at-21.20 ppm, assignable to theγ, R, andâ phosphate
groups, respectively (51). These shifts changed only slightly
over the pH range of 8.0 to 4.0, and no hydrolysis was
observed. However, in the presence of Ti2-hTF, a new
31P{1H} peak assignable to inorganic phosphate (16) ap-
peared at 2.72 ppm even at pH 7.5, as shown in Figure 5.
This peak continued to increase in intensity and shift to
higher field as the pH was lowered. Also, at pH 6.0, a new
31P{1H} doublet appeared to high field of theγ phosphate
signal and continued to increase in intensity at the expense
of theγ phosphate signal as the pH was lowered. However,
there was little change in theR phosphate peak. In the1H
NMR spectrum, peaks for H8, H2, and H1′ of ATP gradually
lost intensity when the pH was lowered and had almost
disappeared by pH* 4.5.

FIGURE 3: Detection of the order of lobe loading of hTF with TiIV.
2D [1H,13C] HSQC spectra ofε-13CH3-Met-hTF (0.26 mM in 0.1
M KCl, and 10 mM bicarbonate, pH* 7.4) and after addition of
0.65, 1.0, and 2.0 mol equiv of Cp2TiCl2. Solid boxes indicate initial
peaks, and dotted boxes show new peaks. There are specific shifts
of cross-peaks for the C-lobe residues Met-464 and Met-499 on
binding to the first equiv of Cp2TiCl2 and N-lobe residues Met-
309 and Met-313 on binding the second equiv of Cp2TiCl2.
Assignments are based on refs39 and50.

FIGURE 4: pH-dependent profile of TiIV release from Ti2-hTF and
the effect of ATP. Conditions: 20µM Ti2-hTF in 100 mM NaCl,
25 mM HCO3

-, and 4 mM NaH2PO4, 298 K, in the absence (open
circles) or presence (closed circles) of 1 mM ATP, as monitored
by the TiIV-tyrosinate charge-transfer band at 321 nm.

FIGURE 5: Effect of Ti2-hTF on the 202-MHz31P{1H} NMR
spectrum of ATP at different pH values. Conditions: ATP/Ti2-
hTF ) 2:1, 1.0 mM Ti2-hTF in 0.1 M KCl, 70% H2O/30% D2O,
spectra recorded after equilibration at 298 K for 0.5 h.
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FeIII Displacement of TiIV from Ti2-hTF. When 2.5 mol
equiv of Fe(NTA)2 was added to a solution of Ti2-hTF
(physiological buffer, pH 7.4, 298 K), a new broad band in
the visible region centered at ca. 465 nm appeared in the
difference spectrum and gradually increased in intensity over
a period of about 30 h (Figure S6 in Supporting Information).
The reaction appeared to proceed in two phases: a first fast
phase lasting about 7 min and accounting for ca. 50% of the
total increase in intensity at 465 nm, and a second slower
phase lasting for about 30 h, which accounted for the
remaining 50% increase in intensity at 465 nm. The second
phase itself appeared to consist of two steps with the initial
stage lasting from 7 min to ca. 1 h. Increases in intensity at
>438 nm were accompanied by decreases in intensity at
<438 nm. An isobestic point was observed at 438 nm during
this period, indicating a two-state mechanism. The second
step lasted for up to 30 h with increases in intensity around
472 nm. Also, the absorption maximum at 465 nm, which
was seen during the first phase, shifted to 472 nm during
the second phase.

The order of displacement of TiIV from the two lobes by
FeIII was established by 2D [1H, 13C] HSQC NMR studies
usingε-13CH3-Met-labeled recombinant human transferrin.
To fully load the protein with TiIV, 2.5 mol equiv of Cp2-
TiCl2 was added to the labeled apo-protein in the presence
of 10 mM of NaHCO3. A yellow color developed quickly,
and the 2D [1H, 13C] HSQC NMR spectrum was identical
to that in Figure 3, indicating formation of Ti2-hTF. Aliquots
of FeIII (NTA)2 solution were added to the Ti2-hTF solution
at pH 7.4 to give Fe/hTF mol ratios of 0.5:1 to 2.0:1 (in
steps of 0.5 mol equiv, with equilibration for 30 min at 298
K before recording the spectrum). The color of the solution
changed from light yellow to brown red during the additions.
As shown in Figure 6, the addition of the first 0.5 mol equiv

of FeIII to Ti2-hTF led to a dramatic decrease in intensity of
the cross-peaks for Met-464 and Met-499 of Ti2-hTF and
was accompanied by the appearance of two new peaks at
slightly lower field in the1H dimension. With 1.0 mol equiv
of FeIII present, the original cross-peaks for Met-464 and Met-
499 of Ti2-hTF completely disappeared as did the cross-peak
for Met-389. No shifts were observed for the cross-peaks of
the Met residues in the N-lobe although the peaks Met-309
and Met-313, which are in the interlobe contact region,
decreased in intensity (Figure 6). With 1.5 and 2.0 mol equiv
of FeIII present, no further changes to these C-lobe peaks
was observed, but shifts of the cross-peaks for Met residues
in the N-lobe, Met-109, Met-309, and Met-313 developed
over a period of several hours: a 2D HSQC NMR spectrum
recorded 0.5 h after addition of 1.5 equiv of Fe(NTA)2

revealed that Met-313 had split into two peaks, but there
was little change in the other cross-peaks (data not shown).
However, 2 h after addition of 2.0 mol equiv of Fe(NTA)2,
new cross-peaks were observed for Met-309 and Met-109,
shifted to slightly lower field in the1H dimension (Figure
6). The above sample (with 2.0 mol equiv of FeIII present)
was left at ambient temperature for 3 days, at which time
some white precipitate was visible in the solution. The 2D
[1H, 13C] HSQC NMR spectrum at this time was almost
identical to that observed for Fe2-hTF (49). An interesting
feature in Figure 6 is the presence of an additional1H/13C
cross-peak at 1.72/16.03 ppm (marked by *), which is not
present in the spectra of either Ti2-hTF or the final protein
Fe2-hTF. It was most intense during the addition of the first
equivalent of FeIII and had disappeared by the time the final
spectrum was recorded.

ICP-AES Studies.To further confirm the displacement of
TiIV by FeIII , the metal content of hTF at various stages of
the titration of Ti2-hTF (19.4µM) with Fe(NTA)2 (2.5 mol
equiv) in physiological buffer (pH 7.4) was determined by
inductively coupled plasma atomic emission spectrometry
(ICP-AES). After incubation at ambient temperature (ca. 293
K) for various times, the sample was ultrafiltered, and the
protein was purified by washing three times with ultrapure
water followed by ultrafiltration (Centricon 30). The metal
(Ti and Fe) content was measured without digestion of the
protein. The results are shown in Figure 7. For Ti2-hTF
without added Fe(NTA)2, the Ti/hTF ratio was determined
to be 2.03, and Fe/hTF ratio was determined to be 0.03. After

FIGURE 6: Determination of the order of displacement of TiIV from
the N- and C-lobes of Ti2-hTF by FeIII . 2D [1H,13C] HSQC spectra
of ε-[13CH3]Met-Ti2-hTF (0.26 mM in 0.1 M KCl, and 10 mM
bicarbonate, pH* 7.4) after addition of 0.5 (0.5 h), 1.0 (0.5 h), 2.0
(2 h) and 2.0 (3 days) mol equiv of Fe(NTA)2 (equilibrated for the
periods specified). Solid boxes indicate initial peaks, and dotted
boxes show new peaks. The spectrum of Ti2-hTF alone is shown
in Figure 3. Specific shifts of cross-peaks for the C-lobe residues
Met-464 and Met-499 on binding to the first mole equivalent of
FeIII and N-lobe residues Met-309 and Met-109 on binding the
second mole equivalent of FeIII are notable. An additional cross-
peak marked with an asterisk (*) also appeared during the course
of the titration but had disappeared by the time the final spectrum
was recorded.

FIGURE 7: Time dependence of the displacement of TiIV from Ti2-
hTF by FeIII . Metal contents were measured by ICP-AES. Note
the rapid displacement of one TiIV by FeIII followed by a much
slower displacement of the second TiIV.
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5 min of reaction of FeIII with Ti2-hTF, the Ti/hTF ratio was
1.08 and Fe/hTF ratio was 0.94, i.e., nearly half of the
protein-bound TiIV had been displaced by FeIII . One hour
later, the Ti/hTF ratio was 0.94 and Fe/hTF ratio was 1.02;
18 h later, the Ti/hTF ratio was 0.77 and Fe/hTF ratio was
1.17, confirming a slow displacement of TiIV by FeIII during
the second phase. One-week later, a small amount of white
precipitate developed, and only the supernatant was used for
metal determinations. This gave a Ti/hTF ratio of 0.04 and
a Fe/hTF ratio of 1.93, indicating that TiIV had now been
completely displaced from Ti2-hTF by FeIII .

Cell Uptake Studies.To investigate whether Ti2-hTF can
be recognized by transferrin receptors and subsequently taken
up into cells, Ti2-hTF was incubated with placental BeWo
cells in competition with59Fe-radiolabeled Fe2-hTF. Com-
petitions between59Fe-hTF and Bi2-hTF, Ga2-hTF, Fe2-hTF,
and apo-hTF were also studied for comparison. Cell mem-
brane-bound59Fe and intracellular59Fe were measured as
described in the Experimental Section. The results are shown
in Figure 8. As expected, Fe2-hTF was a strong inhibitor of
59Fe binding and uptake, as was Ga2-hTF, in agreement with
previous reports (52). Both Ti2-hTF and Bi2-hTF also showed
marked dose-dependent inhibitory effects (Figure 8), whereas
apo-hTF was the least effective.

DISCUSSION

The natural transferrin cycle for the delivery of iron to
cells offers a potential strategy for drug targeting to tumor
cells. Three features of transferrin chemistry point to the
possibility that transferrin could deliver antitumor metal
complexes to cancer cells. First, it is known that malignant

cells have a high iron requirement and consequently express
a greatly elevated level of transferrin receptors (27-30, 53).
Second, measurements of pH in vivo have shown that the
microenvironment of tumors is more acidic than in normal
tissue (54), which may facilitate TiIV release in tumor tissues.
Third, although iron(III) is the natural metal ion bound by
transferrins, many other metal ions can also bind at the same
specific sites (34, 35, 55). In blood plasma, less than 30%
of the iron sites in human transferrin are occupied by iron,
and the vacant sites could be used to transport other metal
ions as well. Indeed, transferrin has already been shown to
be responsible for the selective delivery of67GaIII complexes
to tumor cells (56), and it is possible that the specific delivery
of antitumor TiIV complexes can be achieved by a similar
process.

Complexation of metal ions to the phenolic oxygen of the
tyrosine residues in the specific metal-binding sites of apo-
hTF (Chart 1) perturbs theπ-π* transitions of the aromatic
rings and leads to the production of two new absorption
bands near 241 and 295 nm (35, 36). These new bands are
readily apparent in the difference UV spectra of metal-hTF
and apo-hTF. Specific binding by some metal ions, such as
FeIII , CeIV, and CuII, also gives rise to LMCT bands in the
visible region (35, 36). This provides a convenient way to
detect specific metal-hTF binding and release by UV-Vis
spectroscopy.

The changes in the UV spectrum of hTF on reaction with
Cp2TiCl2 are very similar to those observed previously for
the binding of other metal ions to the specific FeIII sites (35,
36). The two sharp new bands near 242 and 295 nm are
typical of phenolate groups (π-π* transitions) generated by
binding of metal ions to Tyr residues in the specific iron-
binding sites. The third broad band centered near 321 nm,
lies in the range typical of LMCT transitions of TiIV with
phenolate ligands (57, 58). For example, we have observed
similar bands for TiIV-EHPG (EHPG,N,N′-ethylenebis(o-
hydroxyphenyl)glycine) model complexes with known X-ray
crystal structures (57). The magnitude of the extinction
coefficient of this LMCT band (∆ε321 ) 4830 M-1 cm-1) in
physiological buffer is similar to those for FeIII

2-hTF (∆ε465

) 4950 M-1 cm-1) (59) and CeIV-hLF (∆ε442 ) 4640 M-1

cm-1) (60). The titration curve obtained by monitoring the
absorbance change at 321 nm gave a sharp break at a ratio
of Ti/hTF of 2:1. The same ratio was also obtained by ICP-
AES measurement of bound metal (data not shown), sug-
gesting that TiIV binds to the specific metal-binding sites in
both the N-lobe and the C-lobe of the protein and that two
tyrosines are involved in binding TiIV in both lobes
(Tyr-95/Tyr-188 in the N-lobe and Tyr-426/Try-517 in the
C-lobe) as is the case for FeIII (35, 36). Moreover, the
displacement of TiIV from transferrin by FeIII provides further
evidence for specific binding of TiIV to the two lobes of the
protein.

The rapid uptake of TiIV from the anticancer agent Cp2-
TiCl2 by human transferrin under physiological conditions
(within 5 min in physiological buffer at 25µM hTF, 310 K)
may be relevant to its anticancer activity. Other TiIV

complexes such as TiIV-citrate can also donate TiIV to hTF
but very slowly (>10 h for completion under similar
conditions) (20), while TiIV-NTA is not able to denote TiIV

to transferrin (22).

FIGURE 8: Effect of increasing concentration of metal transferrins
on uptake of59Fe from 59Fe-hTF by BeWo cells. Cells were
incubated with 0.5µM 59Fe-hTF in the presence or absence of 0.1,
1, or 10µM metal-transferrins (Fe2-hTF, Ga2-hTF, Ti2-hTF, Bi2-
hTF) and apo-hTF. Data are expressed as a percentage of untreated
control cells (100%). (a) Membrane-bound59Fe; (b) intracellular
59Fe.
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1H NMR spectroscopy shows that the cyclopentadienyl
ligands are displaced from TiIV after reaction of Cp2TiCl2
with hTF (Figure S2 in the Supporting Information). It is
known that the chloride ligands are readily displaced from
Cp2TiCl2 in aqueous solution (e.g., by H2O/OH on hydrolysis
in water) (7, 13, 19), and therefore only the TiIV ion from
the drug is taken up by the protein. It had been suggested
that the active antitumor species could be the cyclopentadiene
released during the decomposition of titanocene compounds
(61). However, subsequent in vivo experiments have shown
that neither cyclopentadiene (C5H6) nor its dimer are the
active antiproliferative agents (62). The active component
must be TiIV itself. The role of the Cp ligands may be to
stabilize TiIV and prevent rapid hydrolysis to give inactive
polymeric species. Thus, it may not be surprising that
structurally distinct TiIV species, such as titanocene dichloride
and Budotitane, share similar patterns of antitumor activity
and organ toxicity (4, 5).

The structural changes in hTF induced by TiIV binding
were monitored by1H NMR. Resonances for apo-hTF and
Ti-hTF are in slow exchange on the NMR time scale,
indicative of strong TiIV binding. Resonances in the glycan
region (2.0-2.1 ppm) were perturbed only on the addition
of the first mole equivalent of Cp2TiCl2, suggesting that
preferential binding of TiIV occurs to the C-lobe of hTF since
the glycan chains are present only in the C-lobe. This
conclusion was further confirmed by 2D HSQC NMR data
using ε-13C-Met-labeled protein. A similar NMR behavior
has been observed for GaIII , InIII , and BiIII binding to hTF
with bicarbonate as the synergistic anion (46, 47, 63).

The 13C NMR studies showed a decrease in intensity of
the peak for free (bi)carbonate and a gradual increase in
intensity of the new signal at 166.5 ppm after addition of
the first and second mole equivalent of Cp2TiCl2. This
suggests that TiIV binds to both the N- and C-lobes of hTF
concomitantly with carbonate as synergistic anion. The
chemical shift of this bound anion is close to that observed
previously for other metallo-transferrins, e.g., 166.0/166.2
ppm for TlIII (64), 165.4 ppm for AlIII , 166.5 ppm for GaIII

(48), 166.8/167.2 ppm for ScIII (65), and 165.8 ppm for BiIII

(46), suggesting a similar mode of carbonate binding,
probably as a bidentate carbonate ion.

The weakness and gradual disappearance of the peak for
bound carbonate suggests that TiIV binding does not require
carbonate as an obligatory synergistic anion. Such a binding
mode is known for VO2+ (66). The UV-Vis and NMR
experiments carried out in the absence of bicarbonate reveal
that TiIV can still bind to hTF at the FeIII sites but in a slightly
different manner. In the absence of bicarbonate, the structural
changes in hTF induced by TiIV are different from those in
the presence of bicarbonate, as evidenced by the1H NMR
data. Chemical exchange effects could give rise to the
broadening that decreases the intensity of the13C peak for
bound carbonate. Such effects could arise from multiple
conformations of bound carbonate as suggested from the
X-ray crystal structure of recombinant N-lobe of transferrin
(67). TiIV bound to transferrin could adopt a seven-coordinate
geometry. This is favored, for example, in model complexes
of TiIV with the model ligand EHPG, in which TiIV has
pentagonal bipyramidal geometry with axial phenolate
ligands, two amine nitrogens, two carboxylate oxygens, and
an additional H2O ligand in the equatorial plane (57).

The 2D [1H, 13C] HSQC NMR experiments onε-[13CH3]-
Met-hTF show that TiIV preferentially loads the C-lobe,
followed by the N-lobe. A similar preference has been
observed previously for reactions of hTF with NTA com-
plexes of FeIII , ScIII , and BiIII with bicarbonate as the
synergistic anion (49). This preference can sometimes be
switched by changing the initial ligands on the loading metal,
but the factors that determine the preference are not well
understood. The overall changes in chemical shifts for the
nine Met CH3 cross-peaks induced by TiIV are similar to those
induced by FeIII binding [added as Fe(NTA)2], suggesting
that TiIV-induced conformational changes in hTF are similar
to those induced by FeIII binding. This could be important
for the recognition of the protein by the transferrin receptor
on cell membranes and the subsequent uptake of transferrin
into cells. It is known that only holo-hTF but not apo-hTF
binds strongly to the receptor and is taken up into cells (72).

In terms of “HSAB (hard-soft-acid-base)” theory (68),
TiIV is a “hard” Lewis acid similar to FeIII and readily
hydrolyzes to form insoluble polymeric species at neutral
pH values. Both Cp2TiCl2 and Budotitane undergo rapid
hydrolysis to give anticancer inactive polymeric species at
neutral pH (1, 2, 17). Hence, it is likely that TiIV is stabilized
by binding to certain biomolecules and is transported to the
nucleus inside tumor cells. Transferrin is a strong candidate
to act as mediator for the uptake of TiIV from Cp2TiCl2 in
blood plasma and transport it to tumor cells. Both in vivo
(rat) and in vitro studies using radiolabeled45TiIV-DTPA
(DTPA, diethylene-triaminepentaacetic acid) have also sug-
gested that45TiIV is mainly associated with transferrin in
blood plasma, and45Ti is transferred into tumor tissue over
a period of 3-6 h postinjection in tumor-bearing rats (11).

We investigated whether TiIV can be released from Ti2-
hTF under physiologically relevant conditions. Our UV-
Vis experiments showed that Ti2-hTF is stable over the pH
range of 5.0-9.5 in 100 mM NaCl, 25 mM NaHCO3, 4 mM
NaH2PO4, conditions that mimic extracellular ones. Only
53% of bound TiIV was released from transferrin even at
pH 2 over a period of 1 h at 298 K. Incontrast, more than
80% of FeIII is released from Fe2-hTF over the pH range 6.0
to 4.0 in the absence of chelators (35, 60). Protonation of
carbonate (synergistic anion) may therefore trigger FeIII

release but not TiIV release. However, upon introduction of
ATP (at a concentration of 1 mM, a 40-fold molar excess
over hTF), TiIV was readily released over the pH range of
7.0-5.0, with 50% TiIV release at pH 6.3 and almost
complete release by pH 4.5. Extracellular ATP levels are
low but intracellular concentrations of ATP are as high as
3-5 mM (69, 70). Inside endosomes, where FeIII is released,
the pH is as low as 5.0-5.5 (33, 34). Therefore, the release
of TiIV after cellular uptake may be favored there. The31P
NMR studies suggested that theγ-phosphate group of ATP
was hydrolyzed after interaction of ATP with Ti2-hTF, a
reaction that is also observable for TiIV-ATP alone (16),
suggesting that the released TiIV binds to the chelator ATP.
TiIV transfer from the model ligand EHPG to ATP readily
occurs at low pH or high ATP concentrations (71). FeIII is
likely to bind to ATP after it is released from transferrin in
endosomes (37). ATP is known to be a metal macrochelator
and a major intracellular iron carrier (72, 73). It plays a major
role in the transport of FeIII to the nucleus, and the
γ-phosphate of ATP is hydrolyzed during FeIII transport (73).
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Therefore ATP could also facilitate the intracellular transport
of TiIV and allow it to target polynucleotides, which are
condensed in the nucleus. DNA in the nucleus has a high
negative charge and potentially a markedly lower pH value
near its surface (up to 3 pH units lower than the bulk pH)
(74). These factors may favor TiIV binding. Our results with
nucleotides reveal that TiIV has a high affinity for O-sites of
the phosphate groups and N-sites of bases at low pH (16).
Ti-DNA adducts have been detected recently in vitro and in
tumor cells treated with Cp2TiCl2 (6, 75). Köpf and co-
workers have shown that TiIV accumulates mainly in nucleic
acid-rich regions of tumor cells, especially the nucleus,
after both in vivo and in vitro administration of Cp2TiCl2
(14, 15).

The UV-visible, ICP-AES, and 2D HSQC NMR data
show that FeIII can displace TiIV from Ti2-hTF and that
displacement of TiIV occurs preferentially and more rapidly
from the C-lobe than from the N-lobe. Early studies also
noted that FeIII displaced one of the two CrIII ions from bound
transferrin or lactoferrin much more readily (76, 77), but the
lobe preference was not determined. There are few other
reported data on lobe-selective metal displacement from hTF
with which to compare, but it is interesting to note that the
C-lobe is less flexible (can open only to about 75% of the
N-lobe) due to the presence of an extra disulfide bridge (35,
36), and metal in the N-lobe is normally more exposed and
accessible (35). The preferential displacement of TiIV from
the C-lobe of Ti2-hTF was therefore unexpected. This could
suggest that the C-site is better optimized for binding
specifically to FeIII . The FeIII loaded C-lobe appears to be
responsible for receptor recognition (23, 24, 34). The cross-
peaks for the N-lobe Met residues were affected by the
addition of the second mole equivalent of FeIII . The displace-
ment of TiIV from the N-lobe was very slow, but Fe2-hTF
was finally formed after 3 d (Figure 6). A new cross-peak
for an unassigned Met residue appeared during substitution
of the C-lobe TiIV by FeIII , a peak not present in spectra of
Ti2-hTF or Fe2-hTF (peak marked by an asterisk in Figure
6). This may represent an intermediate in which the C-lobe/
N-lobe interface is perturbed. Additional evidence for this
mechanism was provided by the shift of the FeIII -hTF LMCT
band [ca. 470 nm for Fe2-hTF, an average for N- and C-lobes
and 473 nm for the N-lobe alone (35, 78)] during the two-
phase of FeIII displacement TiIV from Ti2-hTF (Figure S6).
The absorption maximum of the LMCT band shifted from
465 nm in the first fast phase to 472 nm in the second slow
phase, suggesting that metal displacement occurs in the
C-lobe first followed by the N-lobe. The two-phase displace-
ment was further confirmed by ICP-AES measurement of
protein metal content during the reaction course (Figure 7).
The two-phase displacement implies that FeCTiN-hTF could
survive for a long time (days) under physiological conditions.
Because the primary receptor recognition sites on human
transferrin appear to be in the C-lobe (23-25, 35), hTF with
FeIII in the C-lobe and TiIV in the N-lobe (FeCTiN-hTF) may
be recognized by the transferrin receptor and taken up into
cells. Therefore, the formation of both Ti2-hTF and FeCTiN-
hTF may provide routes for entry of TiIV into cells.

The cell uptake experiments show that Ti2-hTF competes
with Fe2-hTF for membrane binding and uptake into BeWo
cells, although it is slightly less effective than Ga2-hTF,
which has previously been shown to enter cells via the

transferrin receptor (52, 79). Bi2-hTF also appears to be
recognized by the transferrin receptor. TiIV, BiIII , and FeIII

binding appear to induce similar conformational changes in
hTF, as judged from the1H and13C NMR shift data (46). A
recent X-ray crystal structure of Sm2-lactoferrin has revealed
that the large metal ion Sm3+ induces the same overall
structural changes in this protein as Fe3+, although different
structural changes occur at the metal binding sites (80).
Therefore, both chemical and biochemical experiments
suggest that TiIV can be taken up and released inside cells
via transferrin-mediated routes.

Metal anticancer agents can react with various biomol-
ecules in vivo including carriers such as albumin, transferrin,
ATP, citrate, and GSH, which communicate between extra-
cellular and intracellular and between various intracellular
compartments. Substrate binding is finely controlled by
natural gradients that exist in different tissues or cellular
compartments (e.g., pH, ATP, and ionic gradients). These
gradients may alter the relative affinity of drug molecules
for different cellular components and facilitate drug transport
to their targets. “Hard” TiIV may be transported into tumor
cells by transferrin and subsequently bind to DNA at both
the negatively charged phosphates on the backbone and base
N-donors (13b, 81). The high DNA concentration in the cell
nucleus, the much lower dielectric constant (82), and
potentially the low pH close to the surface of DNA may
favor DNA as a target for TiIV.

CONCLUSIONS

We have shown that TiIV from the antitumor drug Cp2-
TiCl2 is readily taken up into the two specific iron sites of
human transferrin under physiological conditions, in the
presence of carbonate as a synergistic anion. Both Cp-

ligands are displaced during TiIV uptake. TiIV is preferentially
taken up into the C-lobe, followed by the N-lobe as indicated
by NMR spectroscopy. Binding of TiIV appears to induce
similar conformational changes in hTF to those induced by
FeIII binding in the presence of bicarbonate. TiIV can also
bind to apo-hTF in the absence of bicarbonate but induces
different structural changes from those in the presence of
bicarbonate. Bicarbonate is readily displaced from Ti2-hTF.
ATP facilitates the release of TiIV from transferrin complexes.
Unexpectedly, FeIII displaces TiIV from the C-lobe more
rapidly than from the N-lobe. FeCTiN-hTF may be a
significant species under physiological conditions and be
recognized by transferrin receptors and taken up into cells.
Ti2-hTF blocked both membrane binding and cellular uptake
of 59Fe-hTF into BeWo placental cancer cells. The rapid and
strong interaction of the anticancer drug titanocene dichloride
with transferrin may be relevant to its low toxicity and high
activity. It would be of interest to investigate whether
transferrin can enhance the anticancer activity of titanium
agents.
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SUPPORTING INFORMATION AVAILABLE

Figure S1: Resolution-enhanced 500-MHz1H NMR
spectra of hTF showing the effect of Cp2TiCl2 on theN-acetyl
region. Figure S2: 500-MHz1H NMR showing the displace-
ment of Cp from Cp2TiCl2 during reaction with apo-hTF.
Figure S3 showing the detection of carbonate binding as
synergistic anion during reaction of apo-hTF with Cp2TiCl2
by 13C NMR (125 MHz). Figure S4 showing a comparison
of the effects of Cp2TiCl2 on the high field region of
resolution-enhanced 500-MHz1H NMR spectra of hTF in
the presence and in the absence of bicarbonate. Figure S5
showing the locations of the nine Met residues in hTF. Figure
S6 showing the dependence of the difference absorption
spectrum of Ti2-hTF on time after addition of 2.5 mol equiv
of Fe(NTA)2. This material is available free of charge via
the Internet at http://pubs.acs.org.
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