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ABSTRACT: The organometallic anticancer agent titanocene dichloridgliCf, is now in phase Il clinical

trials as an anticancer drug, but its mechanism of action is poorly understood. We show here that the
interactions of CpriCl, with human serum transferrin (hTF) and that offiTF 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.
Cp.TiCl; 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-dimensiond[ 13C] NMR studies ofe-[13C]Met-hTF show that TY loads

the C-lobe first followed by the N-lobe and binds in the specifi¢' Bites. The protein conformational
changes induced by 'Yiappear to be similar to those induced by'F€arbonate can act as a synergistic
anion in Ti-hTF but does not appear to be essential. A specifi¢-ATF adduct is formed even in the
absence of bicarbonate. When the pH ofATF solutions is lowered, no iis released at the endosomal

pH of ca. 5.0-5.5, but one TV dissociates between pH 4:2.0. In contrast, in the presence of 1 mM
ATP, all Ti'V is readily released from both lobes when the pH is lowered from 7.0 to 4.5. MoreovVer, Fe
displaces TV rapidly from the C-lobe of BhTF (<5 min) but only slowly (days) from the N-lobe.

Thus, the species E€in-hTF might also provide a route for 'Yientry into tumor cells via the transferrin
receptor. Ti-hTF effectively blocked cell uptake of radiolabelétFe-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 TY complexes, organometallic biscyclo- (1, 2, 13). Attack on cellular nucleic acids is believed to be
pentadienyl titaniufi complexes and big¢diketonato)-TV crucial for the antitumor activity of GFiCl,, which inhibits
complexes, have been shown to exhibit high antitumor DNA synthesis rather than RNA and protein synthesis, and
activities against a wide range of murine and human tumors, titanium accumulates in nucleic acid-rich regions of tumor
with less toxic side effects than cisplatib, @). Titanocene cells after in vivo or in vitro administration7( 14, 15).
dichloride (CpTiCl,, Cp = 5°>-CsHs) is currently in phase  However, unlike cisplatin, ™ does not bind strongly to
Il clinical trials as an anticancer ager8<5). Titanocene  DNA bases at physiological pH but forms strong complexes
dichloride significantly overcomes cisplatin resistance in with nucleotides only at pH values below 56. This and
ovarian carcinoma cell line$)and also exhibits pronounced  the finding that the vanadium and molybdenum analogues
antiy?ral, antiinflammatory and insecticidal activiti€g.(In 4| to form stable complexes with DNA under physiological
addition, some Tf complexes show pronounced antibacterial ¢ongitions, raise doubts that nucleic acids are the predomi-
activity (8—10), and®Ti is potentially useful as a radio-  nant target 13, 17, 18). Efforts to identify the biologically

pharmaceuticall(l). However, in contrast to platinum-based  ,ive species have been largely unsuccessful due to the rapid
a'nt|car;cer.drugfslle), the biological chemistry ?nd mecha- v grolysis of TV complexes at neutral pH and the precipita-
nism of action of titanium compounds are poorly understood o of tovmeric hydrolysis product(19).
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solution at 277 K, as reported for in vivo experimerid, (

15). This stock solution was ca. 320 mM and was used
within 5 h. 3-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 H and 3P NMR spectroscopy. NaHGO(Aldrich),
nitrilotriacetic acid (HNTA, Aldrich), Hepes (Aldrich),
NaH@CO; (MSD isotopes,>99% enriched), and°FeCk
(Amersham, in 0.1 M HCI) were used as receiV@He-hTF
was prepared by incubating apo-hTF whtreCk in the
presence of NaHCORecombinant-[**CHz]Met-hTF was
supplied by Professor R. C. Woodworth and Dr. A. B. Mason
(University of Vermont) and was prepared as previously
described 8, 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

Cp,TiCl, concentrations of 4 mM NaiO,, 100 mM NacCl, and 25
mM NaHCG; (pH 7.4).

proximately octahedral coordination from two Tyr, His, Asp, A solution of [Fe(NTA)] was prepared from the iron
and bidentate carbonate (synergistic anion) ligands (see Charitomic absorption standard solution and 2 mol equiv f H
1). The major receptor recognition sites on hTF are thought NTA. The pH was slowly raised to 5.5 with microliter
to be localized on the C-lobe28—26), supported by the  amounts of NaOH (1 M), and this solution was then diluted
recent X-ray crystal structure of the human transferrin to0 9.0 or 1.8 mM.

receptor 25). Transferrin in human serum is only 30% UV—Vis SpectroscopyApo-hTF solutions were prepared
saturated with iron, and the vacant sites can bind other metalby diluting aliquots of a stock apo-hTF solution to ca. 2.5
ions 35, 36). It has been suggested that transferrin can act x 105 M with physiological buffer, pH 7.4. The hTF
as a natural carrier for anticancer metal io86) (as well as concentrations were determined spectrophotometrically using
other chemotherapeutic drugx), since there are high levels  ¢,50 93000 Mcm™ (40). UV difference spectra after
of transferrin receptors on the surface of tumor celig addition of CpTiCl, to apo-hTF were recorded immediately
30), possibly due to their increased requirement of iron for and at different time intervals. For titration experiments,
metabolism, growth, and development. Indeed, it has beenaliquots of CpTiCl, (0.5-10 uL) were added, and the
suggested that transferrin is responsible for the transport andsolution was left to equilibrate at 298 K for 30 min. The
delivery of metal ions such &4Gd" and RY' to cancer cells  binding or release of ™ was monitored by the increase or
(31, 32). Transferrin takes up Meat pH 7.4 and delivers it decrease in absorbance at 321 nm. All the UV experiments
to cells via receptor-mediated endocytosi8)( The general ~ were performed with 1-cm cuvettes on a computer-controlled
features of this process are now well-understa@436). Shimadzu UV-1000 spectrometer with temperature control
First, F¢' binds to apo-hTF and induces a major conforma- at 298 or 310 K.

tional change of the protein, from the lobe-open to the lobe-  \yR SpectroscopyApo-transferrin was dissolved in 0.1
closed form. Then, the iron-saturated holo-hTF binds to the y\; kclin D,O/H,0 (10%/90%) containing 10 mM NaHGO
specific transferrin receptors on the cell surface and is The pH was adjusted to 74 0.1, when necessary, using
internalized by clathrin-coated vesicles into endosomes. Heren30H and HCI (0.1 M). The pH* values (meter readings)

the pH is mildly acidic (pH ca. 5:05.5), and Fé is released ot NMR solutions were recorded before and after NMR
from the transferrin. ATP is a possible direct'Facceptor  heasurements.

from transferrin and a major Fe carrier inside cells iH NMR spectra were recorded on a Bruker DMX 500
(34, 37). . T spectrometer at 500 MHz, using 0.6 mL of hTF solution (ca.

We report here a detailed study of uptake of' Tirom 0.8 mM) in 5-mm tubes at 298 K, using ca. 1000 transients,
the anticancer agent €lCl, by human t_ransferrm atblood ¢ us (50) pulses, 1.8 s recycle time, 16 384 data points,
plasma pH values, release Of_ boundTo ATP at cel!lular and water suppression via presaturation. The chemical shift
endosomal pH values, and displacement of By Fe', as reference for'H was sodium trimethylsilytls-propionate
well as uptake of T+hTF into BeWo placental cancer cells. (TSP) via endogenous formate (8.465 ppm, pH*7).

These studies may shed light on how fitanium anticancer pegqjution enhancement of the spectra was achieved by
complexes are activated in vivo, as well as on the rational ,,cessing the free induction decays with a combination of
design of more active and less toxic metallodrugs. unshifted sine-bell and exponential functions (line broadening
of 1.5—-20 Hz) on a Silicon Graphics computer using XWIN
NMR software.

Materials. Apo-hTF was purchased from Sigma (catalog  Proton-decouple#’C and®'P NMR spectra were recorded
no. T0519) and washed three times with 0.1 M KCI to on a Bruker DMX 500 spectrometer operating at 125 and
remove low molecular mass impurities using Centricon 30 202 MHz, respectively. Typically, 30 0063C) or 1006-
ultrafilters (Amicon). Titanocene dichloride was purchased 2000 ¢'P) transients were collected using °5@ulses,
from Arcos Chemical Co. and was used in all the experiments relaxation delay 2 s, and 16 384 data points. TH&
as a freshly prepared DMSO/saline (0.1 M NacCl; 1/9,v/v) reference was external TSP, and ¥ was external 85%

ATP

MATERIALS AND METHODS
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HsPO,. The spectra were processed using exponential func-
tions (line-broadening of 520 Hz).

NMR samples ofe-[13C]Met-hTF (ca. 0.26 mM) were
prepared in 0.1 M KCI in BO/H,O (30%/70%), and pH
values were adjusted to 7# 0.1 using NaOH or HCI.
Sodium bicarbonate in @ (0.25 M) was added to transferrin
solutions to give a concentration of 10 mM. After addition
of Cp.TiCl; to protein samples to give drug/protein mol ratios
of up to 2:1, the pH was readjusted to #40.1, and the
samples were left 30 min at 298 K for equilibration.

2D [*H, B*C] HSQC spectra4l) were acquired on a Bruker
DMX 500 spectrometer at 298 K. The sequence was
optimized fortJ(*H-3C) = 136 Hz, and 16-32 transients
were acquired using 2048 data points in the f2 dimension
(*H), 32—64 increments ofy, 1°C frequency width of 3000
Hz (sw1l), 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®) was used to decoupt€C. After zero-
filling to 2048 x 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 viai0él;
peak ofL-methionine (external, 15.14 ppm) f&iC and via
formate (8.465 ppm, present as a minor impurity) ¥el

Inductively Coupled Plasma Atomic Emission Spectrom-
etry (ICP-AES).This was performed on a Thermo Jarrell
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Ficure 1: Reaction of CprliCl, with apo-hTF gives rise to new
bands in the UV difference spectrum after addition of various mole
equivalents of CgTiCl,. Conditions: 25M apo-hTF in 100 mM
NaCl, 25 mM HCQ, and 4 mM NaHPGQ,, pH 7.4, 298 K. Ratio
(Ti/hTF) from bottom to top: 0.41, 0.82, 1.27, 1.64, and 2.05.

was counted representing intracellutéee @3). All values
were calculated as cppdg DNA and are the meait SEM

of four experiments, each performed in triplicate. DNA was
analyzed using Hoechst dye as previously descrid&l (

RESULTS

Reactions of human serum transferrin, recombinant iso-
topically labeled human transferrir-[**C]Met-hTF with
> 95% e-13CHj; enrichment at all nine Met residues) with

Ash IRIS spectrometer using standard methods. Metal-loadedthe anticancer complex GRCl,, Ti'V release to ATP, and

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 MeasurementsThe pH values of the solutions were
adjusted with HCI or NaOH (DCI or NaOD for samples in
D,0 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 forJ solutions are recorded as
pH* values, i.e., uncorrected for the effect of deuterium.

Bicarbonate-Free Experiment®ll the solutions were
freshly prepared using ultrapure water and were bubbled
thoroughly with high-purity helium to remove residual £€0O
Anaerobic UV cuvettes were used to prevent;@Ontami-
nation from the air. Similar experiments in the presence of
NaHCQO; were also carried out for comparison.

Cell Culture ExperimentsBeWo 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 NacCl, 5 mM KCI, 1 mM CaGl| 1 mM MgCl, and
18 mM Hepes, pH 7.4) and incubated in balanced salt
solution containing 0.&M >°Fe-hTF fo' 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 140@0for 1 min. The supernatant was
removed and counted, representing surface-b&%e The

displacement of TY by Fé'" were studied by UV-Vis
spectroscopy, ICP-AES spectrometry, and one-dimensional
IH,13C, 8P, and 2D {H, ¥C] NMR spectroscopy under
physiologically relevant conditions.

Uptake of TV by apo-hTF from Anticancer Drug GpiCl,
under Physiologically Relent ConditionsReactions of the
anticancer drug GigiCl, 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 gpCl, was
added to an aqueous solution of apo-hTF (2.40°° 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"Tbinding
was performed under similar conditions but at 298 K.
Selected UV difference spectra at equilibrium are shown in
Figure 1. A plot ofAAsz; against the molar ratia’) of Cp,-
TiCl, to apo-hTF is shown in Figure 2. It can be seen that
with the increase of, the three UV bands near 242, 295,
and 321 nm increase in intensity and reach a plateau=at
2, which suggests that two 'Tiions 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™*
based on protein concentration. The resulting yelloy Ti
hTF solution was stable at ambient temperature for several
weeks.

IH NMR studies were carried out to investigate the
structural changes in hTF induced by reactions with-Cp
TiCl,. Aliquots of a solution of CgliCl, (0—2 mol equiv,
freshly prepared in DMS@e/saline, 1/9, v/v) were added

pellet was resuspended in 1 mL BSS and sonicated, and 1000 a solution of apo-hTF in 0.1 M KCI (ED/H,O, 10/90%)

uL was removed for DNA analysis. The remaining 900

containing 10 mM bicarbonate, pH 74 NMR spectra of
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observed, together with a broad envelope at-17&3 ppm

0.124 , * corresponding to the backbone and side-chain carbonyls of
: apo-hTF (natural abundandéC) (48). In the presence of
0.08 | : Cp:TiCly, the peak due to free’ACO; decreased in intensity
AA : markedly, and a new peak assignable to Ti;@DF

321

appeared at 166.5 ppm. This peak is weak and has a chemical

0.041 shift comparable with that for hTF loaded with other
: diamagnetic metals (such as GaBi®*, Co**) and had
0.00 — § : disappeared when the spectrum was recorded 3 weeks later.
0 1 2 3 TiV Binding to Apo-hTF under Bicarbonate-Free Condi-
r [TVhTF] tions. To investigate whether carbonate as synergistic anion
Ficure 2: Titration curve for the reaction of GpiCl, with apo- is essential for TY binding to apo-hTF, comparative UV

hTF. Increase in intensity of the LMCT band at ca. 321 nmis plotted y/is andH NMR experiments were performed in the absence
against the ratio [Ti]/[[hTF] ). Conditions: as Figure 1. : .
or presence of bicarbonate. In the absence of bicarbonate,

hTF are complicated by the overlap of a large number of the reaction of 2.0 mol equiv of GpiCl, with apo-hTF (30
resonances from this large molecule (80 kDa). However, uM) in 10 mM Hepes buffer, pH 7.4, 298 K, give rise to
some regions of thtH NMR spectrum are sensitive to metal three new bands in the UW/is difference spectrum at ca.
binding to the specific iron sites of the protei4. The 242, 295, and 315 nm, which increased in intensity over a
region near 2 ppm contains resonances due ti\theetyl period of 1 h. Similar UV-Vis changes were observed in
groups of the NAcGlc and NAcNeu residues in each of the the presence of 5 mM bicarbonate and at the same apo-hTF
two biantennary glycan chains attached to Asn-413 and Asn-concentration, but the reaction was faster (0.5 h), and the
611 in the C-lobe of the proteir®, 45, 46). The high-field intensities of the bands were lower at equilibrium (ca. 26%
region (0.5 to—1 ppm) consists mainly of ring-current shifted lower at 315 nm). However, when NaHG(® mM final)
resonances, including those from groups in hydrophobic was introduced into the FhTF solutions formed under
patches near the specific metal binding sites in both the bicarbonate-free conditions, the bands decreased in intensity
N-lobe and the C-lobe of the proteid®). The 500-MHZz'H markedly over a period of 4 h, and the final UWis
NMR spectrum of theN-acetyl region is shown in Figure difference spectrum was nearly identical to that forATF
S1 (in Supporting Information). After addition of the first formed in the presence of bicarbonate.
mole equivalent of CiCl,, two new sharp peaks appeared  To investigate possible structural differences between Ti
at 2.07 and 2.03 ppm, together with a broad weak peak athTF adducts formed in the absence and in the presence of
2.10 ppm. No further changes occurred in this region on bicarbonate!H NMR experiments were performed. When
addition of the second equivalent of £jiCl,. The changes  Cp,TiCl, was added into the apo-hTF solution (0.7 mM), a
that occurred in the high-field region of the 500-MH4 yellow color developed. However, the changes in NMR
NMR spectrum were similar to those observed previously peaks in the absence of bicarbonate were quite different from
for reactions of TV-citrate with apo-hTFZ0). those in the presence of bicarbonate (vide infra). In the glycan

'H NMR studies were also carried out to investigate N-acetyl region near 2 ppm, there was little change when
whether the Cp ligands are displaced during the reaction of 1.0 or 2.0 mol equiv of CTiCl, was added (data not shown)
Cp.TiCl, with hTF. TiV-bound Cp exhibits a singlet at 6.42 in the absence of bicarbonate, in contrast to the marked
ppm at neutral pH, while released Cp (CpH) shows two changes in the presence of bicarbonate (see Figure S1 in the
multiplets at 6.57 and 6.62 ppm and a weak multiplet at 2.95 Supporting Information). These peaks remained unchanged
ppm (19). The 500-MHZz*H NMR spectra recorded over the  even when 10 mM NaHCgwas introduced into the solution.
period 16-40 min during reaction of 1 mol equiv of Gp In the high field region (see Figure S4 in the Supporting
TiCl, with apo-hTF in the presence of 10 mM bicarbonate Information), the changes to peaks in the absence of
at pH* 7.4, 298 K, are shown in Figure S2 (in Supporting bicarbonate were also different from those in the presence
Information). It can be clearly seen that a strong singlet for of bicarbonate when 1.0 or 2.0 mol equiv of LCl, was
TiV-bound Cp at 6.42 ppm is present after 10 min and that added to the apo-hTF solution. When 10 mM of bicarbonate
two broad peaks at 6.57 and 6.62 ppm are already discernible(**C-enriched) was introduced after the reaction of 0PI,
The latter peaks continued to increase in intensity at the and apo-hTF in the absence of bicarbonate, some peak
expense of the peak at 6.42 ppm. After 30 min, the peak atchanges in the high field region occurred slowly, but the
6.42 ppm had nearly disappeared, and the peaks at 6.57 anfinal spectrum was not identical to that for, A TF formed
6.62 ppm had attained their maximum intensities. With the in the presence of bicarbonate (see Figure SAYCANMR
addition of a second mole equivalent of fCl,, similar spectrum recorded after introducing N&EIO;, contained a
changes in intensity of the CpH peaks were observed with small peak at 166.5 ppm, but this disappeared 4 days later
time (data not shown). (data not shown).

3C NMR studies were carried out to investigate whether  Order of Lobe Loading of apo-hTF with'i2D [*H, 3C]
the binding of TV to hTF also involved concomitant binding NMR spectra of recombinant nonglycosylated human trans-
of carbonate as synergistic anion. The carbonyl region of aferrin with > 95% -'3CH; enrichment at all nine Met
125 MHz3C NMR spectrum of apo-hTF in the presence of residues (for locations, see Figure S5 in Supporting Informa-
4 mol equiv of H3CO;™ (4 mM, enriched to> 99% in13C) tion) were obtained using inverse detection techniqé®s (
and after addition of 2 mol equiv of GpiCl; is shown in 50). When 0.65 mol equiv of GfiCl, was added to
Figure S3 (in Supporting Information). In the absence ofCp recombinant apo-hTF at pH 7.4 in the presence of 10 mM
TiCl,, a sharp peak at 161.1 ppm due td%€0;~ was NaHCQ;, the cross-peak for Met-464 in the C-lobe of the
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Ficure 3: Detection of the order of lobe loading of hTF with'Ti
2D ['H,13C] HSQC spectra oé-13CHz-Met-hTF (0.26 mM in 0.1
M KCI, and 10 mM bicarbonate, pH* 7.4) and after addition of
0.65, 1.0, and 2.0 mol equiv of fCl,. Solid boxes indicate initial

ppm

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 CfiCl, and N-lobe residues Met-
309 and Met-313 on binding the second equiv of,TG@l,.
Assignments are based on r&3 and 50.

protein decreased markedly in intensity (Figure 3), and a

new strong peak shifted ca. 2 ppm downfield in €
dimension and ca. 0.2 ppm upfield in thel 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 botFC and'H dimensions.
With 1.0 mol equiv of CpTiCl, present, the original cross-

peaks for Met-464 and Met-499 had disappeared almost
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Ficure 4: pH-dependent profile of ™ release from T+hTF and

the effect of ATP. Conditions: 20M Ti,-hTF in 100 mM NacCl,

25 mM HCG;~, and 4 mM NaHPQ,, 298 K, in the absence (open
circles) or presence (closed circles) of 1 mM ATP, as monitored
by the TiV-tyrosinate charge-transfer band at 321 nm.
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Ficure 5: Effect of Ti-hTF on the 202-MHZz3P{'H} NMR
spectrum of ATP at different pH values. Conditions: ATR{Ti

completely, and the new peaks at 1.12/18.32 ppm and 1.89/hTF = 2:1, 1.0 mM Tp-hTF in 0.1 M KCI, 70% HO/30% DO,

15.68 ppm had increased in intensity; similarly, the cross-
peak for Met-499 had almost completely shifted to its new

spectra recorded after equilibration at 298 K for 0.5 h.

position. Also, a cross-peak assignable to Met-389, which This contrasted with the partial release ofVTifrom
was not observed for the apo-protein, appeared after additionTi,-hTF in acidic solutions in the absence of ATP.

of 1.0 equiv of CpTiCl, (Figure 3). When the second mol
equiv of CpTiCl, was added, there was no further change

A 3P{'H} NMR pH titration was carried out to investigate
further the role of ATP (see Chart 1) in facilitating"Ti

to the cross-peaks for the C-lobe Met residues, but shifts release from T-hTF. A solution of purified Ti-hTF in the
were observed for the cross-peaks of the N-lobe residuespresence of 2 mol equiv of ATP was titrated over the pH

Met-26, Met-309, and Met-313.

pH-induced TV Release from FihTF. The pH-dependent
properties of Ti-hTF (obtained from the reactions of £€p
TiCl, with apo-hTF in physiological buffer) were investigated
over the pH range of 2 to 10 by introducing aliquots of HCI
or NaOH (0.5-3.0 M), and the absorbance at 321 nm
(ligand-to-metal charge-transfer LMCT band) was then

range 7.5 to 4.5 in ca. 0.5 pH unit steps, each equilibrated
at 298 K for ca. 30 min before th&P{'H} spectrum was
recorded. A similar pH titration of ATP at the same
concentration but in the absence of-hiTF was also studied
for comparison. Thé'P NMR spectrum of ATP alone at
pH 7.0 shows doublets at6.97 and—10.38 ppm and a
triplet at—21.20 ppm, assignable to thea, andj phosphate

measured after incubation at 298 K for 1 h. No absorbance groups, respectivelyb(l). These shifts changed only slightly
change at 321 nm was evident over the pH range of 5.0 toover the pH range of 8.0 to 4.0, and no hydrolysis was

9.5 (see Figure 4), suggesting that-MiTF is stable over

observed. However, in the presence of-ATF, a new

this pH range. Below pH 5, the absorbance at 321 nm 3'P{1H} peak assignable to inorganic phosphaté) (ap-
decreased and plateaued to ca. 53% of its initial value by peared at 2.72 ppm even at pH 7.5, as shown in Figure 5.

pH 2, implying cleavage of Ti-tyrosinate bonds in the
protein. Tp-hTF was stable at alkaline pH with a small
decrease iz, only at pH> 9.5 (Figure 4).

Ti'V Release from HhTF in the Presence of AT the
presence of 1 mM ATP, th&s,; value for Ti-hTF decreased

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 thephosphate
signal and continued to increase in intensity at the expense
of they phosphate signal as the pH was lowered. However,

sharply over the pH range 7.4 to 5.0 and by pH 4.5 was the there was little change in the phosphate peak. In tHed
same as that of apo-hTF in the presence of the sameNMR spectrum, peaks for H8, H2, and Hif ATP gradually

concentration of ATP (Figure 4). This suggests thdf ©
completely released from FhTF under these conditions.

lost intensity when the pH was lowered and had almost
disappeared by pH* 4.5.
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FIGURE 6: Determination of the order of displacement of From hTF by Fé'. Metal contents were measured by ICP-AES. Note

the N- and C-lobes of TihTF by Fd'. 2D [!H,13C] HSQC spectra  the rapid displacement of oneTiby Fe! followed by a much

of e-[13CHz]Met-Ti,-hTF (0.26 mM in 0.1 M KCI, and 10 mm  Slower displacement of the secondTi

bicarbonate, pH* 7.4) after addition of 0.5 (0.5 h), 1.0 (0.5 h), 2.0 - . P -

(2 h) and 2.0 F(’3 days% mol equiv of Fe(NTfE)aquili)bratec(i for ttze of Fé" to Ti,-hTF led to a dramatic decrease in intensity of
periods specified). Solid boxes indicate initial peaks, and dotted the cross-peaks for Met-464 and Met-499 of-fiTF and

boxes show new peaks. The spectrum gfATF alone is shown  was accompanied by the appearance of two new peaks at
in Figure 3. Specific shifts of cross-peaks for the C-lobe residues slightly lower field in the!H dimension. With 1.0 mol equiv
Met-464 and Met-499 on binding to the first mole equivalent of ¢ gt present, the original cross-peaks for Met-464 and Met-
Fé'" and N-lobe residues Met-309 and Met-109 on binding the . ’ . .
second mole equivalent of Heare notable. An additional cross- 499 of Ti-hTF completely disappeared as did the cross-peak
peak marked with an asterisk (¥) also appeared during the coursefor Met-389. No shifts were observed for the cross-peaks of
of the titration but had disappeared by the time the final spectrum the Met residues in the N-lobe although the peaks Met-309
was recorded. and Met-313, which are in the interlobe contact region,
_ _ decreased in intensity (Figure 6). With 1.5 and 2.0 mol equiv
Fell Displacement of T from Ti-hTF. When 2.5 mol  of Fell present, no further changes to these C-lobe peaks
equiv of Fe(NTA) was added to a solution of FhTF  \vas observed, but shifts of the cross-peaks for Met residues
(physiological buffer, pH 7.4, 298 K), a new broad band in in the N-lobe, Met-109, Met-309, and Met-313 developed
the visible region centered at ca. 465 nm appeared in thegyer a period of several hours: a 2D HSQC NMR spectrum
difference spectrum and gradually increased in intensity over recorded 0.5 h after addition of 1.5 equiv of Fe(NFA)
a period 0_f about 30 h (Figure S6 in Supporting Informz_mon). revealed that Met-313 had split into two peaks, but there
The reaction appeared to proceed in two phases: a first fasiyas little change in the other cross-peaks (data not shown).
phase lasting about 7 min and accounting for ca. 50% of the However 2 h after addition of 2.0 mol equiv of Fe(NTA)
total increase in intensity at 465 nm, and a second slowernew cross-peaks were observed for Met-309 and Met-109,
phase lasting for about 30 h, which accounted for the shifted to slightly lower field in théH dimension (Figure
remaining 50% increase in intensity at 465 nm. The second 6). The above sample (with 2.0 mol equiv of'Fpresent)
phase itself appeared to consist of two steps with the initial was left at ambient temperature for 3 days, at which time
stage lasting from 7 min to ca. 1 h. Increases in intensity at some white precipitate was visible in the solution. The 2D
>438 nm were accompanied by decreases in intensity at[lH, 13C] HSQC NMR spectrum at this time was almost
<438 nm. An isobestic point was observed at 438 nm during jdentical to that observed for FaTF (49). An interesting
this period, indicating a two-state mechanism. The secondfeature in Figure 6 is the presence of an additidhstC
step lasted for up to 30 h with increases in intensity around cross-peak at 1.72/16.03 ppm (marked by *), which is not
472 nm. Also, the absorption maximum at 465 nm, which present in the spectra of either,FiTF or the final protein

was seen during the first phase, shifted to 472 nm during Fe,-hTF. It was most intense during the addition of the first

the second phase. equivalent of F# and had disappeared by the time the final
The order of displacement of 'Tifrom the two lobes by  spectrum was recorded.
Fe' was established by 20H, *C] HSQC NMR studies ICP-AES Studiesto further confirm the displacement of

using e-13CHs-Met-labeled recombinant human transferrin.  Ti'V by Fd", the metal content of hTF at various stages of
To fully load the protein with TY, 2.5 mol equiv of Cp- the titration of Tp-hTF (19.4uM) with Fe(NTA), (2.5 mol
TiCl, was added to the labeled apo-protein in the presenceequiv) in physiological buffer (pH 7.4) was determined by
of 10 mM of NaHCQ. A yellow color developed quickly, inductively coupled plasma atomic emission spectrometry
and the 2D H, ¥C] HSQC NMR spectrum was identical  (ICP-AES). After incubation at ambient temperature (ca. 293
to that in Figure 3, indicating formation of FhTF. Aliquots K) for various times, the sample was ultrafiltered, and the
of Fe"(NTA), solution were added to the ;i TF solution protein was purified by washing three times with ultrapure
at pH 7.4 to give Fe/hTF mol ratios of 0.5:1 to 2.0:1 (in water followed by ultrafiltration (Centricon 30). The metal
steps of 0.5 mol equiv, with equilibration for 30 min at 298 (Ti and Fe) content was measured without digestion of the
K before recording the spectrum). The color of the solution protein. The results are shown in Figure 7. Fog-ATF
changed from light yellow to brown red during the additions. without added Fe(NTA) the Ti/hTF ratio was determined
As shown in Figure 6, the addition of the first 0.5 mol equiv to be 2.03, and Fe/hTF ratio was determined to be 0.03. After
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Membrane-bound *Fe  (a) cells have a high iron requirement and consequently express
100, B e, hTF a greatly elevated level of transferrin recept@s-<30, 53).
50 E‘Tﬁj;:f: Second, measurements of pH in vivo have shown that the
BiHTF microenvironment of tumors is more acidic than in normal

B3 apo-hTF
60

tissue b4), which may facilitate TV release in tumor tissues.
Third, although iron(lll) 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?@®d" complexes

to tumor cells §6), and it is possible that the specific delivery

of antitumor TIV 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 the—s* transitions of the aromatic
rings and leads to the production of two new absorption
bands near 241 and 295 n35( 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
M°::1TF cont:t;:tration (J:a) Fe'', Cev, and CU, also gives rise to LMCT bands in the

: visible region 85, 36). This provides a convenient way to

FIGURE 8: Effect of increasing concentration of metal transferrins  getect specific metalhTF binding and release by UWis
59 59Ca.
on uptake of°%Fe from >°Fe-hTF by BeWo cells. Cells Were1 spectroscopy.

incubated with 0.%M 5°Fe-hTF in the presence or absence of 0.
e T oL L LI g 0 i e St ot 7 o et
é:gc'J:rLtrol cells (100%). (a) Membrane-bouPiFe; (b) intracellular thzz-giﬁlizir?g;eo;/ g{r{esrlmg?;t%;gotzir? é) zggﬁﬁ dlp;:r;/éc;ugg for
’ 36). The two sharp new bands near 242 and 295 nm are

5 min of reaction of F& with Ti-hTF, the Ti/hTF ratiowas  typical of phenolate groupst-sr* transitions) generated by
1.08 and Fe/hTF ratio was 0.94, i.e., nearly half of the binding of metal ions to Tyr residues in the specific iron-
protein-bound TY had been displaced by e One hour binding sites. The third broad band centered near 321 nm,
later, the Ti/hTF ratio was 0.94 and Fe/hTF ratio was 1.02; lies in the range typical of LMCT transitions of "fiwith
18 h later, the Ti/hTF ratio was 0.77 and Fe/hTF ratio was phenolate ligands5{, 58). For example, we have observed
1.17, confirming a slow displacement of'Tby Fé'"' during similar bands for TY-EHPG (EHPG,N,N'-ethylenebisg-
the second phase. One-week later, a small amount of whitehydroxyphenyl)glycine) model complexes with known X-ray
precipitate developed, and only the supernatant was used focrystal structures57). The magnitude of the extinction
metal determinations. This gave a Ti/hTF ratio of 0.04 and coefficient of this LMCT band4es»1 = 4830 Mt cm™?) in
a Fe/nTF ratio of 1.93, indicating that'fihad now been  physiological buffer is similar to those for EehTF (A€ses
completely displaced from FhTF by Fé'. = 4950 M1 cm™?) (59) and C&-hLF (Aegsr = 4640 M1

Cell Uptake StudiesTo investigate whether T-hTF can cm™1) (60). The titration curve obtained by monitoring the
be recognized by transferrin receptors and subsequently take@bsorbance change at 321 nm gave a sharp break at a ratio
up into cells, Ti-hTF was incubated with placental BeWo of Ti/hTF of 2:1. The same ratio was also obtained by ICP-
cells in competition withPFe-radiolabeled RenTF. Com- AES measurement of bound metal (data not shown), sug-
petitions betweeP’Fe-hTF and BFhTF, Ga-hTF, Fe-hTF, gesting that TV binds to the specific metal-binding sites in
and apo-hTF were also studied for comparison. Cell mem- both the N-lobe and the C-lobe of the protein and that two
brane-bound®Fe and intracellulaP®Fe were measured as tyrosines are involved in binding i in both lobes
described in the Experimental Section. The results are shown(Tyr-95/Tyr-188 in the N-lobe and Tyr-426/Try-517 in the
in Figure 8. As expected, 1 TF was a strong inhibitor of ~ C-lobe) as is the case for 'Fe(35, 36). Moreover, the
5%Fe binding and uptake, as was&dF, in agreement with  displacement of T from transferrin by F& provides further
previous reports5?). Both Ti,-hTF and Bi-hTF also showed  evidence for specific binding of ¥ito the two lobes of the
marked dose-dependent inhibitory effects (Figure 8), whereasprotein.
apo-hTF was the least effective.

40+

% control

20+

0.1 1.0 10

M_-hTF concentration (uM)

Intracellular **Fe (b)

% control

The rapid uptake of T from the anticancer agent &p
TiCl; by human transferrin under physiological conditions

DISCUSSION (within 5 min in physiological buffer at 26M hTE, 310 K)

The natural transferrin cycle for the delivery of iron to may be relevant to its anticancer activity. OtherVTi
cells offers a potential strategy for drug targeting to tumor complexes such as Vicitrate can also donate 'Tito hTF
cells. Three features of transferrin chemistry point to the but very slowly ¢10 h for completion under similar
possibility that transferrin could deliver antitumor metal conditions) R0), while Ti'V-NTA is not able to denote Ti
complexes to cancer cells. First, it is known that malignant to transferrin 22).
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'H NMR spectroscopy shows that the cyclopentadienyl The 2D [H, 33C] HSQC NMR experiments oar[**CHg)-
ligands are displaced from 'iafter reaction of CgliCl, Met-hTF show that TV preferentially loads the C-lobe,
with hTF (Figure S2 in the Supporting Information). It is followed by the N-lobe. A similar preference has been
known that the chloride ligands are readily displaced from observed previously for reactions of hTF with NTA com-
CpTiCl, in aqueous solution (e.g., by,8/OH on hydrolysis plexes of F#, Sc", and BI" with bicarbonate as the
in water) (7, 13, 19), and therefore only the ¥iion from synergistic anion49). This preference can sometimes be
the drug is taken up by the protein. It had been suggestedswitched by changing the initial ligands on the loading metal,
that the active antitumor species could be the cyclopentadienebut the factors that determine the preference are not well
released during the decomposition of titanocene compoundsunderstood. The overall changes in chemical shifts for the
(61). However, subsequent in vivo experiments have shown nine Met CH cross-peaks induced byare similar to those
that neither cyclopentadiene 4ds) nor its dimer are the  induced by F& binding [added as Fe(NTA]) suggesting
active antiproliferative agent$2®). The active component that TiV-induced conformational changes in hTF are similar
must be TV itself. The role of the Cp ligands may be to to those induced by Mebinding. This could be important
stabilize TIV and prevent rapid hydrolysis to give inactive for the recognition of the protein by the transferrin receptor
polymeric species. Thus, it may not be surprising that on cell membranes and the subsequent uptake of transferrin
structurally distinct TV species, such as titanocene dichloride into cells. It is known that only holo-hTF but not apo-hTF
and Budotitane, share similar patterns of antitumor activity binds strongly to the receptor and is taken up into c&1B.(
and organ toxicity 4, 5). In terms of “HSAB (hard-soft—acid—base)” theory§8),

The structural changes in hTF induced by Thinding TiV is a “hard” Lewis acid similar to F& and readily
were monitored byH NMR. Resonances for apo-hTF and hydrolyzes to form insoluble polymeric species at neutral
Ti-hTF are in slow exchange on the NMR time scale, pH values. Both CiliCl, and Budotitane undergo rapid
indicative of strong TV binding. Resonances in the glycan hydrolysis to give anticancer inactive polymeric species at
region (2.0-2.1 ppm) were perturbed only on the addition neutral pH {, 2, 17). Hence, it is likely that TV is stabilized
of the first mole equivalent of GpiCl,, suggesting that by binding to certain biomolecules and is transported to the
preferential binding of TY occurs to the C-lobe of hTF since  nucleus inside tumor cells. Transferrin is a strong candidate
the glycan chains are present only in the C-lobe. This to act as mediator for the uptake ofTfrom Cp,TiCl, in
conclusion was further confirmed by 2D HSQC NMR data blood plasma and transport it to tumor cells. Both in vivo
using e-13C-Met-labeled protein. A similar NMR behavior (rat) and in vitro studies using radiolabelédi'V-DTPA
has been observed for taln'", and BI" binding to hTF (DTPA, diethylene-triaminepentaacetic acid) have also sug-
with bicarbonate as the synergistic aniet®,(47, 63). gested that®Ti"V is mainly associated with transferrin in

The 13C NMR studies showed a decrease in intensity of blood plasma, anéfTi is transferred into tumor tissue over
the peak for free (bi)carbonate and a gradual increase ina period of 3-6 h postinjection in tumor-bearing rat$1).
intensity of the new signal at 166.5 ppm after addition of ~ We investigated whether ¥ican be released from i
the first and second mole equivalent of LCl,. This hTF under physiologically relevant conditions. Our YV
suggests that Ti binds to both the N- and C-lobes of hTF  Vis experiments showed that,InTF is stable over the pH
concomitantly with carbonate as synergistic anion. The range of 5.6-9.5 in 100 mM NaCl, 25 mM NaHC§4 mM
chemical shift of this bound anion is close to that observed NaH,PQ,, conditions that mimic extracellular ones. Only
previously for other metallo-transferrins, e.g., 166.0/166.2 53% of bound TV was released from transferrin even at
ppm for TI" (64), 165.4 ppm for Al', 166.5 ppm for G& pH 2 over a period o1 h at 298 K. Incontrast, more than
(48), 166.8/167.2 ppm for Ic(65), and 165.8 ppm for Bi 80% of Fd!' is released from RenTF over the pH range 6.0
(46), suggesting a similar mode of carbonate binding, to 4.0 in the absence of chelatoi5(60). Protonation of
probably as a bidentate carbonate ion. carbonate (synergistic anion) may therefore trigget' Fe

The weakness and gradual disappearance of the peak forelease but not T release. However, upon introduction of
bound carbonate suggests thdt Tinding does not require  ATP (at a concentration of 1 mM, a 40-fold molar excess
carbonate as an obligatory synergistic anion. Such a bindingover hTF), TV was readily released over the pH range of
mode is known for V@" (66). The UV—Vis and NMR 7.0-5.0, with 50% TV release at pH 6.3 and almost
experiments carried out in the absence of bicarbonate reveacomplete release by pH 4.5. Extracellular ATP levels are
that TiV can still bind to hTF at the Fesites but in a slightly  low but intracellular concentrations of ATP are as high as
different manner. In the absence of bicarbonate, the structural3—5 mM (69, 70). Inside endosomes, where'Fis released,
changes in hTF induced by 'Tiare different from those in  the pH is as low as 5:05.5 (33, 34). Therefore, the release
the presence of bicarbonate, as evidenced bythBMR of Ti'V after cellular uptake may be favored there. THe
data. Chemical exchange effects could give rise to the NMR studies suggested that thephosphate group of ATP
broadening that decreases the intensity of'fi@zpeak for was hydrolyzed after interaction of ATP with AWTF, a
bound carbonate. Such effects could arise from multiple reaction that is also observable for'VFATP alone (6),
conformations of bound carbonate as suggested from thesuggesting that the released'Tinds to the chelator ATP.
X-ray crystal structure of recombinant N-lobe of transferrin Ti'V transfer from the model ligand EHPG to ATP readily
(67). Ti" bound to transferrin could adopt a seven-coordinate occurs at low pH or high ATP concentration&l). Fe" is
geometry. This is favored, for example, in model complexes likely to bind to ATP after it is released from transferrin in
of Ti"V with the model ligand EHPG, in which fi has endosomes3(7). ATP is known to be a metal macrochelator
pentagonal bipyramidal geometry with axial phenolate and a major intracellular iron carrierZ, 73). It plays a major
ligands, two amine nitrogens, two carboxylate oxygens, androle in the transport of Fé to the nucleus, and the
an additional HO ligand in the equatorial plan&7). y-phosphate of ATP is hydrolyzed during"F&ansport 73).
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Therefore ATP could also facilitate the intracellular transport
of Ti'V and allow it to target polynucleotides, which are

Biochemistry, Vol. 39, No. 33, 20000031

transferrin receptor52, 79). Bi,-hTF also appears to be
recognized by the transferrin receptorVTiBi"', and Fé'

condensed in the nucleus. DNA in the nucleus has a highbinding appear to induce similar conformational changes in
negative charge and potentially a markedly lower pH value hTF, as judged from th#H and**C NMR shift data 46). A

near its surface (up to 3 pH units lower than the bulk pH)
(74). These factors may favor Yibinding. Our results with
nucleotides reveal that 'Yihas a high affinity for O-sites of
the phosphate groups and N-sites of bases at lowiH (
Ti-DNA adducts have been detected recently in vitro and in
tumor cells treated with GpiCl, (6, 75). Kopf and co-
workers have shown that "fiaccumulates mainly in nucleic
acid-rich regions of tumor cells, especially the nucleus,
after both in vivo and in vitro administration of gRCl,
(14, 15).

The UV-—visible, ICP-AES, and 2D HSQC NMR data
show that F# can displace TY from Ti,-hTF and that
displacement of TY occurs preferentially and more rapidly
from the C-lobe than from the N-lobe. Early studies also
noted that F& displaced one of the two trions from bound
transferrin or lactoferrin much more readil§g, 77), but the

recent X-ray crystal structure of Seactoferrin has revealed
that the large metal ion Sth induces the same overall
structural changes in this protein as’Fealthough different
structural changes occur at the metal binding si@&3). (
Therefore, both chemical and biochemical experiments
suggest that T 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

lobe preference was not determined. There are few otherto their targets. “Hard” TY may be transported into tumor
reported data on lobe-selective metal displacement from hTFcells by transferrin and subsequently bind to DNA at both

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 bric$e (
36), and metal in the N-lobe is normally more exposed and
accessible35). The preferential displacement of"Tifrom

the C-lobe of Ti-hTF was therefore unexpected. This could
suggest that the C-site is better optimized for binding
specifically to F&. The Fé' loaded C-lobe appears to be
responsible for receptor recognitic®3( 24, 34). The cross-

the negatively charged phosphates on the backbone and base
N-donors (3b 81). The high DNA concentration in the cell
nucleus, the much lower dielectric constar@2)( and
potentially the low pH close to the surface of DNA may
favor DNA as a target for V.

CONCLUSIONS

We have shown that i from the antitumor drug Gp
TiCl; is readily taken up into the two specific iron sites of

peaks for the N-lobe Met residues were affected by the hyman transferrin under physiological conditions, in the

addition of the second mole equivalent of'=&he displace-
ment of TIV from the N-lobe was very slow, but aTF
was finally formed afte 3 d (Figure 6). A new cross-peak

presence of carbonate as a synergistic anion. Both Cp
ligands are displaced during"Tuptake. TV is preferentially
taken up into the C-lobe, followed by the N-lobe as indicated

for an unassigned Met residue appeared during substitutionpy NMR spectroscopy. Binding of i appears to induce

of the C-lobe TV by Fé'", a peak not present in spectra of
Ti-hTF or Fe-hTF (peak marked by an asterisk in Figure

similar conformational changes in hTF to those induced by
Fe' binding in the presence of bicarbonate!VTéan also

6). This may represent an intermediate in which the C-lobe/ bind to apo-hTF in the absence of bicarbonate but induces

N-lobe interface is perturbed. Additional evidence for this
mechanism was provided by the shift of thd'HeTF LMCT
band [ca. 470 nm for RLehTF, an average for N- and C-lobes
and 473 nm for the N-lobe alon8%, 78)] during the two-
phase of F& displacement T from Ti-hTF (Figure S6).

different structural changes from those in the presence of
bicarbonate. Bicarbonate is readily displaced fromHIiF.
ATP facilitates the release of'fifrom transferrin complexes.
Unexpectedly, P& displaces TY from the C-lobe more
rapidly than from the N-lobe. K&in-hTF may be a

The absorption maximum of the LMCT band shifted from significant species under physiological conditions and be
465 nm in the first fast phase to 472 nm in the second slow recognized by transferrin receptors and taken up into cells.
phase, suggesting that metal displacement occurs in theTi,-hTF blocked both membrane binding and cellular uptake
C-lobe first followed by the N-lobe. The two-phase displace- of 5%Fe-hTF into BeWo placental cancer cells. The rapid and
ment was further confirmed by ICP-AES measurement of strong interaction of the anticancer drug titanocene dichloride
protein metal content during the reaction course (Figure 7). with transferrin may be relevant to its low toxicity and high
The two-phase displacement implies thagFg-hTF could activity. It would be of interest to investigate whether
survive for a long time (days) under physiological conditions. transferrin can enhance the anticancer activity of titanium
Because the primary receptor recognition sites on humanagents.
transferrin appear to be in the C-lot#3(-25, 35), hTF with
Fe" in the C-lobe and T in the N-lobe (FeTin-hTF) may ACKNOWLEDGMENT
be recognized by the transferrin receptor and taken up into  We are grateful to Dr. J. A. Parkinson (Edinburgh) for
cells. Therefore, the formation of both,MTF and FeTin- helpful advice on NMR experiments and Professor R. C.
hTF may provide routes for entry of 'Yiinto cells. Woodworth and Dr. A. B. Mason (Department of Biochem-
The cell uptake experiments show thag-iiTF competes  istry, University of Vermont) for supplying samples of
with Fe-hTF for membrane binding and uptake into BeWo recombinant transferrin (supported by Grant DK-21739 to
cells, although it is slightly less effective than &al'F, R.C.W. from the U.S. Public Health Service) and for
which has previously been shown to enter cells via the comments on the script.
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SUPPORTING INFORMATION AVAILABLE

Figure S1: Resolution-enhanced 500-MHE NMR
spectra of hTF showing the effect of £jCl, on theN-acetyl
region. Figure S2: 500-MH#H NMR showing the displace-
ment of Cp from CpTiCl, during reaction with apo-hTF.

Guo et al.
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74, 150.

22. Messori, L., Orioli, P., Banholzer, V., Pais, |., and Zatta, P.
(1999)FEBS Lett. 442157-161.

23. (a) Bali, P. K., and Aisen, P. (199B)ochemistry 309947
9952. (b) Zak, O., Trinder, D., and Aisen, P. (19%4)Biol.
Chem. 2697110-7114.

Figure S3 showing the detection of carbonate binding as 4 Mason, A. B., Tam, B. M., Woodworth, R. C., Oliver, R. W.

synergistic anion during reaction of apo-hTF with,Ticl,
by 3C NMR (125 MHz). Figure S4 showing a comparison
of the effects of CgriCl, on the high field region of

A., Green, B. N., Lin, L. N., Brandts, J. F., Savage, K. J.,
Lineback, J. A., and MacGillivray, R. T. A. (199Bjiochem.
J. 326 77-85.

25. Lawrence, C. M., Ray, S., Babyonyshev, M., Galluser, R.,
Borhani, D. W., and Harrison, S. C. (1999¢ience 286779~
782.

Wagner, E., Curiel, D., and Cotten, M. (1994lv. Drug
Delivery Re. 14, 113-135 and references therein.

resolution-enhanced 500-MH# 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

26.

spectrum of Ti-hTF on time after addition of 2.5 mol equiv
of Fe(NTA). This material is available free of charge via
the Internet at http://pubs.acs.org.
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