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Abstract: The trafficking of titanium(lV) by human serum transferrin (HsTf) has been implicated in the
physiology of this hydrolysis-prone metal. The current work broadens to include the further interactions of
Ti(IV) in serum that bear on this model. Ti;HsTf (2 equiv) binds the transferrin receptor TfR1 with Ky = 6.3
+ 0.4 nM and Ky, = 410 + 150 nM, values that are the tightest yet measured for a metal other than iron
but weaker than the corresponding ones for Fe,HsTf due to both slightly slower on rates and slightly faster
off rates. Comparing the affinities of metals for HsTf with the affinities of the resulting MoHsTf species for
TfR1, we speculate that the formation of an M,HsTf complex of high affinity may predict a lobe-closed
conformation that leads to a favorable interaction with TfR1. Human serum albumin (HSA), an important
serum competitor for metal binding, can bind up to 20 equiv of Ti(IV) supplied in several forms. With some
ligands, Ti(IV) may bind to the N-terminal metal binding site of albumin, forming a ternary complex. However,
the dominant type of HSA binding is via Ti(IV) in complex form, probably at surface sites. Notably, HSA
greatly stabilizes the titanocene moiety of the drug candidate Cp,TiCl, with respect to hydrolysis and
precipitation. HSA binds Ti(lV) citrate supplied as a hydrolyzed or unhydrolyzed source, with 1 equiv of
citrate remaining bound. Titanium(lV) monocitrate neither competes with the binding of reporter molecules
known to dock at canonical drug sites | or Il nor binds at the N-terminus. HsTf outcompetes HSA for soluble
Ti(IV) in a direct competition, but once bound to albumin, the transfer of Ti(IV) from HSA to HsTf is quite
slow. Each of these findings has implications for the metabolism of Ti(IV) in human serum.

Introduction of these levels implies interaction with serum chelators and
reflects potential bioactivity* Serum proteins have been invoked
in maintaining the elevated Ti(IV) levels and in the transport
of the metal ion.

Of all the serum proteins, human serum transferrin (HsTf) is
most frequently implicated in Ti(IV) transpoft- 17 HsTf is an
80 kDa bilobal Fe(lll) binding protein with two very similar
metal binding sites that coordinate metal ions typically in a
pseudo-octahedral geometry with one aspartate, one histidine,
and two tyrosinate residues and a bidentate synergistic anion
(usually carbonaté HsTf binds Ti(IV) with very high affinity°
and can coordinate Ti(IV) in both hydrolyzed and unhydrolyzed

Although there is yet no widely appreciated natural role for
titanium in biology, our environment and the human body each
contain more titanium than may be widely realized. Titanium
is the ninth most abundant element in the Earth’s crust (016%).
Between 9-20 mg of Ti are found in the human boéy?
making Ti more common than cobalt and selenium, both
essential elements. The essentiality of Ti for mammals is
doubted but still uncertain because a dietary deficiency has not
been achieveti® The concentration of Ti averages M in
human blood serum and 5. in milk.® These values are far
greater than one would predict based on the solubility of,TiO
the common oxide. Near neutral pH, that solubility would result  (8) Ishiwata, K.; Ido, T.; Monma, M.; Murakami, M.; Fukuda, H.; Kameyama,
in concentrations on the order of 15 pM. M;dg’;‘_”}’;‘gﬁig';i ng";b%;{g?“""‘a' S:; Sato, T.; Matsuzawahdpl.

Even higher serum Ti(IV) levels have occurred from the use (9) Vavere, A. L.; Welch, M. JJ. Nucl. Med.2005 46, 683-690.
(10) Hallab, N. J.; Skipor, A.; Jacobs, J.JJ.Biomed. Mater. Re2003 65A

of titanium as an imaging agef?® in implant$®1! and in 311-318.
anticancer drug¥ and after TiQ ingestion!3 The persistence ~ (11 755%"’00‘1 C.J. L.; Grootveld, MBiochem. Biophys. Re2005 330, 784~
(12) Melendez, ECrit. Rev. Onc. Hemat2002 42, 309-315.
(1) Emsley, JThe Elements3rd ed.; Clarendon Press: Oxford, 1998. (13) Bockmann, J.; Lahl, H.; Eckhert, T.; Unterhalt, Bharmazie200Q 55,
(2) Schroeder, H. A.; Balassa, J. J.; Tipton, I. H.Chron. Dis.1963 16, 140-143.
55—69. (14) Schwietert, C. W.; McCue, J. Roord. Chem. Re 1999 184, 67—89.
(3) Templeton, D. M. Titanium. IrHandbook on Metals in Clinical and (15

1577-1579.
16) Guo, M. L.; Sun, H. Z.; McArdle, H. J.; Gambling, L.; Sadler, P. J.
Biochemistry200Q 39, 10023-10033.

Analytical Chemistry Seiger, H. G., Sigel, A., Sigel, H., Eds.; Marcel
Dekker: New York, 1994; pp 627630.
(4) Schroeder, H. A.; Balassa, J. J.; Vinton, W.JHNutr. 1963 80, 39—47.

—~

)

)

)

) > !

) Sun, H. Z.; Li, H. Y.; Weir, R. A.; Sadler, P. Angew. Chem1998 37,
)

)

)

(5) Schroeder, H. A.; Balassa, J. J.; Vinton, W. H.Nutr. 1964 83, 239— (17) Messori, L.; Orioli, P.; Banholzer, V.; Pais, I.; Zatta, FEBS Lett.1999
250. 442 157-161.

(6) Lavi, N.; Alfassi, Z. B.Analyst199Q 115 817—822. (18) Aisen, P. Metal lon Transport and Storage. Biological Inorganic

(7) Knauss, K. G.; Dibley, M. J.; Bourcier, W. L.; Shaw, H.Appl. Geochem. Chemistry: Structure and Reagity; Bertini, |., Gray, H., Stiefel, E. I.,
2001 16, 1115-1128. Valentine, J. S., Eds.; University Science Books: Sausalito, CA, 2007.
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forms15-17.20HsTf also binds Ti(lV) from the anticancer drug influence their activity?3-35 Recently, studies of serum albumin
candidate titanocene dichloride, and the holoprotein has beenadsorption on solids including titanium have been inspired by
proposed to be the active agrguggesting that the compound  the use of titanium in implanf$:37 A study showed that a Ti-
and possibly also budotitane, a second candidate anticance(IV) ascorbate complex binds to albumin and that this interaction
agent, play the role of prodrug. Compared with its binding, enhanced the uptake of Ti(IV) in plants and increased distribu-

transport of Ti(IV) by HsTf is not well-characterized. HsTf
transports Fe(lll) into the cell by receptor-mediated endocyto-
sis?! TfR1 is an 180 kDa homodimer, which regulates cellular
iron homeostasf3 and is widely expressed in cells. However,
HsTf is only 39% Fe(lll) saturatédin serum and can easily
facilitate transport of other metad$lt has yet to be determined
whether the TiTf complex can be bound by the transferrin

tion in several tissue®.Ti(IV) complex binding by HSA could
compete with HsTf transport of the metal ion.

In this work we sought to extend our studies on serum Ti-
(IV) transport with particular attention to whether a competition
could exist between HSA and HsTf for Ti(IV) binding. As
described above, both proteins can bind hard metals via distinct
processes. Transferrin does so typically by exchanging the

receptor located at the cell membrane. This process is likely original ligands on the metal whereas albumin may maintain

because Tilf can block cellular uptake of L&f into cancer
cells1® which have highly elevated levels of transferrin
receptorg>—27

Ti(IV) transport by human serum albumin (HSA) has not been

them. The interaction of Z1f with transferrin receptor 1 (TfR1)

was evaluated. FTf binding by TfR1 was investigated by
surface plasmon resonance, a technique previously used to study
FeTf binding3° General factors important for meiaf—TfR1

addressed; this situation is surprising because of how highly jyieraction are suggested. The interaction of HSA with extremely

concentrated HSA is in serum-0.7 mMY® as compared to

transferrin ¢35 uM)?! and because albumin does bind metal
ions. Serum albumin is a 66.5 kDa protein with three homolo-
gous domaing? Albumin possesses an impressive array of
binding sites capable of binding a wide variety of ligands, such

as metal ions, hydrophobic ligands (i.e., fatty acids), charged

aromatic ligands, and drug&.3° The sites are somewhat
flexible, with conformational changes and enhanced ligand
binding occurring upon binding of fatty aci@SHSA is normally

thought to play a sequestration role, ridding the serum of toxins

or controlling free, active concentrations of therapeutic dfdgs.

hydrolysis-prone Ti(IV) complexes and with more stable sources
was used to understand how HSA may bind Ti(IV) and how it
may plausibly transport it. We contemplate what role HSA might
play in the bioactivity of Ti(IV) complexes if their ligands are
crucial to their activity. Insight is offered into the Ti(IV)
anticancer mechanism of action.

Materials and Methods

Materials. All aqueous solutions were prepared with Nanopure-
quality water (18.2 M2 cm resistivity; Barnstead model D11931 water

However, HSA does appear to participate in actual transport of purifier). Human serum apotransferrin (HsTf) and human serum albumin

ligands?82% The transport routes of HSA are not well under-
stood. A specific albumin receptor on cells has not been
identified. Direct cellular contact may induce conformational
changes of the protein that weaken the affinity of ligands or

(HSA) were purchased from Sigma and Calbiochem, respectively. HSA
can be heterogeneous with respect to the fatty acid and reduced thiol
content (typically~0.15 SH/mol in commercial stock&).HSA was
used nondefatted for the studies reported here. Experiments with
defatted protein did not show any difference in reactivity with Ti(IV)

increase their rate of dissociation so that ligands are passivelygqrces. The purity of the proteins was checked by Coomassie-stained

transferred into celld® There are four proposed metal binding

SDS-PAGE. Glycine-Glycine-Histidine (GGH) was purchased from

sites that are best suited for coordination of softer/intermediate Sigma. CuS@5H,0 was obtained from J.T. Baker. Titanocene

metals®! These sites do not seem likely for binding Ti(IV).
However, a very promising property of HSA is its ability to

dichloride was obtained from Aldrich and prepared fresh in 1:9 DMSO/
water, 0.1 M NaCl solution. The dichloro derivative of budotitane was

bind intact metal complexes (such as photosensitizers andsynthesized by a literature mettéaind prepared fresh in acetone.

contrast agentsf a means by which it can bind hard metals.
Orvig and coworkers argue that HSA binding of a potential
V(IV) drug may be essential to its bioactivi®y.Other studies
support the idea that metal complex adducts with proteins

(19) Tinoco, A. D.; Valentine, A. MJ. Am. Chem. So@005 127, 11218~
112109.

(20) Tinoco, A. D.; Incarvito, C. D.; Valentine, A. M. Am. Chem. So2007,
129 3444-3454.

(21) Lindley, P. F. Transferrins. Ihlandbook of MetalloproteinsBertini, 1.,
Ed.; Marcel Dekker: New York, 2001; Vol. 1, pp 79811.

(22) Aisen, PlInt. J. Biochem. Cell Biol2004 36, 21372143.

(23) Williams, J.; Moreton, KBiochem. J198Q 185 483-488.

(24) Harris, W. R.Struct. Bond1998 92, 121-162.

(25) Faulk, W. P.; Hsi, B. L.; Stevens, P.Llncet198Q 2, 390-392.

(26) Panaccio, M.; Zalcberg, J. R.; Thompson, C. H.; Leyden, M. J.; Sullivan,
J. R.; Lichtenstein, M.; McKenzie, I. F. Gmmunol. Cell Biol.1987, 65,
461-472.

(27) Cazzola, M.; Bergamaschi, G.; Dezza, L.; ArosidB®od199Q 75, 1903—
19109.

(28) Fasano, M.; Curry, S.; Terreno, E.; Galliano, M.; Fanali, G.; Narciso, P.;
Notari, S.; Ascenzi, PLUBMB Life 2005 57, 787—-796.

(29) Peters, T., JrAll About Albumin: Biochemistry, Genetics, and Medical
Applications Academic Press, Inc.: San Diego, CA, 1996.

(30) Ghuman, J.; Zunszain, P. A.; Petitpas, |.; Bhattacharya, A. A.; Otagiri,
M.; Curry, S.J. Mol. Biol. 2005 353 38-52.

(31) Mothes, E.; Faller, FBiochemistry2007, 46, 2267-2274.

(32) Liboiron, B. D.; Thompson, K. H.; Hanson, G. R.; Lam, E.; Aebischer,
N.; Orvig, C.J. Am. Chem. So@005 127, 5104-5115.

Benzoyl acetone was purchased from Alfa Aesar. Ti(citgate(K -
[Ti(CeHeOy)3]) was prepared following a literature proceddtéther
forms of Ti(IV) citrate were prepared as described below. Neat,TiCl
(9.1 M) and titanium(1V) bis(ammonium lactato)dihydroxide solution
(50 wt % solution in water) were obtained from Aldrich. The potassium
salt of titanyl bisoxalate (TiO(C,0.)]) was obtained from Gallare
Schlesinger. 2,43C citric acid (99%) was purchased from Cambridge

(33) Calderone, V.; Casini, A.; Mangani, S.; Messori, L.; Orioli, PAngew.
Chem.2006 45, 1267-1269.

(34) Casini, A.; Mastrobuoni, G.; Ang, W. H.; Gabbiani, C.; Pieraccini, G.;
Moneti, G.; Dyson, P. J.; Messori, IChemmedcherf007, 2, 631-635.

(35) Montero, E. I.; Benedetti, B. T.; Mangrum, J. B.; Oehlsen, M. J.; Qu, Y.;
Farrell, N. P.Dalton Trans.2007, 4938-4942.

(36) Brunette, D. M.; Tengvall, P.; Textor, M.; Thomsen, Htanium in
Medicine: Material Science, Surface Science, Engineering, Biological
Responses and Medical Applicatioi@pringer-Verlag: New York, 2001.

(37) Sousa, S. R.; Moradas-Ferreira, P.; Saramago, B.; Melo, L. V.; Barbosa,
M. A. Langmuir2004 20, 9745-9754.

(38) Kawamura, M.; Ido, T.; Ishiwata, K.; Inoue, K.; Kimura, S.; Matsuda, K.;
Kawashima, K.; Kameyama, M. Label. Comp. Radiopharmi986 23,
1360-1362.

(39) Giannetti, A. M.; Snow, P. M.; Zak, O.; Bjeman, P. JPLoS Biol.2003
1, 341-350.

(40) Zhang, Y.; Wilcox, D. EJ. Biol. Inorg. Chem2002 7, 327—337.

(41) Serpone, N.; Fay, R. @norg. Chem.1967, 6, 1835-1843.

(42) Zhou, Z. H.; Deng, Y. F,; Jiang, Y. Q.; Wan, H. L.; Ng, S. Walton
Trans.2003 13, 2636-2638.
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Isotope Laboratories. Spectra/Por dialysis tubing and Millipore Cen- experiments. For the sake of comparison, thd Fand TfR1 interaction
tricons (MWCO 10 kDa) were used for equilibrium dialysis. Micro-  was also confirmed following the method of Giannétf.he cells were
equilibrium dialyzers with ultrathin (MWCO 10 kDa) membranes regenerated to preinjection response levels between injections of-metal
holding 500uL were obtained from the Nest Group, Inc. (Southborough, Tf solutions by flowing a 12-s injection of buffer that included 0.5 M
MA). Amicon Centriprep and Millipore Ultrafree centrifugal filters ~ MgCl,, which is nondenaturing to sTfR2.All solutions included
(MWCO 10 kDa) were used to concentrate protein samples. A titanium 0.005% Tween 20.
atomic absorption sample (1 mg/mL) was obtained from Aldrich and  The response from the reference flow cell was subtracted from the
used for 2,3-dihydroxynaphthalene-6-sulfonate (TCI America) ag8ays. experimental cell to correct for background binding of the analytes.
Detergent compatible (DC) assay reagents were used from a Bio-RadThe saturation binding curve was fit by using a two-site Langmuir
protein assay kit (Bio-Rad, Hercules, CA). All other chemicals were equation (eq 1):
of high purity and used as received.
pH Measurements. The pH values were determined by using a Braxit Braxdl
ThermoOrion Model 410 meter and an Orion 8102BNUWP electrode, = Kytr Koty 1)
calibrated with Fisher Scientific buffer solutions at pH 4, 7, and 10. di 2
The pH meter measurements for, solutions are recorded as o . . o
uncorrected pH* values. The pH values were adjusted with calibrated The kinetic data were fit to a bivalent sequential ligand model as
HCI or KOH (DCI or NaOD). descn_bed previousl$f. Fitting to a single site failed to model the
Instrumentation. UV —vis spectra were recorded on a Varian Cary experimental data adequately.
50 spectrophotometer. The fluorescence emission spectra were moni- 11(IV) Binding by Human Serum Albumin. Ti(IV) Interaction
tored by using a Photon Technology International QM-4 spectrofluo- With the N-Terminal Model, Glycine-Glycine-Histidine. Equimolar
rometer. The cuvette pathlengths were 1 cm. Electrospray mass spectr&olutions of GGH (7.75 mM) and the Ti(IV) complexes Ti(citrate)
were collected on a Waters/Micromass ZQ spectrometer at a capillary Ti(lactate}(OH),?", and TiO(oxalatef~ were reacted for 24 h at pH
voltage of 3-4 kV, cone voltage of 20 V, and extractor voltage of 3 7.4 (final solution pH ranged from pH 6.0 to 7.4). The Ti(IV) content
V. In general, the field from 100 to 1506/z was scanned in 100 amu of the solutions was determined after the solutions were allowed to
increments and optimized as much as possible. The species reporte@duilibrate for 1 week.

were the only Ti(IV)-containing ones observed. Binding of Ti(IV)(ag). Aqueous solutions of TiGlare a mixture
NMR Spectroscopy.H and proton-decoupleBC NMR solution of water, hydroxo, and/or oxo-bound species and will be referred to as

spectra were recorded on Bruker 500 MHz instruments. Water Ti(IV)(aq). A stock solution of Ti(IV)(aq) was prepared by diluting a

experiments. An equimolar amount of this solution was added to a final 1 mL solution

Ti(IV) Quantitation. The Ti(IV) content in albumin and transferrin (50 MM Hepes, 0.1 M NaCl, pH 7.4) that contained & HSA. A
samples was quantified spectrophotometrically by chelation with 2,3- Parallel solution was made without HSA. The solutions were equili-
dihydroxynaphthalene-6-sulfonate by using a standard addition methogPrated for 1 week at 25C, and the Ti(IV) content was measured.
as described previousH The typical equilibration time for denatured Binding of Titanocene Dichloride and the Dichloro Derivative
protein solutions is 30 min, and for chelate solutions it is 2 h. of Budotitane. HSA was extensively dialyzed in pH 7.4, 10 mM

Ti,Tf Interaction with TfR1. A transferrin sample was prepared NaHCQ, 0.1 M NaCl buffer for 2 d. To individual final 40GL
by first purifying the protein on an S300 gel exclusion column (100 Selutions of 1 mM HSA was added 1 equiv of TCl; or the dichloro
mM Hepes, 150 mM NaCl, pH 8.0; flow rate 0.3 mL/min). HsTf was derivative of budotitane, respectively. Three sets of control solutions
then Ti(IV)-loaded by dialyzing against pH 7.4, 50 mM Hepes buffer, Were prepared. One solution contained the same concentration of the
which contained 0.1 M NaCl, 20 mM NaHGQ® mM NagCitrate, and Ti(IV) complexes in the absence of HSA. The second and third solutions
100uM Ti(citrate)®~ for 2 d. Excess Ti(IV) was eliminated by dialyzing contained the same mole equivalents of either cyclopentadiene or

against several rounds of the same buffer but with ZBONasCitrate benzoylacetone in the presence or absence of HSA. The free cyclo-
and no Ti(IV) and finally in citrate-free buffer with 2 mM NaHGO pentadiene was obtained from a freshly hydrolyzed titanocene dichloride
over 4 d. This procedure affords;Tf with 2 equiv of Ti(IV) bound solution. The Ti(IV) content in the final protein solutions was
predominantly in the unhydrolyzed forff. determined. ThéH NMR spectra of all the samples were collected.

A BIACORE 3000 biosensor system (Pharmacia) for surface Yater suppression was applied to these spectra.
plasmon resonance (SPR) experiments was used to quantify the affinity  The extent of Ti(IV) binding by HSA (50 mM Hepes, 0.1 M NaCl,
of TfR1 for Ti,Tf following a literature protoco?® Two flow cells of pH 7.4) from titanocene dichloride was determined. Up to 20 equiv of
a CM5 biosensor chip (Pharmacia) were prepared by covalently Cp.TiCl, were reacted with a final solution that contained.éd HSA.
coupling an anti-His-tag antibody (mouse anti-(H)5 from Qiagen) to a A parallel solution was prepared without HSA. The Ti(IV) content of
density of 2006-6000 RU through standard amine coupling chemistry these solutions was determined after 1 week of equilibration 4C25
at a flow rate of SuL/min according to the manufacturer’s instructions. Binding of Ti(IV) Citrate. Determination of the Nature of HSA-
The antibody had been desalted by using an NAP-5 column (GE Bound Ti(IV) Citrate. A 1 mM Ti(citrate}®~ solution was prepared
Healthcare) and was eluted @ 1 mM KHPQy/4 mM K;HPO, pH 7.6 by appropriate dilution of neat Ti¢in a solution of 2,45C citric acid.
buffer and concentrated to 1.2 mg/mL. For the coupling proceds 5  The solution was adjusted to pH 7.4. A final pH 7.4 solution (15 mL)
antibody were diluted in 40@L of pH 4.5, 10 mM acetate buffer. ~ was prepared that consisted of 6@/8 HSA, 60.8uM Ti(citrate)®",
Over one of the cells was flowed N-His tagged soluble Transferrin 100 mM Tris, and 0.1 M NaCl in 30:70 @/H,0. The solution was
Receptor 1 (sTfR1; generously supplied by Prof. Anne B. Mason at 2 concentrated to 1 mL and rediluted to 15 mL three times to remove
mg/mL) at 5uL/min to a density of 2086800 RU. Lower density unbound Ti(IV) and citrate. The final solution was concentrated to 0.45
coupled cells were used for kinetic experiments to avoid mass transportmL (2 mM). Approximately 13 300 scans were collected for a proton
issues. QiL of the STfR1 solution were diluted in 92 of phosphate ~ decoupled>C experiment on a Bruker 500 MHz instrument at°Zs
buffer. The other flow cell contained only the immobilized antibody A complementary experiment was also perform&d. mL portion

as a control. TiTf was injected over both cells at 10L/min (for of a pH 7.4 solution consisting of 10M HSA, 100uM Ti(citrate)®™,
saturation binding) or 7Q:L/min (for kinetic studies). The Tif 5 mM NaCitrate, 50 mM Hepes, and 0.1 M NaCl was prepared and
concentration series ranged from 0.315 to 5u0M for the kinetic allowed to react for 1 day. The protein sample was then dialyzed against

experiments and from 1.96 nM to 7.8/ for the saturation binding 1 L of Hepes buffer with 1 mM NgCitrate and two rounds of 1 L

2264 J. AM. CHEM. SOC. = VOL. 130, NO. 7, 2008
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Hepes buffer with 0.1 mM N&itrate at 25°C over 3 d. The Ti(IV) A. 800 —
content was determined as was the citrate content by the citric acid -
assayt® 600 |—
For details on HSA binding studies with two formulations of Ti- - K
(IV) citrate and for the synthesis of Ti(IV) citrate complexes at pH & 400 =
7.0, refer to the Supporting Information. 200 i
Spectral Changes Associated with Ti(IV) Citrate Binding.UV — __
vis and fluorescence emissiotiix = 280 and 295 nm) spectral changes 0 1
due to Ti(IV) citrate binding to HSA were monitored. The excitation 1000 2000 3000
and emission slit widths were 4 nm. Binding was confirmed by B. 800 — Time (s)
guantifying the bound Ti(IV) content. L
HSA—Ti Citrate Affinity Study. Neat TiCl was diluted to 10.28 600~
mM in an equimolar solution of citric acid. The Ti(IV) monocitrate 5 B
solution was diluted by 2-fold in the final buffer (50 mM Hepes/0.1 M r 400~
NaCl/0.1 mM NaClitrate; pH 7.4 at 37C). Solutions (2 mL) of 50 200'_
uM HSA with 5, 15, 25, 35, 45, and 5@M Ti(IV) monocitrate solution
were equilibrated fo4 h at 37°C. Bound Ti(lV) was quantified 0 I T T T e
following rapid spin equilibration in 2 mL Centripreps at 3000 g and 0 2 4 6 8 10
37°C. [Ti,Tf] (nM)

pH Stability of the HSA—Ti Citrate Complex. The stability of Figure 1. (A) Sensograms of FTf (1.96 nm to 7.56:M) binding to sTfR1.
50 uM HSA-Ti citrate complex (equilibrated with 0.1 mM Naitrate (B) Fit of the biosensor data to a two-site modé; = 6.3+ 0.4 nM and
at pH 7.4) was examined at pH 6.0, 8.0, and 9.2 by dialysis against Kp2 =410+ 150 nM. Reaction conditions: pH 7.4, 26, andl = 0.1 M.
two portions 6 1 L of either 50 mM Hepes (for pH 6.0) or 50 mm XY = response units.
Tris buffer that included 0.1 M NaCl and 0.1 mM }Gitrate at 4°C
for 2 d. The Ti(IV) content was quantified in all final solutions.
HSA-Ti Citrate Competition Binding Studies. For details on HSA-
Ti Citrate competition studies with drug site | and Il fluorescent probes K
and Cu(ll) ITC competition studies, refer to the Supporting Information. Ti,Tf + TfR1 — Ti, Tf-TfR1
Albumin and Transferrin Competitive Binding of Ti(IV). Ther-

Dissociation constants were determined by applying eq 1 to
the following model (eq 3).

modynamic Study.100uL solutions of 24uM apoHsTf were reacted . . K, .

in the presence and absence of /24 apoHSA with varying mole Ti,Tf + Ti,TH-TIR1 = (T'sz)z'Tle 3)
equivalents of Ti(citrate}~ in pH 7.4 buffer, including 100 mM Tris,

0.1 M NaCl, 20 mM NaHC@® and 10 mM Na(Citratg) Ti(IV) binding Kp1 and Kp, were measured to be 6:8 0.4 nM and 410+

to HsTf in both sets of solutions was monitored by following the growth 150 nM, respectively. These values indicate that theTfJi—
of the tyrosine to Ti(lV) ligand to metal charge transfer (LMCT) band TfR1 complex Ka overall= 3.8 x 104 M~?) is stable. Relative
at 321 nm. to the (FeTf),—TfR1 complex Kp1 = 0.72+ 0.6 andKp; =
Kinetic Study of Ti(IV) Exchange from HSA to HsTf. The rate 4.1+ 1.4 nM; Ky overall= 3.4 x 107 M~2)39 the (TiTf),—

of Ti(IV) transfer_ from the HSA-Ti citrate complex to HsTf was  TfR1 complex is significantly weaker. The greater weakness
followed by Uv—vis spectroscopy. An equal volume of 261 apoHsTT of the second BiTf equivalent is not yet well understood. The
with and without 20 mM NgCitrate was reacted with 50M HSA-Ti Kineti

. : . inetic data (not shown) for (3Tf),—TfR1 and (FeTf),—
citrate in pH 7.4 buffer (S0 mM Tris, 0.1 M NaCl, 20 mM NaHGO TfR13 reproduce fairly well the respective affinity constants.

at 25°C. Two parallel experiments were performed with HSA-free 50 "
M Ti(citrate)~ in the presence and absence of 20 mMGltate. The data reveal that the association rates efffFo TfR1 (kg

The growth of the TiTf LMCT absorbance was monitored. =1.80x 1P M 1s% ko = 4.68 x 10° M~* s71) under our
experimental conditions (300 RU coupled sTfR1 anduf®
Results and Discussion min flow rate) are 3.5 and 7.5 times faster for the first and

. . ) . ) second sites, respectively, thanTiibinding (k; = 5.08 x 10°
Ti,Tf Interaction with TfR1. While the general perception -1 sL k= 6.23x 10/ M~1 s°3). The dissociation rates of

is that HsTf is the key player in the serum transport of Ti(IV), FeTf (k1 =596 x 104 s% k, = 4.98 x 103 573 are
what has actually been demonstrated is that transferrin bi”dsroughly a factor of 2 slower than Wf (k_; = 1.30 x 1073
Ti(IV), and this conjugate blocks uptake of A& Little work s L k,=12x 102sY). Clearly FeTf can outcompete Fi
has been done to explore the feasibility of Ti(IV) cell trafficking ¢ ¢, binding to TfR1 from a kinetic and thermodynamic
via the endocytotic route. Crucial to this process is the standpoint.

interaction of the metal'f complex with the transferrin receptor. This conclusion does not suggest that Ti(IV) transport into
The aﬁ'”'tY of the (TpTf)>—TiR1 c:omple>_<_was determined bY cells via the Fglf receptor-mediated endocytotic route is not
SPR. N-His tagged sTfR1 was immobilized on a CMS chip, nqsiple. Other metaiTf complexes, such as Bi(IHJ# and
and a range of BIf concentrations (1.96 nM to 7.56M, G4y, Tf,4445with significantly weaker affinity to TfR1 than
prepared using an unhydrolyzed Ti(IV) source) were flowed po 1t "are siill believed to be transported via the transferrin route
over the protein. A saturation curve was generated from the following administration of the metal ions for medicinical or

equilibrium response units obtained at these concentrations afterdiagnostic purposes. Elevated concentrations of these metal ions
correcting for the background binding to the anti-His-tag

antibody (Figure 1). (44) Miquel, G.; Nekaa, T.; Kahn, P. H.; Hernadi, M.; Chahine, J. M. E.
Biochemistry2004 43, 14722-14731.

(45) Chikh, Z.; Ha-Duong, N. T.; Miquel, G.; Chahine, J. M.EBiol. Inorg.

(43) Indyk, H. E.; Kurmann, AAnalyst1987 112 1173-1175. Chem.2007, 12, 90-100.
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Table 1. Metal HsTf Affinities and Detection of (Metal),HsTf—TfR1
Complexes at pH 7.4

metal detected M, Tf

ion M-Tf interaction with
(M) log Ky TfR1atpH 7.4

Uo2+ 14.2 no

Al3+ 13.8 weak’ 51

Bi3+ 19.4 yeg4

Co3t 21.5b es?

Fet 21.3 yeso4758

Gat 19.0 yes®

Tc*t 23.0* yes?

Ti4t 26.749 yes (this work)

aEstimated from the correlation of metal transferrin binding to metal
hydroxide binding® The T value®® was estimated for this work using
hydrolysis values for Tc& although it is uncertain what the oxidation
state of Tc is when Tf is bound. The YO valué” was estimated for this
work. ® Taken from ref 54 and references within.

during these periods appear to facilitate competition with Fe-

(1) for binding to transferrid*4> and, subsequently, to the
transferrin receptor. Normally, transferrin is only 39% Fe(lll)
saturated? Ti(IV) with its stronger affinity for Tf than Fe(lll)
has an advantage hef®&-urthermore, TiTf has been shown to
block FeTf entrance into cancer cel§.

It is important to elucidate the factors that promote an

interaction between metdlf complexes and TfR1. Attempts
to correlate metal affinity for Tf with metglf affinity for TFR1

were thwarted by large variations in the latter values depending

on technique ((FA1),—TfR1 Ka by SPR?is 3.4 x 107 M2
and by fluorescenéé is 4.3 x 10° M~2). Some insight is
afforded by simply relating metalTf complex affinities with
direct detection of (metalf),—TfR1 complexes or indirect
detection via cellular uploading of met&f complexes (Table
1). MetabTf complexes with high affinity (lod<; > 19) interact
with TfR1, whereas those with intermediate affinity (IKg <

14.5) do not or do so weakly. Cu(ll), which has an intermediate

affinity for HsTf, is known not to be transported in vivo by
HsTf#8 It is uncertain whether the trend for the higher affinity

metabTf complexes is due to the charge/oxidation states of the

metal cations (3 or 4+), which may influence the charge of
the metalTf complexes promoting favorable electrostatic
interactions between Tf and TfR1. It is more likely that the
higher affinity metalTf complexes experience a more closed
protein conformation that allows Tf to be recognized by TfR1
at pH 7.4. ApoTf, known to exist in a more open conformatibn,
has an extremely weak affinity for TfR1 at pH 2%
Furthermore, metal cations like Y& and Zf*+ (which is
expected to form a high affinity Tf complé® do not undergo
lobe closure upon binding to T:50(UO,),Tf does not appear

(46) Lee, J.; Pena, M. M. O.; Nose, Y.; Thiele, DJJBiol. Chem2002 277,
4380-4387.

(47) Hemadi, M.; Miquel, G.; Kahn, P. H.; Chahine, J. M.Bitochemistry2003
42, 3120-3130.

(48) Ekberg, C.; Kallvenius, G.; Albinsson, Y.; Brown, P.J.Sol. Chem2004
33, 47-79.

(49) Vidaud, C.; Gourion-Arsiquaud, S.; Rollin-Genetet, F.; Torne-Celer, C.;
Plantevin, S.; Pible, O.; Berthomieu, C.; QuemeneuBiBchemistry2007,
46, 2215-2226.

(50) Zhong, W. Q.; Parkinson, J. A.; Guo, M. L.; Sadler, PJ.JBiol. Inorg.
Chem.2002 7, 589-599.

(51) McGregor, S. J.; Naves, M. L.; Oria, R.; Vass, J. K.; Brock, Bidchem.
J.199Q 272 377-382.

(52) Smith, T. A. D.Bioorg. Med. Chem2005 13, 4576-4579.

(53) Hemadi, M.; Ha-Duong, N. T.; Chahine, dJ.Mol. Biol.2006 358 1125~
1136.

(54) Smith, T. A. D.; Perkins, A. C.; Walton, P. Mlucl. Med. Commur2004
25, 387-391.

(55) Li, H. Y.; Sadler, P. J.; Sun, H. Zur. J. Biochem1996 242, 387—393.
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to interact with TfR14° Zr,Tf is predicted to not bind to TfR?
possibly because the metal ion may be coordinated by Tf in a
hydrolyzed form, similar to Ugf". These factors help to
rationalize Ti(IV) transport by transferrin. Tf is known to
undergo lobe closure upon Ti(IV) bindif§.and the complex
formed is of extremely high affinity? both features favorable
for binding to and potential transport by TfR1.

These results support the transferrin-mediated delivery of Ti-
(IV) to cells via interaction with the transferrin receptor but do
not address Ti release inside the endosome (although specula-
tions have been previously maé&¥° or transport out of the
endosome and into the cytoplasm. These steps may be less
favorable for Ti(IV) than for Fe(lll) and are most likely very
different.

HSA Binding of Ti(IV). Binding from Hydrolysis-Prone
SourcesAs an alternative to HsTf as a Ti(lV) transport vehicle
in serum, HSA interactions with different sources of Ti(IV) were
investigated. Extremely hydrolysis-prone sources of Ti(IV) were
initially selected: TiC}, Cp.TiCly, and the dichloro derivative
of budotitane. Albumin, more so than transferrin, can rapidly
bind Ti(IV) from these sources. An experiment was performed
in which 627uM HSA (the serum concentration) was reacted
with 1 mM Ti(IV)(aq) supplied by TiC| at pH 7.4 (50 mM
Hepes, 0.1 M NaCl) and 28C. The control solution consisted
of 1 mM Ti(lV)(aq) in buffer alone. The solutions were
equilibrated for a week. No Ti(IV) was present in the control
solution (as expected from the poor solubility of Ti(IV) at pH
7.4), but a 390uM concentration was found in the protein
solution, suggesting that 0.65 Ti(IV) equiv were bound to the
protein. The parallel experiment with HsTf typically results in
very little Ti bound (<0.1 equiv) and most likely bound
nonspecifically, as is the case for nonchelated Fefll).

It is uncertain how Ti(IV)(aq) is coordinated by HSA. No
UV —vis spectroscopic signal was evident, suggesting that
binding does not occur at a tyrosine sifawhile there are at
least four metal ion binding sites proposed to exist in HSA,
Ti(IV)(aq) might bind to the N-terminal Cu(ll) binding site as
a titanyl unit (TFO), considering that the similar vanadyl ion
(VO?ZH) specifically binds to this site? 60 Titanyl species exist
in aqueous solution at physiological §HStudies were per-
formed with the tripeptide GGH, a model of the well-
characterized N-terminal Cu(ll) binding site where the histidine
residue is most important for metal bindifftf253No UV—vis
spectroscopic signal was expected or observed from Ti(IV)
interaction with this coordination site, so electrospray mass
spectrometry was used to detect aTGH complex from the
1:1 reaction of GGH with Ti(citratg§~, Ti(lactate)(OH),2",
and TiO(oxalatef~. These sources of Ti(IV) were chosen for
both their high water solubility and their lability, considering
that the N-terminal site is a nitrogen-rich, softer metal binding
ligand. No T-GGH complex was observed with the Ti(citrate)
and Ti(lactatef OH),2~ sources. However, a complex was

(56) Gorski, B.; Koch, HJ. Inorg. Nucl. Chem1969 31, 3565-3571.

(57) Zanonato, P.; Di Bernardo, P.; Bismondo, A.; Liu, G. K.; Chen, X. Y.;
Rao, L. F.J. Am. Chem. So2004 126, 5515-5522.

(58) Bates, G. W.; Schlabac, Mi. Biol. Chem1973 248 3228-3232.

(59) Chasteen, N. D.; Francavilla, J. Phys. Chem1976 80, 867—871.

(60) Garribba, E.; Micera, G.; Lodyga-Chruscinska, E.; Sauna, D.; Sanna, G.
Eur. J. Inorg. Chem2005 4953-4963.

(61) Guo, M. L.; Harvey, I.; Campopiano, D. J.; Sadler, PAdgew. Chem.
2006 45, 2758-2761.

(62) Predki, P. F.; Harford, C.; Brar, P.; Sarkar,Bochem. J1992 287, 211~
215.

(63) Zhang, Y.; Akilesh, S.; Wilcox, D. Hnorg. Chem200Q 39, 3057—3064.
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Figure 2. (A) ESI-MS with titanium isotope distribution peaks consistent
with Ko[Ti(GGH)(oxalate)(HO)]™ (m/z = 498). (B) Proposed structure of
the Ti(IV) species.

identified with the TiO(oxalatey~ reagent atwz = 498 (Figure

ol oo s

6.7 6.6 6.5 6.4 6.3 6.2
ppm

Figure 4. (A) *H NMR spectrum of 1 mM titanocene in the presence of

2A). It appears to be a ternary complex as supported by the equimolar HSA at pH 7.4. (B)H NMR spectrum of 1 mM titanocene in

favorable match of the experimental data with the isotope model
for Ko[Ti(GGH)(oxalate)(HO)]*. The proposed structure in

pH 7.4 buffer after 15 min. (C) After 2 h.

Figure 2B suggests a seven-coordinate structure, which is not3). All 20 equiv, however, are probably not titanocene com-

unreasonable for Ti(IV§* Ternary Ti(IV) complexes with Ti-
(IV) bound by a nitrogen-rich core and a bidentate oxygen-
based ligand have been synthesized with phthalocyaFiiiés.
evident immediate precipitation was observed in the pH 6.0
reaction solution, in contrast to the complete Ti(IV) precipitation
that would result with TiO(oxalatgd~ alone at this pH. After
1 week in solution some precipitation was evident, indicating
that the TH=GGH affinity and most likely the FFHSA N-
termimal site affinity are weak, especially considering that the
reaction was performed at relatively high reagent concentration.
HSA coordination of Ti(IV) from the anticancer drug
candidate CgriCl, was even more surprising. The aqueous
chemistry of this complex was investigated by Toney and
Marks® They showed that at pH 7.4 the complex rapidly
hydrolyzes with the full loss of the chloride ligands and
extensive hydrolysis of the Cp rings, ultimately forming a
polymeric Ti(IV) oxide species with a substoichiometric amount
of bound cyclopentadienyl moie®jHere, a 4Q:M HSA sample
was reacted with 20 equiv of GPICl,. The solution was
equilibrated for several days. A control solution contained the
same amount of metal complex but in the absence of protein.
No visible turbidity could be seen in the protein solution unlike
in the control solution. There was no Ti(IV) present in solution
in the control sample but 20 equiv were present in the HSA
sample, indicating that the Ti(IV) had been fully bound by the
protein. No attempt was made to saturate the protein with Ti-
(IV) because most of this binding is likely nonspecific. The
UV —vis spectrum of the final HSA sample was quite different
from the spectrum of GiCl, in buffer or the featureless
spectrum of Ti(IV) bound to HSA from TiGJ suggesting that

plexes but perhaps small stable Ti(IV) clusters.

The coordination of Ti(IV) from CgriCl, was investigated
by IH NMR. A 1 equiv amount of CgliCl, was reacted with
1 mM HSA (and not more equivalents to control pH), and the
final complex was analyzed By NMR (Figure 4). A parallel
experiment was performed but with no HSA present. The control
experiment showed the expected rapid hydrofsis Cp,TiCl,
as indicated by the loss of the signal at 6.39 ppm of Ti(IV)-
bound Cp rings and growth of the signals at 6.62 and 6.55 due
to free Cp. HSA protons do not appear in this narrow range.
After a few hours only the free ligand could be observed.
However, for the protein sample, no signals for free GPI,
or free Cp ligand are evident even after several days. Instead
two proton signals at 6.45 and 6.36 ppm are present at equal
integration. We propose that these are Ti(IV)-bound Cp protons
but that the Cp rings have become chemically inequivalent
because of how the Gpi moiety is bound to the protein. The
IH NMR spectrum of free Cp in the presence of HSA was very
similar to the spectrum of free Cp in buffer alone (data not
shown). These results suggest that HSA stabilizes thdiCp
moiety at physiological pH. The metal remains bound to the
protein after dialysis, further evidence of stability. Considering
that HSA is known to alter drastically the aqueous solubility of
a variety of molecules that would otherwise be insoluble by
binding these moleculéland to transport them to respective
receptor€? it is conceivable that HSA could serve as a transport
medium for the titanocene moiety. This role has been proposed
for the molybdocene specié&The titanocene species may be
coordinated to hydrophobic sites that interact with the aromatic
Cp rings, and/or the oxygen atoms of the protein residues may

perhaps the titanocene moiety was binding to the protein (Figuredirectly bind to Ti(IV) as has been observed for the titanocene

(64) Guo, M. L.; Sun, H. Z.; Bihari, S.; Parkinson, J. A.; Gould, R. O.; Parsons,
S.; Sadler, P. dnorg. Chem.200Q 39, 206-215.

(65) Barthel, M.; Hanack, MJ. Porphyrins Phthalocyanine200Q 4, 635—
638.

(66) Toney, J. H.; Marks, T. J. Am. Chem. S0d.985 107, 947—-953.

moiety with peptide&8

(67) Campbell, K. S.; Dillon, C. T.; Smith, S. V.; Harding, M. Rolyhedron
2007, 26, 456-459.
(68) Erker, G.J. Organomet. Chen2007, 692, 1187-1197.
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The ability of HSA to stabilize CiiCl, with respect to as indicated by electrospray mass spectrometry and the presence
hydrolysis reveals a new dimension in the aqueous solution of free citrate in théH NMR spectrum (data not shown). When
chemistry of this and related complexes. While the ready the most hydrolyzed of these isolated species gH{O;)(OH)s*~
hydrolysis of these compounds in aqueous solution has beenis dissolved in water (pH 7.0), only a monomeric species Na-
demonstrated conclusive®the current result suggests that the [TiCsH4O7]™ (Figure S1) is observed. Ti-hydroxo/oxo citrate
extent to which albumin binding stabilizes complexes may be oligomeric species were not detected but cannot be ruled out.
crucial to bioactivity. Such species would be favored in solution as the citrate/Ti ratio

Binding studies with the dichloro derivative of budotitane is decreased. These results provide a more complete understand-
were quite different from those of titanocene dichloride. HSA ing of the aqueous speciation of Ti(lV) citrate at pH 7.0.
binding of Ti(IV) from the budotitane derivative was similar to HSA equilibrium dialysis binding studies were performed
that observed for Ti(IV)(aq) supplied by TiCLess than 1 equiv  with two formulations of Ti(IV) citrate prepared in situ. One
of Ti(IV) (~0.35 equiv) was bound to the protein, and it formulation had Ti and citrate in a 1:1 ratio to encourage the
appeared not as an intact Ti(IV) benzoylacetonate moiety, asformation of hydrolyzed Ti(IV) citrate species, of which the
indicated by the presence of entirely metal-free benzoylacetonate[Ti(citrate)(OH)]4~ complex may be the dominant species. The
in the *H NMR spectrum (data not shown). This result was other formulation had citrate in a large excess to favor the
unexpected because the benzoylacetone ligand is aromatic likeoresence of [Ti(citratg)®~. The results from both formulations
the cyclopentadienyl ring. It may be, however, that the formula- were similar in that 1 equiv of Ti(IV) (0.93: 0.2) binds to
tion of the budotitane derivative complex solution contributed HSA. At least 100uM citrate must be included in dialysis to
to this result. Budotitane is even more hydrolysis-prone than remove excess metal to prevent nonspecific binding of Ti(IV)
titanocene dichloride in aqueous solutf§fiThe halide deriva-  to HSA, perhaps of Ti-oxo citrate-free clust&rss has been
tives are wors€® This factor may have resulted in full observed for other proteins.

dissociation of the complex before HSA interaction could occur.  The nature of the FitHSA complex formed from the Ti(IV)
Typical administration of budotitane in drug trials required ijtrate sources was investigated B¢ NMR and a citric acid
galenic formulations? assay. For thé3C NMR study, 2,4%C citric acid was used to
HSA Binding of Ti(IV) from Ti(IV) Citrate. ~The finding synthesize the [Ti(citratg)®~ complex, in situ, which was
that HSA not only can bind Ti(IV) but also does so from reacted with HSA. The final FiHSA complex was thoroughly
extremely hydrolysis-prone sources and even in complex form, dialyzed to remove material not tightly bound. THE NMR
prompted binding studies with a more water soluble, stable, and spectrum suggests that citrate still remains bound because the
better-characterized Ti(IV) source, Ti(IV) citrate. Citrate is signal for the 2,4-carbons is present at 45.8 ppm (data not
abundant in human serum (1) and is an important chelator  shown). This result indicates that a Ti(IV) citrate complex was
of metals. It is likely that part of the soluble Ti(IV) pool in pound to HSA. To confirm this result and eliminate the
serum includes Ti(IV) citrate complexes. Ti(IV) citrate com-  possibility that citrate may bind independently to HSA, a citric
plexes are very labile in solutiéh’®*and are bioactivé:’>  acid assay was performed. The assay revealed that, under the
Our current work sought to identify some possible Ti(IV) citrate  typical binding conditions and concentrations used, citrate does
species that may exist in solution at physiological pH. Three not bind to HSA. However, a 1:1 FHSA complex forms with
complexes, Ti(IV) monocitrate (NETiI(CsH4O07)(OH)4]-0.5H0), Ti(IV) citrate present as a Ti monocitrate complex, even when
biscitrate (Ng[Ti(CsH407)2(OH),]-4.5H,0), and triscitrate (Na high concentrations of citrate are present in dialysis. It is
[Ti(CeH407)3]-6H0), were synthesized at pH 7.0 as confirmed yncertain whether the binding involves direct coordination of
by elemental analysis, Ti(IV) quantitation, and citric acid assay. protein residues to the metal with dissociation of some or all of
The triscitrate complex had been previously synthesized andthe hydroxide ligands. There is the possibility that Ti monocitrate
crystallized’® The hydrolyzed Ti(IV) citrate complexes were  may bind in both hydrolyzed and unhydrolyzed forms to the
somewhat unexpected because efforts to try to make them bysame site depending on how Ti(IV) citrate is delivered to the
others yielded an insoluble multinuclear citrate comgfekhe protein. Ti monocitrate can bind as a ternary complex with
different product may have been the result of a different final transferrin (according to a citric acid assay) to the two specific
pH (very acidic in the cited case). The three Ti(IV) citrate metal binding sites (data not shown). However, this complex
complexes are observed in solution at pH 7.0 by electrospray requires a large excess of citrate to outcompete carbonate
mass spectrometry: Na[Tig,07]t (m'z = 259), Na[Ti- binding.
(CeHeO7)2] ™ (M2 = 451) and NgTi(CeHeOr)s] ™ (M/z = 687). The HSA-Ti citrate complex that forms does not appear to
The speciation detected by the mass spectrometer may not bgyier the spectral features of the protein. There is no-ui¢
the exact aqueous speciation possibly due to instrumentalignal due to Ti(IV) binding that would indicate direct binding
protonation of the ligands as has been observed bétakéen to a tyrosine sitd®1920Also no quenching of the fluorescence
Ti(citrate)* is dissolved in water (pH 7.0) the complex exists  emission of the protein occurs (data not shown). There is no
in equilibrium with the two hydrolyzed Ti(IV) citrate complexes  gyidence that Ti monocitrate binding significantly changes the
protein conformation.

(69) Keppler, B. K.; Friesen, C.; Moritz, H. G.; Vongerichten, H.; Vogel, E.

Struct. Bond1991, 78, 97-127. . An attempt was made to determine the HSA binding site of
o) zcoocl)lénihjézﬂéiygffcl)'_m Incanvito, C. D.; Valentine, A. Morg. Chem. Ti monocitrate. The complex could bind to either drug site | or
(71) 1D5€6nlg,1Y5-6l;.; Jiang, Y. Q.; Hong, Q. M.; Zhou, Z. Folyhedron2007, 26, Il because these are sites where carboxylate-containing ligands
(72) Suwalsky, M Villena, F.; Norris, B.; Soto, M. A.; Sotomayor, C. P.;

Messori, L.; Zatta, PJ. Inorg. Biochem2005 99, 764-770. (74) Alexeev, D.; Zhu, H. Z.; Guo, M. L.; Zhong, W. Q.; Hunter, D. J. B;
(73) Kemmitt, T.; Al-Salim, N. I.; Gainsford, G. J.; Bubendorfer, A.; Waterland, Yang, W. P.; Campopiano, D. J.; Sadler, PNat. Struct. Biol.2003 10,

M. Inorg. Chem.2004 43, 6300-6306. 297-302.
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Figure 5. Ti(IV) binding to 24uM HsTf in the presenceX) and absence g B
(a) of equimolar HSA as indicated by the growth of the-¥Tf LMCT S 0.10 -
band at pH 7.4 and 10 mM N@itrate. 5
K 5
)
(although typically with aromatic moieties in drug site I1) bind < 008
and the approximate molecular weight of Ti monocitrate species
is similar to those of the ligands that bind at these sftes. ooplo Lo Lo L, 11,1,
" . . 0 10 20 30 40 50 60
Competitive fluorescence showed that Ti monocitrate does not Time (min)

OUtcom_pete _dansylamld_e (quQ site | ligand) _or da}nsylsarcosmeFigure 6. Kinetic profiles of Ti(IV) binding by 12.5uM HsTf from 25
(drug site Il ligand) for binding to the respective sites (data not ;M HSA-Ti citrate in the presence of no excess citrate (A) and 10 mM
shown). Equilibrium dialyses reveal that, even in the presence citrate (B) following the growth of the 3+Tf LMCT band at pH 7.4.

of either dansylamide or dansylsarcosine, Ti monocitrate remains

bound so it is clearly located at a different site. It also does not ) ) o )
appear to form a ternary complex with the N-terminal metal ~_HOWever, this result is not as definitive when the HSH
binding site as indicated by studies with GGH. A Cu(lly Citrate complex is preformed. Exchange of Ti(IV) from 251
competition study monitored by ITC revealed that Cu(ll) binding HSA—Ti citrate complex to 12.aM HsTf (254M metal sites)

to the N-terminal site of HSA is unaffected by the presence of 1S duite slow at pH 7.4 (Figure 6A). The relative rate increases
Ti(IV) monocitrate; the relative Cu(ll) affinity constant is " the presence of excess citrate (10 mM) but only marginally
unchanged (data not shown). After dialyzing the Cu(ll)-bound (Figure 6B). After 12 h, the HsTf sample is at equilibrium and,

protein sample, 1 equiv of Ti(IV) was still present. These results With no excess citrate, is only 48% Ti(IV) saturated and, with
raise the possibility of a distinct metal citrate site in albumin. €XCeSS citrate, is 66% saturated. One might expect that the excess

In support of this theory is that monomeric iron(lll) citrate binds ~ Citrate would have the opposite effect considering that it would
to HSATS also compete for Ti(IV) binding. Ti(IV) exchange from citrate
to HsTf in the absence of HSA shows possibly why this
expected result is not the case. Ti(IV) uploading from
Ti(citrate)®~ by HsTfis amultiphased proce¥T he Ti(citrate)?~
species is prone to hydrolysis as described above. In the absence
of excess citrate, the delivery rate of Ti(IV) from 2 equiv of
Ti(citrate®~ to 12.5uM HsTf is extremely slow (Figure S2);
42% Ti(lV) saturation is obtained after 4.3 d. This result is
comparable to findings observed when an in situ Ti(lV)
monocitrate was used as a delivery soufcElowever, when

10 mM citrate is present the delivery rate is significantly faster,
reaching equilibrium in 90 min and resulting in 68% Ti(IV)
saturation of HsTf (Figure S2). This result is most likely due
to the stabilization of the Ti(citrateh~ monomeric species,
which is better able to deliver the metdlA similar finding
was reported for Fe(lll) delivery to HsTf from citraté That
Ti(IV) delivery by the HSA-Ti citrate complex is faster than
Ti(citrate®™ in the absence of 10 mM citrate suggests that the
protein complex may not be extensively hydrolyzed. The
presence of 10 mM citrate does not appear to strip Ti(IV) from
HSA because the Ti(IV) HsTf uploading rates ar8 times
slower in the presence of HSA. The role of the excess citrate
in the protein kinetic competition study appears to be as a
transport vehicle between the proteins and to protect the metal
from hydrolysis in the process. At normal serum concentrations
in which HSA exists at an order of magnitude greater than HsTHT,
HSA competition for Ti(IV) binding is more favored.

Measurements of the affinity of Ti monocitrate to HSA were
attempted by equilibrium dialysis using an in situ formulation
of Ti monocitrate prepared in a 1@/ citrate containing buffer.
Any unbound Ti(IV) was separated by ultracentrifugation using
a Centriprep filter. Ti monocitrate was fully bound at each
concentration. Lower HSA concentrations were used, but
complete binding of the complex was observed even at 11
uM range, which is at the detection limits of the Ti(IV) assay.
These results suggest that an upper limit of the dissociation
constant is~1 M. The high affinity of Ti monocitrate to HSA
is apparent considering that full saturation of HSA occurs in
the presence of high concentrations of citrate. The HSA
citrate complex is quite stable over the pH range of 6.0 to 8.0
as indicated by no loss of Ti(IV) from equilibrium dialysis
studies. However, at pH 9.2 the complex dissociates with 0.14
Ti(IV) mol equiv remaining bound.

Competition of Transferrin and Albumin for Ti(IV). While
a HSA-Ti citrate complex can form, it is crucial to determine
whether it can exist in the presence of transferrin. At pH 7.4
the affinity of HsTf for Ti(IV) is extremely high (cumulative
log Ky = 52.5)1° A thermodynamic study of Ti(IV) binding
from the Ti(citrate)®~ source to HsTf in the presence of an
equimolar amount of HSA and 10 mM Ritrate was per-
formed following the growth of the 31f LMCT band ¢ =
10 380 Mt cm1 per lobe)!® The data revealed that HsTf can
outcompete albumin (Figure 5).

(76) Bates, G. W.; Billups, C.; Saltman, P. Biol. Chem.1967, 242 2810~
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Figure 7. Proposed mechanisms of albumin and transf& delivery of
Ti(IV) from titanocene dichloride into cells.

The discovery of an HSATI citrate complex is very
intriguing because an HSATI(IV) citrate interaction is quite
likely in the body. Albumin is well-known to help improve the
biocompatibility of Ti metal or alloy implants by adsorbing onto
the surface of T#6:37 Citrate, on the other hand, appears to be
the principal component responsible for dissolution and scav-
enging of Ti from implant surfacés.lt is rational that Ti(IV)
citrate species that form and that tend to be quite labile might
bind to the nearby albumin molecules. A driving force for this
process would be the stability afforded by complexation and
potential transport to particular targets. HSA may contribute to
the bioactivity displayed by Ti(IV) citrate speciés’’

Conclusion

The work reported here demonstrates that serum Ti(IV)

transport is possible by both transferrin and albumin routes. The

high affinity of Ti(IV) binding to HsTf and the apparent ability
of Ti(IV) coordination to promote significant lobe closure appear
to be crucial factors in governing a strong interaction between
Ti,Tf and transferrin receptor 1. Despite the thermodynamically
stronger (FgTf),—TfR1 complex, the (TiTf),—TfR1 complex

is sufficiently stable for potential transport into cells via
transferrin endocytosis.

Albumin can substantially increase Ti(IV) solubility by
binding Ti(IV) in ion or complex form from extremely hy-
drolysis-prone sources. The protein appears to bind Ti(IV)
weakly at the N-terminal Cu(ll) site but predominantly binds
Ti(IV) in complex form at potentially different sites depending
on the ligands coordinated to the metal. The latter function may
be related to the bioactivity of the drug candidates titanocene
dichloride and budotitane. HSA stably binds the titanocene
moiety, which would otherwise not persist at physiological pH,

(77) Abragan, DCompt. Rend1935 204, 824.
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and it may bind the Ti(IV) benzoylacetonate moiety, depending
on appropriate solution formulation of the complex. The ability
to alter the aqueous speciation of hydrolysis-prone Ti(IV)
complexes is a characteristic that has not been previously
observed for HSA. If HSA can transport the titanocene and the
Ti(IV) benzoylacetonate species to cells, then a mechanism
would exist to deliver these species intact and encourage a more
active role for these drugs in contrast to the prodrug role
proposed for the transferrin delivery mechani&irigure 7).
This proposed function supports the theory of cellular passive
diffusion of cytotoxic titanocene dichloride derivativésfor
which the aqueous speciation has not been sufficiently charac-
terized. Some degree of ligand exchange inertness appears to
be important for the bioactivity of Ti(IV) complexé&8.There

are studies that support the possibility of transferrin-independent
mechanisms for Ti(IV) anticancer agefit$2 HSA may also
engage in the transport of Ti(IV) dissolved from implants by
binding the Ti(IV) citrate species that appear to be the principal
component of this Ti(IV) poot! This proposal is supported by
the finding that 1 equiv of Ti monocitrate binds very stably to
HSA. Albumin binding of Ti(IV) is clearly more important than
previously thought.
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