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The First Specific Ti'V - Protein Complex:
Potential Relevance to Anticancer Activity of
Titanocenes**

Hongzhe Sun, Hongyan Li, Richard A. Weir, and
Peter J. Sadler*

Biological interest in titanium complexes arises from current
clinical trials of two anticancer agents [Ti'Y(bzac),(OEt),]
(Hbzac = 1,3-diphenyl-1,3-propanedione) and [Ti"VCp,Cl,] 2
and the potential radiopharmaceutical use of compounds
containing ¥ Ti isotopes.’l Moreover, since enormous amounts
of titanium occur in a wide variety of materials, especially
TiO,, there are abundant opportunities for Ti ions to enter
into biochemical pathways in living systems. However, very
little is known about the biological chemistry of Ti com-
pounds. There appear to be no reports of specific binding of Ti
ions to proteins, and the mode of action of Ti anticancer
complexes is poorly understood. We chose to study the
binding of Ti'V ions to the blood plasma protein transferrin
since this protein has been implicated in the transport and
delivery of metal ions such as Ga! (as ¥’Ga) and Ru to
cancer cells.*51 We show here that Ti'V forms a strong
complex with human serum transferrin (hTF) by binding to
the specific Fe''" binding sites in this protein. This appears to
be the first characterization of a specific Ti- protein complex,
one which may play a role in the mechanism of action of the
titanium anticancer drugs.

Our initial experiments focussed on the reaction of
titanium(iv) citratel” with human serum apotransferrin.’!
When titanium(1v) citrate was added to an aqueous solution
of apo-transferrin (apo-hTF), three new bands gradually
appeared in the UV difference spectrum and increased in
intensity over a period of 12 h, Figure 1. The wavelengths of
the two sharp bands at 241 and 295nm are typical of
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Figure 1. a) UV difference spectra of apo-hTF (13um in 10mm Hepes,
SmM HCOg3, pH 74, 310K) after addition of 2 molequiv titanium(v)
citrate. Reaction times (from bottom to top): 1, 5, 10, 20, 40, 150, and
720 min. b) Titration curve for addition of titanium(1v) citrate to apo-hTF
(conditions as above). Each solution was left >12 h to reach equilibrium.
Ae¢ is the absorbance at 241 nm divided by the transferrin concentration.

phenolate groups generated by the binding of metal ions to
Tyr residues (Tyr95 and Tyr188 in the N-lobe, Tyr426 and
Tyr517 in the C-lobe) in the specific iron binding sites.[*! The
third, broader band at 315 nm (Ae=47004300M 'cm™) is
likely to be a ligand-to-metal charge-transfer (LMCT) band.
However, we could find no reports of such LMCT bands for
titanium(1v) phenolate complexes in the literature. To confirm
this assignment, titanium(iv) citrate was titrated into a
solution of the model ligand ethylenebis(o-hydroxyphenyl-
glycine) (EHPG, pH 7.4, 10mm Hepes buffer), a ligand used
previously for mimicking Fe!! binding.l”! The UV difference
spectra were almost identical to those from reaction of
titanium(1v) citrate with transferrin and '"H NMR shifts of the
aromatic protons of EHPG induced by titanium(iv) citrate are
consistent with the binding of Ti'V ions to phenolate groups on
the ligand.

Analysis of the titration curve for reaction of apo-hTF with
titanium(1v) citrate (Figure 1b) suggests that two Ti!V ions
bind strongly to transferrin (i.e. one in each lobe). A similar
stoichiometry of Ti:hTF =1.9( £ 0.1):1 was obtained from the
measurement of the titanium content of purified titanium
transferrin by inductively coupled plasma atomic emission
spectroscopy (ICP-AES). The value of the extinction coef-
ficient for the first step of Ti!V binding to transferrin
(occupation of one lobe), Ag;, is 17000+400M ! cm™! at
241 nm, which is the same as the value determined for Ti'V
binding to ethylenebis(o-hydroxyphenylglycine) (Ae=
17000M~! cm™'), suggesting that two tyrosines are involved
in binding Ti" in both the N- and C-lobes (linear increase in
Ae with occupation of sites, see Figure 1b). The resulting
yellow Ti,—hTF solution was stable at ambient temperature.
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Attempts to deter-
mine by UV spectrosco-
/ py whether the anticanc-

er drug [TiCp,Cl,] can
transfer Ti ions to hTF
/2 were hampered by the
U\A‘W‘v absorption of the drug
itself. Therefore 'H and
BC NMR spectroscopy
were used to establish
this interaction. We rea-
soned that in blood plas-
ma [TiCp,Cl,] may be
U\”’\W present as a citrate ad-
1 duct in view of the high
concentration of plasma
citrate  (ca. 100 pum).
Therefore reactions were
carried out with the drug
solubilized by approxi-
mately 1molequiv cit-
rate. The exact nature
of this complex was not
established and we refer
to it as {TiCp,J**. It is
clear from 'H NMR
spectra that the Cp li-
gands remain bound and
citrate probably displa-
ces the Cl- ligands by
analogy to recently re-
ported amino acid com-
plexes.'] In the ®*C NMR spectrum a new signal assigned to
bound CO3~ appeared at 6=166.1 (Figure 2), almost
identical to signals observed on reaction of hTF with
titanium(1v) citrate in the presence of H*COj3. The chemical
shift of this bound anion is close to that observed previously
for other metallotransferrins (6 =165.4 for AI'!,  =166.5 for
Ga', 6=166/166.2 for TI" "2l §=166.8/1672 for Sc'[13
and 6 =165.8 for Bi'l!).['¥

Even though 'H NMR spectra of hTF are complicated by
the overlap of a large number of resonances, it was clear that
Ti'"V binding caused characteristic changes in certain regions,
for example new peaks appeared in the N-acetyl region (6 =
2.066 and 2.055 due to glycan chains), and in the high-field
region (6 =0.284, 0.050, — 0.073, Figure 3). Resonances due to
bound Cp (0~6.2-7.0) disappeared and new peaks at
approximately 6 = 6.0 can be assigned to displaced Cp ligands.

The apparently strong binding of Ti'"V ions to transferrin is
consistent with predictions based on metal ion acidity: the
most acidic metal ions bind the most strongly.!"> In view of the
pK, values of Ti'V and Fe ions (< 1 and 2.7, respectively),l'"!
Ti'V might be expected to bind to transferrin even more
strongly than Fe! (although in practice this may be influenced
by other hydrolytic equilibria). We found that Fe' ions can
displace Ti'V ions from transferrin but only slowly. Upon
addition of 2 mol equiv [Fe'(nta),] (nta = nitrilotriacetate) to
Ti,—hTF (pH 7.4) a band appeared at approximately 465 nm,
which is characteristic of iron transferrin. This reaction seems

T T T
180 170 160
-— )

Figure 2. *C NMR spectra (125 MHz)
of apo-hTF. Top: 1l.6mm, 10mm
HBCOj3, 100mm KCl, 70% H,0/30 %
D,0, pH75. Bottom: Same solution
treated with 2 molequiv Ti'V (10mm
aqueous solution of [TiCp,Cl,] solubi-
lized by addition of 1.2 molequiv so-
dium citrate). A similar signal for bound
13CO3~ was also seen on reaction of hTF
with titanium(v) citrate. This peak is
weaker than that of, for example Bi,-
hTE[ suggesting a difference in the
extent of lobe closure and anion ex-
change rate. Labels 1 and 2 refer to
signals of free HCOj3 and bound CO3%-,
respectively.
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Figure 3. a) High-field region of the 'H NMR spectrum (500 MHz) of
apo-hTF and changes induced by added b) titanium(iv) citrate, and
¢) {TiCp,}** (2 molequiv, pH* 74, 0.1 KCl, 10mm bicarbonate). The
signals in this region are largely from methyl groups situated over aromatic
rings in the protein. The spectra are complicated by the broadness of the
signals from this 80 kDa protein and by peak overlap, but it is clear that Ti'V
binds similarly in both cases with displacement of the citrate and Cp
ligands.

to proceed in two steps, the first lasting about 20 min and the
second lasting over 5 h.

Since hTF in blood plasma is only about 30% saturated
with Fe'! ions,'”] Ti'V ions entering the blood, for example
from anticancer complexes, could readily be taken up by this
protein. Transferrin could serve to deliver Ti!V to cancer cells
and release it inside cells (at low pH), as is well-documented
for Ga and Ru™ jons.*> Biological investigations of
titanium transferrin would therefore appear to be warranted.

Experimental Section

Apo-hTF was purchased from Sigma (Catalog No. T0519) and was washed
three times with 0.Im KCI using Centricon30 ultrafilters (Amicon) to
remove low molecular mass impurities. Protein concentrations were
determined by means of the extinction coefficent ey, =93000M ' cm.['%]
Ethylenebis(o-hydroxyphenylglycine) (Sigma), Ti''Cl; (Sigma), sodium
citrate (Sigma), titanocene dichloride (Aldrich), NaHCO; (Sigma), and
NaH"®CO; (MSD isotopes, >99% enriched) were used without further
purification.

Measurements of pH were made using a Corning 145 pH meter equipped
with an Aldrich microcombination electrode calibrated with Aldrich buffer
solutions of pH4, 7, and 10. Meter readings for D,O solutions are
designated as pH*.

A 200mwm fresh purple solution of [Ti"(cit), 5] (cit = citrate) was prepared
under N, by adding sodium citrate (1 mL of a 250 mm solution) to a known
amount of Ti"Cl;, and the pH was adjusted to approximately 6.0 by
addition of solid NaHCO;.!"! After bubbling with O,, a colorless solution
of titanium(v) citrate was obtained, which was then diluted to roughly
3.3mum for UV experiments. UV spectra were recorded on a computer-
controlled Perkin Elmer lambda 16 spectrometer; the temperature of the
cell (1 cm) was maintained at 310 K.

A 10mM yellow titanocene solution was prepared by dissolving a known
amount of [TiCp,Cl,] in a sodium citrate solution (Ti:cit=1:1.2), and the
pH was adjusted to 4.5 (1M NaOH).
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'"H and ®C NMR spectra were recorded on a Bruker DMX500 NMR
spectrometer at 500 and 125 MHz, respectively. The experimental con-
ditions were similar to those reported previously.'¥l The 'H NMR reference
was endogenous formate (0 =8.465 at pH* > 7.0 relative to trimethylsilyl
propionate (TSP)), which was always present in transferrin samples as a
minor impurity. The ¥C NMR reference was added dioxane (0 =674
relative to TSP).

The titanium content of transferrin was measured using inductively coupled
plasma atomic emission spectroscopy (ICP-AES; Thermo Jarrell Ash IRIS,
at 323.40 nm). The Ti,—hTF samples for ICP-AES were prepared as
follows: titanium(v) citrate (2.2 molequiv) was added to apo-hTF (in
10mwm Hepes buffer, pH 7.4, 10mm bicarbonate) and left to equilibrate for
over 24h at 310 K. The protein was then purified by ultrafiltration
(Centricon 30, Amicon), washing four times with 0.1m KCl and twice with
water. An aliquot of the final solution was diluted with concentrated HNO;
(ca. 6M) and the titanium content was measured without any digestion of
the sample.”?’l The transferrin concentration in this sample was determined
by titrating with Fe'! ions (added as [Fe(NTA),]) by measuring the
absorbance at 465 nm (Ae =4950m 'cm! for diferric transferrin).!l
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Platinum() Complexes with Constructive and
Destructive Interaction of Diphosphane and
Binaphthol Ligands**

Nicole M. Brunkan, Peter S. White, and
Michel R. Gagné*

(8,5)-2,3-Bis(diphenylphosphanyl)butane ((S,S)-Chiraphos)
and its achiral analogue 1,2-bis(diphenylphosphanyl)ethane
(dppe) belong to a class of chelating diphosphanes that form
five-membered rings with late transition metals. These
diphosphanes usually adopt a - or A-skew conformation
(Scheme 1a).[ With the achiral dppe, the two conformers are
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Scheme 1. a) skew conformations of dppe in platinum complexes. b) (S.5)-
Chiraphos and its preferred 0 conformation in the complex.

equally favorable; however, backbone modification of chiral
diphosphanes makes one conformer more stable than the
other.”l For example, the trans-methyl substituents of (S,S)-
Chiraphos favor the 6 conformer (pseudoequatorial versus
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