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The interaction of two ruthenium(III) complexes ex-
hibiting high anticancer activity, namely trans-
indazolium(bisindazole)tetrachlororuthenate(IIl) (ru-
ind) and trans-imidazolium(bisimidazole)tetrachloro-
ruthenate(III) (ru-im), with human serum apotransfer-
rin has been investigated through spectroscopic and
chromatographic techniques with the ultimate goal of
preparing adducts with good selectivity for cancer
cells. Whereas the binding of ru-im to human serum
apotransferrin takes several hours, ru-ind, the less
toxic complex, gives rise to a well defined 2:1 complex
within a few minutes. We have ascertained that ru-ind
binding occurs around the iron binding sites; binding
does not occur in the absence of bicarbonate, and this
anion dictates the kinetic and mechanistic character-
istics of protein binding of ru-ind. The two ruthe-
nium(III) complexes do not behave as iron(III) com-
plexes, e.g. Fe(EDTA) or Fe(nitrilotriacetate), which
lose their respective ligands when binding apotrans-
ferrin, but the N-heterocycles remain attached to the
metal in the protein-bound species. Reversion of bind-
ing is obtained by acidification in the presence of che-
lators such as citrate or ATP. In comparison with
cisplatin and its deactivation by serum proteins, our
results indicate that other metal complexes such as ru-
ind could use transferrin as a drug delivery system.
Furthermore, the rapid protein binding of ru-ind seems
to be related to a lower toxicity while still exhibiting
high antitumor activity.

During the last decade a number of ruthenium(III) com-
plexes have been synthesized by Keppler et al. (1) and tested
as anticancer drugs. The most promising complexes have
the general formula trans-HL* (Ru(III)L,Cl,)~ in which L
is a N-heterocycle. The complexes with indazole!, HInd*-
(Rulnd,Cl,)~ (Fig. 1A), or imidazole, HIm*(Rulm,Cl,)~
(Fig. 1B), show a high antitumor activity in the autochtho-
nous colorectal carcinoma model of rats, a model that simu-
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lates the colon cancer of humans very well. Recently, it has
been shown by Kratz et al. (2) that the most promising
complex, HInd*(Rulnd,CL)~, which is far less toxic in long
term application than the imidazole analogue, binds within a
few minutes to the serum proteins albumin and transferrin.
Furthermore, it has been demonstrated that the apotransfer-
rin-bound complex exhibits a significantly higher antitumor
activity against human colon cancer cells when compared
with the albumin-bound or “free” species.? This result sug-
gests that apotransferrin can act as a natural carrier of the
drug to the tumor tissues because of the high affinity between
this metal transport protein and the large number of trans-
ferrin receptors on the surface of tumor cells (4). Indeed, it
has been previously reported that transferrin is responsible
for the selective delivery of radioactive ’Ga(III) complexes to
tumor tissues (5); in addition, it has recently been demon-
strated that an experimental transferrin conjugate with adri-
amycin exhibits antitumor activity in vitro as well as in vivo
(4).

In light of these facts, it is tempting to exploit the transfer-
rin cycle as a “natural” route for selective delivery of cytostatic
drugs to cancer cells. We therefore decided to investigate the
interaction of the two ruthenium(III) complexes with apo-
transferrin in more detail and to establish the chemical dif-
ferences of the resulting adducts with the aid of CD, UV-
visible, and NMR spectroscopies as well as HPLC. This
should make it possible to correlate the protein binding prop-
erties of the two ruthenium(III) complexes with their antitu-
mor activity and toxicity.

EXPERIMENTAL PROCEDURES

Materials—The ruthenium(III) complexes were synthesized as de-
scribed earlier (1) and were used in all the experiments (except in
NMR measurements the solid was added) from a freshly prepared 5
X 10™* M aqueous solution for HInd(Rulnd,Cl) (ru-ind) and a 1 X
10~ M aqueous solution for HIm(Rulm,CL) (ru-im). Human serum
albumin (98% crystalline, research grade, M, 66,500) and human
serum apotransferrin (apoTf) (98% crystalline, essentially iron free,
M, 80,000) were purchased from Sigma, and the latter was purified
according to standard procedures (6). In all the experiments a phys-
iological buffer was used so that the final concentrations were 0.004
M NaH,PO,, 0.1 M NaCl, and 0.025 M NaHCO; (pH 7.4). When
studying the pH-dependent properties of the drug/protein adducts,
the pH was adjusted to the desired value by the addition of hydro-
chloric acid. The aqueous solutions of citric acid and ATP were
0.1 M.

Methods—The CD spectra were performed on a Jasco 200D spec-
tropolarimeter, and the visible spectra were performed on a Cary 17D
spectrophotometer at room temperature.

The 'H NMR experiments were performed on a Bruker MSL 200
spectrometer operating at 1.4 tesla, typically using 0.5-ml samples in

2 M. R. Berger, B. K. Keppler, L. Messori, and F. Kratz, manuscript
in preparation.
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6-mm tubes. In order to improve detection of hyperfine shifted
signals, short relaxation delays of the order of 50-100 ms were used.
Each spectrum typically consisted of 32,000—64,000 scans. The free
induction decays, of 8000 data points each, were processed using line-
broadening factors of the order 10-30 Hz.

Proton-decoupled *C NMR spectra were recorded on the same
instrument operating at 50.3 MHz. Typically 1000-2000 scans for
free complex samples and 10,000 scans for the protein samples were
collected by using a 45° flip angle, a pulse delay of 2 s, and a spectral
window of 10,000 Hz. Quadrature detection was employed, and the
spectra were processed with a line broadening of 5-10 Hz. The
chemical shifts are referenced to tetramethylsilane.

HPLC studies were performed with the Perkin-Elmer series 410
LC pump and a LC-95 UV-visible spectrophotometer detector. The
columns used were: (@) Bio-Sil SEC 250 (300 X 7.8 mm) from Bio-
Rad; mobile phase, 0.15 M NaCl, 0.01 M NaH,PO,, 5% CH;CN, pH
7.0; (b) Nucleosil (3007 um) diole column (250 X 8 mm); mobile
phase, 70% CHsCN and 30% of aqueous 0.005 M KH;PO,.

RESULTS

UV-visible Spectra—When the mentioned ruthenium(III)
complexes are added to the physiological buffer, characteristic
reactions take place that can be followed by changes in the
UV-visible spectra. In the case of ru-ind, a light brown com-
plex, we observe formation of a blue-green precipitate within
a few minutes, which can be kept in solution by adding a few
drops of ethanol. However, no precipitation occurs if apo-
transferrin is present indicating that binding to the protein
takes place. The UV-visible spectra of ru-ind in water, in
buffer/56% ethanol, and in the presence of apotransferrin after
20 min of incubation are shown in Fig. 24. The original
complex exhibits two bands at 357 and 421 nm. These lie in
the typical range of ligand to metal charge transfer (LMCT)
transitions of octahedral ruthenium(III) complexes with het-
erocycles such as Ru(NHjs)s(Im)** (7). Both the blue-green
product in buffer/ethanol as well as ru-ind bound to apotrans-
ferrin exhibit a significant broadening and a shift to lower
wavelength of these bands, and a new band at 585 nm appears.
Although the molar extinction coefficients are quite high (e
values between 1000 and 3000 M~! cm™) for this low lying
band, we nevertheless assign it to a d-d transition® assuming
a significant lowering of the symmetry of the ruthenium(III)
complex after reaction. ¢ values for d—d transitions of low
symmetry octahedral ruthenium(III) complexes have been
reported ranging from 600 to 6200 M~ cm™ (8).

In contrast, ru-im does not form any precipitate with the
physiological buffer; the changes in the visible spectra take
much longer to develop, about 12 h at T' = 37 °C. The charge
transfer bands at 347 and 395 nm broaden, and a new band

3 An electron transition between occupied low lying D-orbitals and
unoccupied high lying D-orbitals.

appears at 470 nm, which again is tentatively assigned to a
d-d transition (Fig. 2B). However, the latter band is not
observed in the presence of apotransferrin, the spectrum in
this case being very similar to that of the original complex.

CD Spectra—The interaction of ru-ind and ru-im with
apotransferrin was also followed through circular dichroism
spectroscopy. Circular dichroism spectroscopy is a technique
particularly suited to prove specific binding of small chrom-
ophoric complexes to chiral macromolecules of high molecular
weight (9). Stepwise CD titrations of apotransferrin with
increasing amounts of ru-ind are shown in Fig. 3A. Charac-
teristic bands are seen around 360, 435, and 505 nm, and the
spectra are characteristic of the formation of a specific adduct
with the protein; saturation is reached after 2 eq of ru-ind
have been added. Further additions of ru-ind do not produce
significant changes in the CD spectra.

Because the reaction of ru-im with apotransferrin is much
slower, we did not perform a continuous titration as in the
case of ru-ind but added the complex at a 2:1 ratio; the
resulting spectrum after 8 h is shown in Fig. 3B. Two char-
acteristic CD bands, a negative one at 405 and a positive one
at 345 nm, are seen. In contrast to ru-ind, further additions
of ru-im cause a further increase in spectral intensity, and no
saturation is observed up to a 5:1 ratio.

To find out whether the two binding sites for iron(III) in
apotransferrin are relevant for the binding of the ruthe-
nium(III) complexes, these sites were blocked with alumi-
num(III) ions, and the ruthenium(III) complexes were added.

In the case of ru-ind no CD spectra were observed even
after 8 h, indicating that the iron(III) binding sites in trans-
ferrin are important for the specific binding of the first 2 eq.
We also found that the reaction of ru-ind with apotransferrin
does not take place in the absence of bicarbonate in the buffer
indicating that this anion is primarily involved in the substi-
tution reactions taking place (see below).

In the case of ru-im we found a rather different behavior.
Indeed, preincubation with aluminum(III) ions does not pre-
vent development of the characteristic spectrum after 8 h. We
also found that the presence of bicarbonate is not critical for
the binding process.

We carried out further CD experiments in which we added
stoichiometric amounts of the bisnitrilotriacetate iron(III)
complex to apotransferrin, loaded with either ru-im or ru-ind
at a 2:1 ratio. A few minutes after addition of the iron{III)
complex, the characteristic CD spectra of the bound ruthe-
nium(III) complexes disappeared and were replaced by the
typical CD spectrum of iron(III) transferrin characterized by
two intense bands at 450 and 315 nm.

We also followed the reversibility of the binding of the two
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F1G6. 2. A, UV.visible spectra of ru-ind in water (—), ru-ind in buffer/5% ethanol (wmm), and ru-ind bound to apoTf (- - -) after 20 min.
The concentration of ru-ind and apoTf was 5 X 10~® M. B, UV-visible spectra of ru-im in water (—), ru-im in buffer (ssm), and ru-im bound
to apoTf (- - -) after 12 h. The concentration of ru-im and apoTf was 5 X 1075 M.

apotransferrin-bound ruthenium(III) complexes (ratio 2:1) in
which we gradually lowered the pH from 7.4 to 4.0 using 0.1
M HCl An immediate decrease in the intensity of the CD
spectra was observed; at pH 4.0 the intensity of the CD spectra
had decreased to about a fifth of the original intensity. When
the pH was lowered with either citric acid or ATP, the
decrease of the CD spectra was far more pronounced, both
CD spectra disappearing at pH 5 after a few minutes (data
not shown). These results indicate that the ruthenium(III)
complexes bind reversibly to apotransferrin under the above
mentioned conditions.

HPLC—An appropriate method of investigating the kind
and rate of reaction between the ruthenium(III) complexes
and apotransferrin is by separation of the two on a HPLC
system. Fig. 4, a—c, shows chromatograms of ru-ind with
apotransferrin using a size-exclusion column. The separation
was followed at 280 nm (aromatic region) and 360 nm (LMCT
band) after the complex was added to apotransferrin at T =
37 °C in the physiological buffer.

Fig. 4a shows a chromatogram of ru-ind by itself; it can be
clearly seen that the complex anion (Rulnd,CL)~ (12.5 min)
is separated from the cation (HInd)* (15.8 min). Fig. 4b shows
the chromatogram of ru-ind and apotransferrin after only 3
min of incubation. The original complex (12.5 min) has dis-
appeared, but two intermediate complexes appear (peaks at
10.3 and 11 min), and there is already binding to apotransfer-
rin (A) that is seen with the emergence of a peak at 360 nm
at the position of apotransferrin (5.5 min). After 5 min (Fig.
4c) the reaction is complete, all of the complex now being
bound to apotransferrin. The important thing to note is that
this reaction takes place only in the presence of bicarbonate.
Without bicarbonate in the buffer there is no formation of
intermediates and no binding to apotransferrin. It should be
mentioned that the reaction sequence of ru-ind with human
serum albumin under the same conditions is the same as for

apotransferrin with respect to kinetics and mechanism when
followed through HPLC (data not shown).

When the same HPLC investigation was performed on the
ru-im complex, a different behavior was observed. Fig. 5, lower
panel, shows ru-im reacted with apotransferrin after 3 min
followed at 254 and 340 nm (LMCT); in contrast to ru-ind,
only one peak is seen for ru-im at 10 min. This suggests that
the complex exists in solution as a stable ionic pair, the size-
exclusion column not being able to separate the imidazolium
ion from the complex anion. Another thing that can be
observed is that after this short time interval there is neither
binding to apotransferrin nor detection of intermediates. Fig.
5, upper panel, shows the chromatogram of ru-im and apo-
transferrin after 2 h of incubation. The original complex is
still present although the signal intensity is reduced to about
one-half of the original value, and a clear signal at 5.5 min,
the position of apotransferrin, is now observed at 340 nm. A
further thing to note is that no signal for a free imidazolium
ion appears in the chromatogram indicating that the original
imidazolium (bisimidazole)tetrachlororuthenate complex
rearranges into a Tris-imidazole complex before or during
binding to the protein. This assumption is supported by the
hydrolysis studies of ru-im in water and in the buffer, using a
diole column (see below). Protein binding is complete after
approximately 5 h when the chromatogram shows only the
apotransferrin peak at both wavelengths. These observations
indicate that protein binding of ru-im takes place without the
formation of intermediates.

To obtain a better understanding of the reaction of the
complexes in the absence of apotransferrin, we followed the
reaction of both complexes in physiological buffer using a
diole column. Fig. 6 shows the chromatograms of ru-ind in
the physiological buffer at 37 °C after different times followed
at 280 nm. At 0 min the chromatogram shows the peaks of
the indazolium ion (HInd)* and of the complex anion (Ru-
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F1G. 3. A, CD spectra in the visible region showing the stepwise
titration of apoTf (1 X 10~* M) with ru-ind; B, CD spectrum in the
visible region of ru-im plus apoTf (1 X 10~* M) at a 2:1 ratio, obtained
after 12 h of incubation.

Ind;CL)". After only 1-min incubation two new peaks (4 and
B) are observed that disappear with time and are not revealed
in the chromatogram after 4 min in which a new peak (C) is
seen. After 10 min peak C is no longer observed but instead
four new peaks (D, E, F, and G) appear, and the peak of the
complex anion (Rulnd;ClL,)~ has totally disappeared.

In contrast, the reaction of ru-im in the buffer is much
slower. After 6 h two new peaks appear while the peak of the
anion has diminished (Fig. 7, A and B); after 12 h the main
peak is seen at position B, and only small peaks are observed
at positions A, (HIm)* and (Rulm;CL)~. The results of pre-
vious hydrolysis studies of ru-im using the same column are
almost identical to those performed in the buffer (10); in these
studies the peak at position B has been identified as the Tris
complex RulmsCls.

Finally, the reversibility of protein binding of ru-ind and
ru-im was studied under acidic conditions (pH 4) in the
presence of the chelating agent citric acid using the size-
exclusion column. Fig. 8 shows the results after a 100-fold
excess of citric acid was added to the ru-ind/apotransferrin
adduct so that the resulting pH value was 4. After 1-h incu-
bation nearly all of the bound complex is released from the
protein, and a new signal appears at 10.2 min (labeled as Ru?)
that is probably due to a ru-ind/citrate adduct; a similar
chromatogram with the new signal appearing at 7 min is
obtained when a 100-fold excess of ATP is used (pH 5, data
not shown). If the pH is lowered solely with the aid of
hydrochloric acid, no new peak is observed in the chromato-
gram, and the original peak of ru-ind/apotransferrin has not
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concentration of apoTf being 1 X 107* M. The peak of apoTf is la-
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F16. 5. Chromatograms of ru-im plus apoTf after 3 min
(lower panel) and ru-im plus apoTf after 2 h (upper panel).
The chromatograms were performed on a size-exclusion column and
recorded at 254 and 340 nm, respectively. Ru-im was incubated with
apoTf in the physiological buffer at T' = 37 °C at a ratio of 1:1, the
concentration of apoTf being 5 X 107* M. The peak of apoTf is la-
beled A.

decreased in intensity. This demonstrates that a chelator-like
citrate or ATP is needed to release the bound ruthenium(III)
complex from the protein. Reversibility of binding was also
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peak Ru? is probably a Ru(IIl)-indazole-citrate complex. The concen-
tration of apoTf was 1 X 107™* M.

shown in the case of ru-im under the same conditions (data
not shown).

It should be noted that the same chromatogram is observed
when citrate is added to ru-ind bound to albumin, demonstrat-
ing that there is reversibility of binding with both proteins
under these conditions.
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Fic. 9. 200-MHz 'H NMR spectra of 5 mM ru-ind dissolved
in methanol-d, (4) and the blue-green precipitate (which
forms upon reaction of ru-ind in the physiological buffer)
redissolved in methanol-d, (10 mg/ml) (B).

'H NMR Studies—ru-ind is fairly soluble in water but
exhibits a higher solubility in methanol and dimethyl sulfox-
ide. The *H NMR spectrum of ru-ind dissolved in methanol-
d. at 298 K is shown in Fig. 9A. The spectrum is characterized
by a broad hyperfine signal in the upfield region at about —15
ppm. As stated above, upon reaction with the physiological
buffer ru-ind forms a blue-green precipitate that can be redis-
solved in methanol-d,. The 'H NMR spectrum of this product
is profoundly different from that of ru-ind being characterized
by a number of hyperfine signals with both upfield and
downfield shifts in the range of 15 to —40 ppm (Fig. 9B). If
solid ru-ind is added to the physiological buffer in the presence
of apotransferrin at a 2:1 complex-protein ratio, the blue-
green color forms, but there is no precipitation. No hyperfine
shifted 'H NMR signals are detected in this case. Only by
following the reaction between ru-ind and apotransferrin dur-
ing the first minutes after mixing is it possible to detect the
broad upfield feature at —15 ppm characteristic of nonhydro-
lyzed ru-ind (data not shown). The signal quickly disappears
as the substitution reaction proceeds. A reasonable explana-
tion of this behavior that is consistent with the previous
spectroscopic results is that upon reaction in the buffer the
newly formed ruthenium(III) complexes bind to the protein
giving rise to a tight slow rotating adduct with broad and
nondetectable NMR signals.

Analogous '"H NMR experiments were performed on ru-im,
for which previous 'H NMRs have been reported (1). If
dissolved in the physiological buffer, the compound is far
more soluble and stable than ru-ind. The 'H NMR spectrum
at 37 °C of ru-im dissolved in the physiological buffer at 1
mM concentration is shown in Fig. 10A4. The spectrum exhibits
two narrow hyperfine shifted signals at —15 and —20 ppm
well outside the diamagnetic envelope, which were previously
assigned to the ortho-like protons of the coordinated imidaz-
ole (11). If we dissolve the same amount of ru-im in a 1 mM
solution of human serum apotransferrin in the same buffer,
we obtain the spectrum shown in Fig. 10B within the first 30
min, which is virtually identical to the previous spectrum.
With time the intensity of the hyperfine shifted signals mark-
edly decreases (Fig. 10C) until they eventually disappear after
approximately 5 h. Again, the disappearance of the character-
istic 'H NMR features of the free complex is probably due to
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F1c. 10. 200-MHz 'H NMR spectra at 37 °C. 4, 1 mM ru-im
in the buffer; B, 1 mM ru-im plus 0.5 mM apotransferrin in the same
buffer recorded during the first hour after mixing; and C, sample B
after 2 h.

progressive binding to apotransferrin and subsequent broad-
ening of the hyperfine resonances.

3C NMR Spectra—To understand the role of bicarbonate
in the reactions of ru-im and ru-ind within the physiological
buffer and in the presence of apotransferrin, we followed the
above reactions through *C NMR spectroscopy using 90%
13C-enriched sodium bicarbonate.

The *C NMR spectra of **C-enriched sodium bicarbonate
in the buffer both in the absence and in the presence of an
equimolar amount of ru-im are shown in Fig. 11, A and B. It
must be noted that addition of an equimolar amount of ru-im
causes a decrease in the intensity of the H'*COj; peak but no
significant change in line width nor in position. This might
suggest that part of the bicarbonate is directly bound to
ruthenium(III) under slow exchange conditions on the NMR
time scale.

In the case of ru-ind we observe a markedly different
behavior. Indeed, after precipitation the *C NMR line of free
bicarbonate disappears indicating that bicarbonate is part of
the blue-green products (Fig. 11C).

We also investigated the behavior of 1*C-enriched bicarbon-
ate in the presence of apotransferrin before and after the
addition of ru-ind. The *C NMR spectrum of a 1 mM solution
of human serum apotransferrin in the physiological buffer
prepared without bicarbonate (pH 7.4) in the presence of 2
mM C-enriched bicarbonate is shown in Fig. 11D. The *C
NMR line of free bicarbonate is still detectable at 161.4 ppm.
Interestingly, after the addition of 2 eq of ru-ind and forma-
tion of the characteristic ru-ind/apotransferrin adduct, there
is no change in the *C NMR peak of free bicarbonate (peak
labeled with asterisk) ruling out that it is directly bound to
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Fic. 11. 50.2-MHz *C NMR spectra. A, 1 mM *C-enriched
bicarbonate dissolved in a deuterated buffer containing sodium phos-
phate (0.004 M) and sodium chloride (0.1 M, pH 7.4); B, sample A
after the addition of an equimolar amount of ru-im; C, sample A after
the addition of 1 eq of ru-ind and removal of the blue-green precipi-
tate; and D, 1 mM apotransferrin and 2 mM sodium bicarbonate in
the deuterated buffer (pH 7.4). The line of free bicarbonate is labeled
with an asterisk. The spectrum is not modified after the addition of
2 eq of ru-ind and development of the characteristic green color.

the ruthenium(III) center or that it is playing the role of a
synergistic anion.

DISCUSSION

Protein Binding Properties of the Ruthenium(III) Com-
plexes—The knowledge of the transferrin cycle has rapidly
increased in recent years (12-14), and this cycle holds promise
as an attractive system for strategies of drug targeting to
tumor tissues. Indeed, tumor cells exhibit a large demand of
iron for their growth and therefore express the transferrin
receptor at a high rate (4, 15). As a consequence, transferrin
conjugates that retain a good affinity for the transferrin
receptor can preferentially interact with cancer cells. Faulk et
al. (4) have exploited such a strategy to achieve targeting of
adriamycin to neoplastic tissues.

These considerations prompted us to prepare conjugates of
the newly developed antitumor ruthenium(III) complexes
with apotransferrin, to test their antitumor activity on in vitro
and in vivo models, and to understand the differences in the
toxicity profile.

In the present paper we have conducted an extensive char-
acterization of the adducts between the ruthenium(III) drugs
and apotransferrin, and we have gained insight into the in-
triguing solution chemistry of the two complexes. The reac-
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tivity pattern of both ru-ind and ru-im with apotransferrin is
complicated by the occurrence of concomitant hydrolysis
processes and substitution reactions with solute species. Sur-
prisingly, in spite of their structural similarity, ru-im and ru-
ind exhibit very different reactivity patterns that are reflected
in their respective protein binding abilities.

From the HPLC results as well as the CD and UV-vigible
spectra, the reaction schemes that can be drawn for the
reaction of ru-im and ru-ind in the physiological buffer in the
absence or presence of apotransferrin are shown in Schemes
1and 2.

The major difference between the behavior of the two
complexes is a kinetic and mechanistic one. Binding of ru-ind
to apotransferrin proceeds through the formation of two in-
termediates that then bind rapidly to the protein, whereas it
takes 5 h at 37 °C for ru-im to bind the protein, and no
intermediates are observed during the reaction. In the case of
ru-ind, protein binding and formation of the intermediates
take place only when bicarbonate is present in the buffer.
This is a novel feature of this ruthenium(III) complex and
implies that it is not simple hydrolysis but that a number of
substitution reactions involving bicarbonate are taking place
before binding to apotransferrin. In the absence of protein
the intermediates take part in further reactions leading to the
four insoluble products that we have not been able to isolate
and characterize as yet.

In the case of ru-im, no intermediates and no free imidazole
are observed during binding when followed by HPL.C. Because
ru-im behaves as quite a stable ionic pair, there is probably a
slow rearrangement to a Tris-imidazole complex when binding
to the protein.

As stressed before, the reaction sequence of ru-ind and ru-
im with human serum albumin is the same as for apotrans-

ferrin. This indicates that it is the reactions of the complexes
within the buffer that are of primary importance for the
overall reaction pattern, the protein playing a secondary role.

However, when the resulting intermediates of ru-ind bind
to apotransferrin they do so in a specific manner. CD spec-
troscopy demonstrates that 2 eq of the complex can be bound
by apotransferrin indicating that binding takes place around
the two iron(IIl) binding sites of the protein. When these
sites were blocked with AI(III), no CD spectra were observed
demonstrating that the iron binding sites are indeed involved
in the binding of the complex. *C NMR of [**C]bicarbonate
gives indirect evidence that bicarbonate is not part of the
bound complex in contrast to the typical metallotransferrin
complexes where it acts as a synergistic anion.

Conversely, the CD data do not demonstrate unequivocally
that ru-im binds specifically to the iron binding sites of
apotransferrin. CD studies of the apotransferrin bound com-
plex using iron nitrilotriacetate could indicate that iron(III)
displaces the bound ruthenium(III) complex from the iron
binding sites.

However, we would like to point out that we have recently
obtained evidence of the nature of the binding sites of ru-im
through soaking experiments of this complex with crystals of
the strictly related protein, apolactoferrin. Subsequent analy-
sis of the x-ray data clearly shows that the iron(III) binding
sites are indeed occupied (see below).

The CD spectra for both ru-im and ru-ind bound to apo-
transferrin differ from that of ruthenium(III) transferrin,
which was prepared by addition of Ru(IIl)nitrilotriacetate to
apoTf and characterized previously (16). In the latter adduct
ruthenium(III) simply substitutes for iron(III), whereas in the
case of ru-im and ru-ind the respective N-heterocycles remain
bound to the metal. That this is the case is also verified by
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the protein binding studies using HPLC because no new
imidazolium or indazolium appeared in the respective chro-
matograms after binding.

The binding of ru-ind, and probably of ru-im, at the active
site region is a novel feature of transferrin chemistry. Com-
puter graphic inspection of the metal binding region of the
parent protein apolactoferrin (coordinates kindly provided by
E. N. Baker (17)) using the program FRODO has revealed
that both complexes can easily enter the open cavity of the
protein (18).

In collaboration with E. N. Baker, we have performed
soaking experiments of apolactoferrin crystals with both com-
plexes, and subsequent x-ray data were collected. Preliminary
x-ray structure analysis already shows that the two ruthe-
nium(III) complexes bind to a histidine at both of the iron
binding sites. Both structures are being refined at the moment
with an expected resolution of the order of 2.2-3.0 A and will
be published at a later stage.

Implications of Protein Binding for Biological Activity—It is
instructive to compare the protein binding properties of ru-
ind with those of the clinically established cisplatin. Over
90% of the platinum found in the blood 3-4 h after adminis-
tration of cisplatin is bound to plasma proteins (19, 20), and
the cisplatin protein bound species have no significant anti-
tumor activity (21). The loss of activity of cisplatin when
bound to plasma proteins is probably due to the irreversible
binding to cysteines of plasma proteins such as albumin (22).
In contrast, we have recently shown that ru-ind bound to
apotransferrin retains and even exceeds the antitumor activ-
ity of the free complex when tested in colon cancer cells.?

The potential of using transferrin conjugates for selective
drug delivery to tumor tissue should be seen in light of the
natural transferrin cycle and iron metabolism. The transferrin
cycle and thus the delivery of iron to the cells are believed to
be as follows (15): binding of diferric transferrin by transferrin
receptors (K = 10® — 10° M), internalization of the receptor-
ligand complex by endocytosis, and release of iron in the
acidic environment (pH 5.0-5.5) of endosomes with the aid of
intracellular chelating agents. Most of the apotransferrin is
then cycled back to the plasma membrane by the transferrin
receptor and finally dissociated into the external medium due
to a fall in receptor affinity on encountering the elevated pH
of the extracellular medium. Thus, should transferrin conju-
gates such as those of ru-ind follow the natural transferrin
cycle, they should be able to release the bound drug at lower
pH. Our HPLC and CD studies have demonstrated that this
is the case when ru-ind/apoTf is incubated with a 100-fold
excess of citrate or ATP (pH 4-5), nearly all of the ruthenium
species being released from the protein after 1 h. Therefore,
the prerequisite for drug release after cellular uptake of the
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conjugate inside the endosome is apparently met. That toxins
bound to transferrin can be released to the cells at low pH
has been recently shown by Wellhoner et al. (3) using acid
labile conjugates.

Finally, the animal experiments in the autochthonous colon
cancer model in rats have shown that ru-ind is far less toxic
than ru-im but also exhibits a slightly higher antitumor activ-
ity (1). Our present results indicate that the difference in
toxicity might be related to the different protein binding
ability of the two compounds assuming that the free complex
is formally responsible for the systemic toxicity.

In light of the above results ru-ind/apoTf conjugates are
being evaluated for antitumor activity in in vivo tumor models
with the ultimate goal of developing selective drug delivery
systems for clinical trials.
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