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ABSTRACT: Ruthenium(III) complexes are promising candidates for anticancer
drugs, especially the clinically studied indazolium trans-[tetrachlorobis(1H-indazole)-
ruthenate(III)] (KP1019) and its analogue sodium trans-[tetrachlorobis(1H-
indazole)ruthenate(IIT)] (NKP-1339). Several studies have emphasized the likely
role of human serum proteins in the transportation and accumulation of
ruthenium(III) complexes in tumors. Therefore, the interaction between KP1019
and human serum albumin was investigated by means of X-ray crystallography and
inductively coupled plasma mass spectrometry (ICP-MS). The structural data
unambiguously reveal the binding of two ruthenium atoms to histidine residues 146
and 242, which are both located within well-known hydrophobic binding pockets of
albumin. The ruthenium centers are octahedrally coordinated by solvent molecules
revealing the dissociation of both indazole ligands from the ruthenium-based drug.
However, a binding mechanism is proposed indicating the importance of the indazole
ligands for binding site recognition and thus their indispensable role for the binding of
KP1019.

B INTRODUCTION both oxidation states, especially those forming octahedral
species, have not only been shown to exhibit significant
antiproliferative activity but also other medicinally important
properties like their usage as antihypertensive, antiparasitic, and
antibacterial agents."'~"* The in vivo and in vitro properties of
Ru complexes can be fine-tuned through variations in the
selection of the ligands, e.g.,, aromatic heterocycles, pyridine,
arene, nitrosyl, and many more.® There are abundant reports
about Ru complexes with remarkable antiproliferative proper-
ties, which enrich the field of drug development; however, the
most prominent ones are the Ru(III)-based anticancer drugs
indazolium trans-[tetrachlorobis(1H-indazole)ruthenate(I1I)]
(1, KP1019)," its sodium salt analogue sodium trans-
[tetrachlorobis(1H-indazole)ruthenate(II1)] (2, NKP-1339)'°
(Figure 1), and the new antimetastasis inhibitor imidazolium
trans-[tetrachlorobis(1H-imidazole)(S-dimethyl sulfoxide)-
ruthenate(II1)] (NAMI-A)"” (Figure S1), though the clinical

Metal complexes have a broad range of medical applications
and are extensively used in the treatment of cancer. The
pioneering and most prominent metal-based anticancer drug is
platinum-containing cisplatin, which together with its later
generation analogues carboplatin and oxaliplatin is still one of
the most widely used anticancer agents nowadays."”” Despite
their high efficacy in the treatment of several tumor types, there
are also tumors that show primary resistance against platinum
compounds. In some tumors, platinum therapy also shows
strong side effects and the development of resistance.
Nevertheless, there are various possibilities to develop new
anticancer active drugs coming from the field of inorganic
chemistry that should expand the spectrum of sensitive tumors
that are better tolerated than classical antitumor agents.”* In
this regard, ruthenium-containing compounds are very

promising and are therefore considered as next generation

18
metal-based anticancer agents due to their significant antineo- development of the last one seems to have come to a halt
plastic and antimetastatic properties causing less side effects Compounds 1, 2, and NAMI-A have proceeded to the clinical

and drug resistance.””® The Ru(II) and Ru(III) oxidation states stage of drugl Sd_ezxgelop ment and thereby successfully passed a
phase 1 trial. Compounds 1 and 2 are active against a

are the most stable under physiological conditions with the ' : )
variety of solid tumors, whereas NAMI-A targets the metastatic

latter being relatively inert and thus less or not at all active,
which led to the not entirely undisputed “activation by
reduction” theory as a possible explanation for the high Received: April 19, 2016
selectivity of anticancer Ru(III) complexes.”'® Complexes of Published: May 19, 2016
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Figure 1. Chemical structure of indazolium trans-[tetrachlorobis(1H-
indazole)ruthenate(III)] (1, KP1019) and its sodium salt analogue
sodium trans-[tetrachlorobis(1H-indazole)ruthenate(II)] (2, NKP-
1339).

process without affecting primary tumors; however, the mode
of action of Ru-containing drugs is complex and in general less
understood. Different mechanisms for different anticancer Ru
complexes have been proposed, mostly describing direct DNA
targeting and/or induction of oxidative/cellular stress.””'~**
Compounds 1 and 2 exhibit outstanding efficacy in
experimental models of colorectal cancer and were reported
to induce a high percentage of disease stabilization (as well as a
long-lasting partial remission in the case of 2) in clinical studies
in patients with advanced solid tumors.'®**** It is believed that
the cytotoxic activity of 1 and 2 is based on endoplasmic
reticulum (ER) stress-related effects rather than DNA
damage.”** Compounds 1 and 2 have been demonstrated to
cause oxidative stress and perturbation of ER functions in
cancer cells; in addition, the 78 kDa glucose-regulated protein
(GRP78), which is a rescue factor for the tumor, is reduced to a
normal level.”””** In this way, apo]zatosis is finally induced by
the intrinsic mitochondrial pathway.”® Compounds 1 and 2 are
suggested to be transported and accumulated into tumor cells
by serum proteins, and thus, their interaction with human
serum transferrin (Tf) and albumin (HSA) has gained attention
in this research field.””*° Both serum proteins are able to bind
both compounds 1 and 2, and thus, two modes of
transportation have been suggested in the past to explain the
reported minor side effects and tumor selectivity of these drugs,
(1) Tf- and (2) HSA-mediated pathways. (1) Ruthenium
exhibits chemical similarity to iron, and thus, it is able to
reversibly bind to the iron transporter Tf. After metal binding,
the Tf—metal complex is delivered into the cell by endocytosis,
where the transport protein releases the bound metal before
being recycled and transferred back to the extracellular space.
Malignant tumor cells frequently express a higher level of Tf
receptors than normal cells due to their higher iron demand,
and therefore, it has been suggested that ruthenium compounds
are able to exploit Tf as a “vehicle” to selectively reach the
tumor cells in iron’s stead.””*" (2) The HSA-mediated pathway
is based on the enhanced permeability and retention (EPR)
effect of tumor tissues.”> The EPR effect describes the
phenomenon that macromolecules of a certain size (>40
kDa) are able to selectively accumulate in tumor tissue due to
the production of blood vessels with a defective architecture.
These defects in tumor blood vessels (e.g.,, gaps between the
endothelial cells) allow macromolecules to transit from the
blood vessel into the tumor tissue. Inefficient lymph drainage
increases this effect. It is suggested that, after the ruthenium
compounds bind to highly abundant HSA, the resulting HSA—
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drug complex is able to cross the blood vessels via the EPR
effect and accumulates in tumor cells.*

Thus, the interaction between metallodrugs and proteins
represents one major focus in drug development because it
might be crucial for the biodistribution, metabolism, bioavail-
ability, toxicity, and mode of action of some anticancer drugs.
Compound 1 binds strongly to HSA, and a number of studies
investigating the HSA—1 interaction have already been
published.”> ™ HSA is the most abundant serum protein in
human plasma (~600 yM) and serves as a transporter for
hormones, fatty acids (FAs), bilirubin, and various pharma-
ceuticals. HSA consists of a single chain of ~66.5 kDa, which is
divided into three domains (domains I, II and III, see Figure 2),

Domain Il
Domain |

Domain Il

Figure 2. Overall structure of HSA—Myr—1 (PDB ID: SIFO). The
structure is shown as a cartoon with every domain/subdomain being
differently colored and labeled (domain I, blue; domain II, green;
domain I1I, red). The bound metal centers are represented as deep teal
spheres and labeled as Rul and Ru2, respectively. The seven FAs
bound to HSA are labeled as FA1—7 with bound FAs being displayed
as sphere chains (aliphatic chain, gray spheres; carboxylate oxygens,
red spheres).

each of which is further subdivided into two helical subdomains
(subdomains A and B, see Figure 2).*? The structural
architecture of HSA harbors a variety of ligand binding sites,
which are located within hydrophobic pockets.””*’ Despite the
multitude of relevant publications about the HSA-1
interaction, the exact binding event, sites, and especially the
composition of the drug during and after the binding still
remain elusive.

Herein, we report on the X-ray crystal structure analysis of
the complex of HSA with myristate (Myr) and 1. Myr is a
common FA ligand of HSA, which is known to facilitate HSA
crystal formation by inducing favorable conformational changes
and was thus used for crystallization trails.”' The structural data
provide information on the location of at least two binding sites
of 1 on HSA and about the composition of the bound drug.
Furthermore, the influence of FA-induced conformational
changes within HSA on 1 binding and the crucial role of the
indazole ligands during drug binding are discussed. The
existence and number of ruthenium bound to HSA were
independently proven and quantified by inductively coupled
plasma mass spectrometry (ICP-MS).

DOI: 10.1021/acs.jmedchem.6b00600
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B RESULTS AND DISCUSSION

Overall Structure of HSA—Myr—1. Single crystals of
HSA—Myr—1 were obtained by soaking of preformed HSA—
Myr crystals in 1-containing solutions, and the crystal with the
highest ruthenium content diffracted to 3.2 A resolution. The
crystal belonged to the C 1 2 1 space group with one HSA
molecule per asymmetric unit. The final model of HSA—Myr—
1 was refined to an R-factor of 24.5% (R-free = 26.2%) with
good stereochemistry (see Table S1 in the Supporting
Information for further details). The single HSA chain has
two ruthenium ions bound to the hydrophobic cavities of
subdomains IB and IIA, respectively, and Myrs bound at six of
the seven known FA binding sites on the protein (Figure 2).
The overall conformation of the HSA—Myr complex is not
significantly affected by binding of 1, as evidenced by the
absence of major changes in the orientation of the three
domains when compared to other HSA—Myr drug structures in
the Protein Data Bank (PDB, www.pdb.org). For instance, the
Ca rms deviation of the structure reported herein from the
structure of HSA—Myr with bound 3’-azido-3'-deoxythymidine
and salicylic acid (PDB ID: 3BO9M™) is only 0.47 A (3689
atoms included).

Details of Ru Binding Sites | and Il. Analysis of the
difference Fourier electron density maps clearly indicates two
strong positive peaks revealing the presence of two Ru binding
sites. In Ru binding site I (Figure 3A), the metal ion is bound to
the imidazole nitrogen of histidine 146 (His146), which is
located at the lower entrance to subdomain IB. This subdomain
consists mainly of three a-helices forming a hydrophobic
groove. His146 is the only proteinogenic ligand coordinated to
the Ru center. The Ru—N(His146) distance is 2.1 A and thus
agrees with the average value of 2.1 A for Ru—N distances
found in the literature.””~* The electron density around the
Ru center clearly indicates the absence of bulky indazole
ligands; however, despite the relatively low resolution, the
existence of coordinating small ligands is still obvious (Figure
3B). Therefore, five water molecules were inserted into the
density and included in the refinement. The Ru—OH, distances
range from 1.8 to 2.8 A. Given the electron density, the Ru
adopts a distorted octahedral geometry, which is the most
common geometry of protein bound Ru(IIT).*#*°

In Ru binding site II (Figure 4A), which is adjacent to Ru site
I (Figure 2), the Ru atom is also bound to a histidyl nitrogen
provided from His242, which is located within the hydrophobic
core of HSA subdomain IIA. The Ru—N(His242) distance is
2.1 A and thus again in perfect agreement with the literature
values.” " The electron density of Ru binding site II is more
pronounced than in Ru site I; however, again no density could
be assigned to an indazole ligand (Figure 4B). In contrast to Ru
site I, the Ru center at site II is additionally coordinated by a
further proteinogenic ligand, lysine (Lys199), with a Ru—
N(Lys199) distance of 2.7 A. Furthermore, the electron density
of the Ru species is not only merged with the density of the
coordinating His and Lys ligands but also with those of residues
tryptophan (Trp214) and arginine (Arg218), indicating a more
sophisticated coordination sphere at Ru binding site II in
comparison to that at site I. Lys199 and Arg218 are positioned
at the polar entrance with His242 at the inside and Trp214 in
the lower part of the hydrophobic pocket. Because no direct
coordination between the Ru center and Trp214 is expected
(giving rise to a merged density), a Ru-coordinating water
molecule was placed between them. Another water molecule
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Figure 3. Ru binding site I (PDB ID: SIFO). (A) HSA structure
shown as a blue cartoon; side chains located within 6 A from the Ru
center are represented as sticks (color code: carbon, blue; nitrogen,
dark blue; oxygen, red). The Ru center is displayed as a deep teal
sphere with the coordinating water molecules shown as small red
spheres. One FA is located within the binding site IB, which is shown
as a chain of spheres (aliphatic chain, gray spheres; carboxylate
oxygens, red spheres). (B) The electron density map (2F, — F,) of the
binding site is shown as a gray mesh contoured at 1.0 6. Protein side
chains are shown as sticks with the remaining binding site being
represented as in (A). The inset shows an indazole ligand in the
corresponding size to visually indicate the absence of indazole-based
electron density.

was inserted between the Ru atom and Arg218 because the
Ru—Arg218 distance of 4.4 A is rather large for a direct
interaction. Thus, the incorporated water coordinates to the Ru
center and is stabilized by Arg218. The distorted octahedral
coordination of the Ru center is completed by two further
water molecules leading to Ru—OH, distances of 2.5-2.8 A.
Refinements resulted in an occupancy of ~0.5 for both Ru
centers and thus indicate similar Ru affinity of the two binding
sites and a satisfactory degree of protein metalation.

Both metal centers are bound to known drug binding sites of
HSA and are thus expected to be transported to their
pharmacological targets. The two most prominent drug sites
on HSA are Sudlow sites I and II, which are located within
subdomains IIA and IIIA, respectively.47 However, Ru was only
found in Sudlow site I (Ru binding site II), which is known to
preferentially bind bulky heterocyclic drugs with a centrally
located negative charge.”" > These characteristics apply to 1
with its two indazole ligands being attached but not to the
naked Ru atom. In contrast, Sudlow site II is known to
preferentially bind aromatic carboxylates with a peripheral
negative charge, which could be one reason for the lack of
bound Ru moieties there.*® Thus, it seems that the indazole
ligands play a crucial role in 1 binding despite their absence in
the structure. In addition, the region around Sudlow site II is
also a strong binding site for FAs and thus might be blocked

DOI: 10.1021/acs.jmedchem.6b00600
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Figure 4. Ru binding site II (PDB ID: SIFO). (A) HSA structure is
shown as a green cartoon; side chains located within 6 A from the Ru
center are represented as sticks (color code: carbon, green; nitrogen,
dark blue; oxygen, red). The Ru center is displayed as a deep teal
sphere with the coordinating water molecules shown as small red
spheres. (B) The electron density map (2F, — F,) of the binding site is
shown as gray mesh contoured at 1.0 ¢. Protein side chains are shown
as sticks with the remaining binding site being represented as in (A).
The inset shows an indazole ligand in the corresponding size to
visually indicate the absence of indazole-based electron density.

and not accessible for 1. Another reason for the lack of Ru
could be the absence of residues exhibiting strong affinity
toward Ru(III) like His, aspartic acid (Asp), methionine (Met),
or cysteine (Cys) in the Sudlow site IT pocket.”’ Therefore, the
other Ru species is located within subdomain IB (Ru binding
site I), which contains a strong metal binding His residue and,
in addition, was reported to bind a wide range of drugs,
considering it as the third maJ'or drug binding site besides the
two Sudlow sites I and IL**°”°* Subdomain IB is conforma-
tionally very flexible and provides enough spatial scope for
drugs like 1.°*** Both binding sites have been confirmed by
competition studies, where 1 was shown to be able to replace
the HSA site markers warfarin from Sudlow site I and bilirubin
from subdomain IB.*?

The previously reported structure of 1 bound to human
lactoferrin showed that although 1 binds to a His residue
(His253) as shown here, at least one of the heterocyclic
indazole ligands remains bound to the Ru center.”” The
different observations regarding the composition of the bound
1 moiety could be explained by the considerably higher amount
of salt (NaCl or KCI), which was used in this study (see
Experimental Section) in comparison to the crystallization
experiment of 1 with human lactoferrin. Higher concentrations
of NaCl or KCl in the crystallization solution could stabilize the
equatorially coordinated chloride ligands by suppressing their
exchange and thus giving rise to the dissociation of the axial
indazole ligands, especially when considering the long
incubation time (~24 h of soaking, see Experimental Section)
at this high salt concentration. However, the results here are in
agreement with previously reported structures of other similar
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potential antiproliferative Ru(III) complexes bound to macro-
molecules. The potential metastasis inhibitor NAMI-A (Figure
S1) was also found to bind to the imidazole ring of His64 of
human carbonic anhydrase lacking all of its original ligands.®
Later, 2 NAMI-A analogue sodium trans-[tetrachlorobis(1H-
pyridine)(S-dimethyl sulfoxide)ruthenate(III)] (AziRu) (Fig-
ure S1), which contains a pyridine instead of the imidazole ring,
was crystallized with hen-egg white lysozyme, and the resulting
structure showed almost the same picture, the loss of all ligands
under the applied crystallization conditions.”” One Ru was
coordinated by His1S and Asp87, exchanging all of its ligands.
These structural results show that all crystallographically
investigated anticancer Ru(III) complexes behave similarly
under crystallization conditions; that is, all compounds
predominantly bind to proteinogenic N-donor ligands (His)
of biomacromolecules under dissociation of their own N-donor
ligands (1, indazole; NAMI-A, imidazole; AziRu, pyridine).
However, it is believed that both NAMI-A and AziRu readily
lose their ligands in aqueous solutions, and thus, the Ru atom
interacts “ligand-free” with the protein. This is not true for 1
because it is suggested that the complex is more stable and its
indazole ligands remain attached for at least 8—24 h in solution,
and thus, the ligands are able to interact hydrophobically with
the binding site pockets of HSA during the early stages of HSA
binding.sg_60 Therefore, it is believed that 1 loses its indazole
ligands only after a certain amount of time (~24 h in the crystal
soaking experiment). However, it has to be taken into account
that under physiological conditions it might also be possible
that the indazole ligands remain in the structure, and
additionally, the complex could reach the tumor cell before
the indazole ligands are released. Furthermore, it has to be
noted that X-ray crystallography is a technique that is not able
to directly examine the behavior of molecules in solution, and
additionally, the study of molecular motion is also not possible.
Thus, the results herein are the observations of one single
conformation, and therefore, it cannot be excluded that the
indazole ligands stay attached to the complex in solution.

Although the absence of the indazole ligands in the structure
is obvious, it cannot be excluded that one or more Ru-
coordinating water molecules are misinterpreted chloride
ligands retained from the original 1 molecule. There is some
evidence that at least one Ru ligand at binding site II is a
chloride ion. The electron density at this site (Figure 4B) that
connects the Ru atom to Trp214 could be explained by a
bridging chloride ligand, which on the one side is coordinated
to the Ru center and on the other side is stabilized by Trp214
via a distorted and edgewise anion-z (or quadrupole)
interaction (high NaCl or KCI concentrations could suppress
chloride exchange, see Experimental Section).”’ ™% The same
could also apply to other Ru coordinating waters in the
structure, especially those that are equatorially coordinated to
the Ru center. The electron density of the equatorially
coordinated ligands is significantly stronger than that of the
axial ligands (Figures 3B and 4B). This could be explained by
the existence of equatorially positioned heavy chloride ions that
more likely give rise to electron density at this resolution than
(axially positioned) light water molecules. However, because of
the lack of clear experimental evidence for the presence of
chloride ions, water molecules were incorporated into the
coordination sphere of both metal centers.

The Influence of Myr Binding on the HSA Structure
and Binding of 1. HSA possesses a total of seven well-
characterized FA binding sites.”* Because the protein was

DOI: 10.1021/acs.jmedchem.6b00600
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subdomain IlIA

subdomain IB

subdomain IIA

Figure S. Structure comparison between the FA-loaded HSA—Myr—1 complex (PDB ID: SIFO) and the FA-free HSA—halothane complex (PDB
ID: 1E7B). Both structures are shown as cartoons, where the HSA—Myr—1 complex is colored green and the HSA—halothane complex red with 30%
transparency. In addition, both metal atoms are displayed as deep teal spheres. FAs are omitted for clarity in the overall structure comparison. The
insets show zoomed views of the three major drug binding cavities on HSA (domains IB, IIA, and IITA). Note that the structures in the insets are
rotated in comparison to the overall structure to provide the best view of the inside of each binding pocket. Subdomains IB and IIIA harbor FAs,
which are displayed as chains of spheres (aliphatic chain, gray spheres; carboxylate oxygens, red spheres). The Ru binding His residues of

subdomains IB and IIA are shown as sticks (color code: carbon, green/red; nitrogen, blue) with the asterisk indicating the His residue coming from

the HSA—halothane structure.

incubated with a 10-fold molar excess of Myr prior to
crystallization, the structure was searched for FAs (see
Experimental Section for further details). Six Myr molecules
were detected (see Figure 2), and all sites were confirmed by
comparing them with FA positions of the HSA—Myr—
indomethacin structure (PDB ID: 2BXM*’), which has all
known HSA FA binding sites (FA 1—7 in Figure 2) occupied.
One FA site in the structure reported here is located in the
hydrophobic cavity of subdomain IB, and thus, a Myr molecule
was found in close proximity to Ru binding site I, however,
without disturbing the coordination sphere of the bound Ru.
Potential FA binding site 7 (FA7 in Figure 2), which is located
within subdomain IIA, is occupied by Ru (Ru site II) herein,
and thus, no Myr was found there. The known drug binding
site at subdomain IIIA (Sudlow site II) has two FA chains
bound and is thus fully occupied by Myr.

For the structural impact of Myr on both the protein
conformation and 1 binding to be investigated, the HSA—
Myr—1 structure was superimposed with FA lacking HSA—
halothane structure (PDB ID:1E7B*) (Figure S). The detected
Ca rms deviation (including 3136 atoms) of 3.2 A is the result
of rigid-body rotations of domains I and III relative to domain
II, leading to differences in the binding sites and a
rearrangement of the hydrogen network between the polar
residues within the hydrophobic cavities. The Ru atom bound
at subdomain IB clashes with the His146 harboring a-helix of
the FA-free HSA—halothane structure (Figure S). This helix is
shifted in the HSA—Myr—1 structure, indicating an opening of
the lower part of the binding pocket and thus providing more
space, which is used and occupied by a Myr molecule (FA1 in
Figure 2). However, this additional space is not necessary for
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Ru binding to this site because the coordination sphere of the
metal would not be restricted in the Myr-free conformation. In
subdomain IIA, only minor changes are observed (Figure S).
Thus, it seems that these Myr-induced conformational changes
have no significant impact on 1 binding at these sites although
such structural alterations have been reported to have
tremendous effects on the binding of some therapeutics.*”

It is known that, in the presence of FAs, drug binding to
subdomains IB and IIA is enhanced because the other major
drug binding site at subdomain IIIA (Sudlow site II) also serves
as a high affinity site for FAs and thus tends to be occupied by
those lipids. Therefore, drugs switch preferentially to
subdomains IB and IIA, where they can either replace weakly
bound FAs or coexist with them.®***~®® This is in accordance
with the structural results represented here, where subdomain
ITIA is occupied by two Myr chains (Figure S); however, this
seems not to be the main reason for the lack of Ru there as
already discussed above. Rather, the absence of metal-
coordinating residues like His, Asp, Cys, or Met results in no
1 binding at this site. Thus, 1 binding to Myr-free HSA (and
thus freely accessible subdomain IIIA) would most likely reveal
the same binding sites as shown here. However, under
physiological conditions (in plasma), HSA can be loaded with
up to two moles of FAs, and under certain disease states (e.g,,
cancer), the FA concentration is even increased.®>%7°
Furthermore, a comparison study between a series of FA-free
HSA drug structures with the corresponding FA-loaded HSA
drug structures revealed that, in the majority of cases, the drug
binding position was not at all or only slightly changed by FA
binding, and in addition, HSA exhibits so-called “breathing
motions”, that is, HSA is switching between the FA-free and

DOI: 10.1021/acs.jmedchem.6b00600
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FA-loaded conformations in solution.*””" All this confirms the
assumption that FA binding has no significant influence on 1
binding and that, at least under extreme (tumor) physiological
conditions, 1 will preferentially bind to the sites reported here
(and will most likely avoid subdomain IIIA), reinforcing the
potential physiological relevance of the HSA—Myr—1 structure.
For the influence of FAs on 1 binding to be ruled out
experimentally, ICP-MS measurements were performed apply-
ing no and different concentrations of Myr.

Identification and Quantification of the Ru Content in
HSA. For unambiguously proving the presence of Ru within the
crystal with an independent experiment, ICP-MS was
performed with the HSA—Myr—1 crystal after X-ray data
collection. For the detection of unbound Ru to be avoided, the
crystal was excessively washed prior to crystal harvesting (see
Experimental Section for further details). The result of the ICP-
MS experiment showed 3.9 ng of Ru within the single crystal,
clearly proving the presence of Ru in the structure.

For roughly estimating the expected number of bound Ru
molecules per HSA molecule and confirming the structural
data, the Ru content in solutions containing the preformed
HSA—Myr—1 complexes were determined by a second ICP-MS
experiment. Complexes consisting of different HSA/Myr/1
ratios were prepared, where the amounts of HSA and 1 were
kept constant (HSA/1 ratio of 1:10) but the Myr amounts were
varied (from no Myr to a 10-fold excess over HSA) to
investigate possible competition reactions between 1 and Myr
(see Experimental Section for more details). In addition, the
complexes were prepared by incubating HSA with 1 and Myr
applying different incubation times (1, 3, 6, 12, and 24 h) to
examine the possible influence of Myr on the HSA—1 complex
formation time. Table 1 shows the results of the second ICP-
MS experiment. The number of bound moles of Ru per one
mole of HSA ranges from 1 to 3 with an average value of 1.7
mol Ru per mole HSA. This is in good agreement with the
crystallographic data. The ICP-MS data reveal no significant

Table 1. Determination of the Bound Ru Amount by ICP-
MS

complex ratio [HSA/Myr/1] incubation time [h] Ru/HSA ratio”

1:0:10 1 1.48
1:0.5:10 1 298
1:1:10 1 2.10
1:10:10 1 1.45
1:0:10 3 1.57
1:0.5:10 3 1.45
1:1:10 3 1.66
1:10:10 3 1.52
1:0:10 6 2.72
1:0.5:10 6 1.57
1:1:10 6 1.70
1:5:10 6 1.78
1:10:10 12 1.36
1:0.5:10 12 1.24
1:1:10 12 1.45
1:10:10 12 1.63
1:0: 10 24 1.58
1:0.5:10 24 1.54
1:1: 10 24 1.71
1:10:10 24 1.75

“Ru to HSA ratio given as n(Ru)/n(HSA).
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influence of Myr binding on both the number of bound Ru and
the HSA—1 complex formation time. The HSA—1 complex is
already formed after 1 h, which is indicated by an average of 2
bound moles of Ru per mole of HSA. However, ICP-MS does
not provide information about the composition of the bound
Ru moiety, and thus, it is not clear if at this time point the
indazole ligands are still attached to the metal center. Because
of the relatively unchanged Ru amount with increasing Myr
concentration and even in the presence of equimolar Myr (see
Table 1, HSA/Myr/1 = 1:10:10), it can be concluded that 1 is
able to replace Myr from the binding site as already implied in
the structure, where no Myr was found in Ru binding site I,
although this site is also known as a potential FA binding site.
Furthermore, the results indicate that Myr binding (including
the structural changes) has no significant impact on 1 binding
as the Ru amount is similar between the Myr-free and Myr-
containing complex solutions. The structural and ICP-MS data
presented here are also in good agreement with the latest report
on HSA—1 interactions by Dométor et al,, who also revealed a
1/HSA ratio of 2:1 (without Myr) by ultrafiltration-UV/vis
measurements.”” However, the possibility cannot be excluded
that more than two Ru moieties are bound to one single HSA
molecule in solution because two measurements of the ICP-MS
experiment indicated the binding of three Ru molecules, and in
addition, it is almost impossible to directly translate results of in
vitro experiments into in vivo systems. Nevertheless, it can be
concluded that a Myr-free crystal would result in binding of 1
to the same sites as reported here.

Proposed Mechanism for Binding of 1. All structural
features of Ru binding sites I and II represent ideal prerequisites
for the binding of the entire 1 complex with its bulky indazole
ligands being attached to the metal center. HSA contains in
total 16 His residues with 10 located at the protein’s surface.
Cisplatin was shown to bind to solvent-exposed His and Met
(methionine) residues at the surface of HSA.”> Therefore, it is
very striking that no Ru was found at the protein’s surface,
which would be a more accessible binding site for Ru atoms or
other Ru species lacking the bulky ligands than hydrophobically
buried His residues. Thus, it is very likely that the axial indazole
ligands are involved in 1 binding, which means that they remain
attached to the Ru center until the complex reaches its final
destination within HSA. The indazole ligands are responsible
for binding site recognition via hydrophobic interactions.
According to this, 1 approaches the protein in its original
composition and exhibits first interactions with the hydro-
phobic regions of HSA and moves slowly toward the final
hydrophobically buried binding destination. After the binding
site is reached, the heterocyclic ligands are dissociated after a
certain amount of time (~24 h in the soaking experiment) so
that the Ru(Ill) center is able to coordinate to the protein
under ligand-exchange with protein-derived His ligands. This is
possible because the imidazole groups of the His represent
stronger donors toward Ru than the indazole ligands, leading to
a more stable Ru—N bond.>® Cetinbas et al.”® suggested a
similar two-step reaction pathway before, describing an initially
rapid noncovalent binding of 1 to HSA followed by slow
covalent binding. This mechanism was further confirmed by the
studies of Webb et al,,**”> empbhasizing the importance of the
hydrophobicity of the indazole ligands and thus the specific
noncoordinate hydrophobic interactions with HSA, which are
associated with lower side effects of 1. The experiments
indicated that the hydrophobically coordinated species persists
even after 24 h of incubation. This explains the final destination
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of both Ru centers and the need for large and hydrophobic
binding pockets for enhanced bioavailability and cytotoxicity.

B CONCLUSIONS

The structure of the HSA—Myr—1 complex reported here
reveals the binding of two Ru moieties, which is independently
confirmed by ICP-MS measurements. Both metal centers are
bound to the imidazole nitrogen of histidines (His146 and
His242), which are located within well-known drug binding
sites, namely, on subdomain IB (Ru binding site 1) and IIA (Ru
binding site 2) and exhibit an octahedral geometry. Structure
analysis and comparison with an HSA structure lacking FAs
revealed that Myr induces conformational changes within HSA,
which, however, do not have a significant impact on binding of
1 at the binding sites reported here as additionally shown by
ICP-MS. A two-step binding mechanism is suggested, where
the indazole ligands are needed for rapid binding site
recognition via hydrophobic interaction and may dissociate
from the complex afterwards to enable Ru center coordination
to the protein. This proposed indazole-mediated binding
mechanism demonstrates the importance of the indazole
ligands as binding site recognizing moieties, which promote
metal binding to pharmacologically important binding sites on
HSA. This inhibits unspecific metal coordination and binding
to other interfering proteins in the serum, which otherwise
could lead to reduced selectivity, bioavailability, and cytotox-
icity. This could represent one important reason for the
pharmacologically different behavior between 1 and cisplatin,
which was found to bind His residues located at the surface of
HSA. Furthermore, the results shown here indicate that metal
binding His residues represent a major factor for Ru binding by
HSA. Thus, it is suggested that 1 binds also to His sites within
other proteins like Tf, which harbors two His residues in its
iron binding cleft. However, HSA should represent the main
vehicle for 1 on its way to the cancer cells due to its high
abundance in human plasma and its innate preference for
binding hydrophobic compounds. The cytotoxicity of 1 could
be improved even more by attaching more hydrophobic ligands
to the Ru(III) center, which might inhibit the covalent binding
of the metal to the protein and instead promote non-
coordinative drug binding, leading to enhanced bioavailability
by facilitated metal release in the tumor cell. However, the
knowledge of 1 binding sites within HSA and the proposed
binding mode could provide a framework for future cancer drug
development approaches.

B EXPERIMENTAL SECTION

1. General Methods. All reagents and solvents were reagent grade
and used as purchased from commercial sources. Compound 1 was
synthesized at the Institute of Inorganic Chemistry, University of
Vienna. The purity of the used batch of 1 was checked at the
Microanalytical Laboratory of the University of Vienna by both
elemental analysis applying a PerkinElmer 2400 CHN elemental
analyzer and mass spectroscopy applying a Bruker Esquire 3000 Plus
Ton Trap mass spectrometer. The results revealed a deviation of +0.9
and +0.1%, respectively, from the calculated value, thus confirming
>95% purity for 1.

Protein purification was performed by size-exclusion chromatog-
raphy (SEC) using the AKTA explorer system from GE Healthcare.
The purity of the protein samples was checked by SDS-PAGE using a
15% acrylamide-containing gel and the Mini-PROTEAN Tetra Cell
from Bio-Rad. For highly concentrated protein samples (75—120 mg/
mL) to be obtained, ultrafiltration was performed using Vivaspin
concentrators with a 30 kDa cutoff membrane from Sartorius. For the
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determination of protein concentrations, the protein’s absorbance at
280 nm was measured by UV—vis spectroscopy (UV-1800 from
Shimadzu), and the concentrations were subsequently calculated
applying the Beer—Lambert Law using the molar extinction coefficient
(at 280 nm) of 36500 M~! cm™! for HSA.”*

2. Protein Sample Preparation. FA- and globulin-free HSA
(Sigma, A3782) was dissolved in 20 mM potassium phosphate buffer
(pH 7.4) containing 150 mM NaCl and purified by SEC using the
same buffer to remove HSA dimers and multimers. Fractions
containing the monomer of the protein were pooled and incubated
with a 10-fold molar excess of sodium Myr (Sigma-Aldrich) for 3 h at
37 °C. Excessive undissolved Myr was removed by centrifugation at
3200g for 15 min. The resulting HSA—Myr complexes were
concentrated to 80—120 mg/mL and centrifuged at 20800g for 15
min prior to crystallization experiments.

Samples of the ternary complex HSA—Myr—1 for ICP-MS
measurements were prepared as described above with the difference
that HSA was incubated with both Myr and 1 at different molar ratios
and for different incubation times (1, 3, 6, 12, and 24 h) at 37 °C.
Complexes with the following HSA/Myr/1 ratios were prepared:
1:0:10, 1:0.5:10, 1:1:10, and 1:10:10. Excessive undissolved Myr was
again removed by centrifugation followed by excessive ultrafiltration to
wash off unbound 1. Concentration determination of the HSA—Myr—
1 sample was performed by the Bradford method” because the
protein bound 1 species shows a highly intense band in the UV—vis
spectra overlapping with the 280 nm band of the protein and thus
making it impractical to determine the protein’s absorbance at this
wavelength. The Bradford assay from Bio-Rad was utilized with bovine
serum albumin (BSA) as standard using an Infinite M200 microplate
reader (TECAN) for absorbance measurements at 595 nm.

3. ICP-MS Measurements. Milli-Q water (18.2 MQ cm, Milli-Q
Advantage) and nitric acid (>69%, p.a., TraceSelectFluka) was used
for all dilutions for ICP-MS measurements. Elemental standard
solutions for ICP-MS measurements were derived from CPI
International (Amsterdam, The Netherlands).

Samples were either directly diluted with 3% nitric acid or a
digestion of samples was performed with 2 mL of 3% nitric acid using
a microwave system Discover SP-D (CEM Microwave Technology).
The following microwave parameters were applied: temperature, 200
°C; ramp time, 4 min; hold time, 6 min; and maximal power, 300 W.
Digested samples were diluted with Milli-Q water resulting in nitric
acid concentrations lower than 3% and Ru concentrations lower than
15 ng/g. ICP-MS measurements were performed with an ICP-
quadrupole MS instrument Agilent 7500ce (Agilent Technologies)
equipped with a CETAC ASX-520 autosampler and a MicroMist
nebulizer at a sample uptake rate of approximately 0.25 mL/min. The
instrument was tuned on a daily basis, and indium served as the
internal standard for Ru. The ICP-MS was equipped with nickel cones
and operated at a radio frequency (RF) power of 1550 W. The dwell
time was set to 0.3 s, and the measurement was performed with 10
replicates. The Agilent MassHunter software package (Workstation
Software, Version B.01.01, 2012) was used for data processing.

4. Crystallization Experiments. Crystals of the HSA—Myr—1
complex were obtained by soaking of preformed HSA—Myr crystals
with 1. Crystallization of the HSA—Myr complex for the soaking
experiment was performed at 20 °C by the hanging-drop vapor-
diffusion method. The crystallization drops consisted of 1-2 uL of the
HSA—Myr solution (75—120 mg/mL in 20 mM potassium phosphate
buffer, pH 7.4) and 0.5—1 uL of reservoir solution (S0 mM potassium
phosphate buffer, pH 7.5—8.0, 25—30% (w/v) PEG 4000, 150 mM
KCl, and S mM NaNj;) and were equilibrated against 500 uL of
reservoir solution. After 1—2 weeks, large but extremely twinned
crystals grew, which were used for streak seeding to obtain high quality
single crystals. For that reason, new crystallization drops were set up
with 85% of the precipitant composition of the original reservoir
solution that produced the first crystals. After 7 days of equilibration,
streak seeding was performed, and large single crystals appeared.
These crystals were then soaked in a solution containing 1-=2 mM 1 in
50 mM potassium phosphate buffer, pH 7.4, 35% (w/v) PEG 4000,
150 mM KClJ, and 3% DMSO for 24 h at 20 °C (DMSO was necessary
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to keep 1 in solution, however, most of the crystals cracked or
disappeared). After the soaking procedure, the crystals were intensely
washed in a series of washing solutions (S0 mM potassium phosphate
buffer, pH 7.4, and 150 mM KCl) containing different amounts of
precipitant (30, 32, and 35% (w/v) PEG 4000) for upcoming ICP-MS
measurements. The crystals were then flash frozen in liquid nitrogen
after a brief soak in a cryo-protection solution containing 50 mM
potassium phosphate buffer, pH 7.4, 35% (w/v) PEG 4000, 150 mM
KCl, and 5 mM NaN;. The best ruthenium-containing crystal
diffracted to a maximum resolution of 3.2 A. Details of the data
collection and refinement can be found in the Supporting Information.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jmed-
chem.6b00600.

Additional experimental details, data collection, and
structural analysis (PDF)
ICS0 values (CSV)

Accession Codes
Atomic Coordinates and experimental data (PDB ID: SIFO).

B AUTHOR INFORMATION

Corresponding Author

*Phone: +43—4277—-52502. Fax: +43—4277—852502. E-mail:
annette.rompel@univie.ac.at. Web-site: https://www.bpc.
univie.ac.at.

Funding
The research was funded by the Austrian Science Fund (FWF)
P23711.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The X-ray diffraction experiment was performed at beamline
ID23-1 within the scope of proposal MX1616 at the European
Synchrotron Radiation Facility (ESRF), Grenoble, France. The
authors are grateful to the ESRF staff, especially to Dr.
Stéphanie Monaco and Dr. Ulrich Zander, for providing
assistance during the beamtime. Furthermore, the authors are
grateful to Dipl.-Ing. Matthias Pretzler for valuable discussions
and critically reading this article. The authors also thank Dr.
Michael Jakupec for valuable discussion about the anticancer
compound.

B ABBREVIATIONS USED

Arg/R, arginine; Asp, aspartic acid; AziRu, sodium trans-
[tetrachlorobis(1H-pyridine)(S-dimethyl sulfoxide)ruthenate-
()] (ruthenium complex and NAMI-A analogue); Cys,
cysteine; Ca rmsd, root-mean-square deviation of the
coordinates of Ca backbone atoms; ER, endoplasmic
reticulum; F, phenylalanine; FA, fatty acid; FA1-7, fatty acids
binding to corresponding fatty acid binding sites 1—7; His/H,
histidine; HSA, human serum albumin; I, isoleucine; ICP-MS,
inductively coupled plasma mass spectrometry; L, leucine; Lys/
K, lysine; Met, methionine; Myr, myristate; NAMI-A, new
antitumor metastasis inhibitor A; PDB, protein data bank; PEG,
polyethylene glycol; Ru, ruthenium; Ru(III), ruthenium ion 3+;
Ru—N(His146)/Ru—N(His242), ruthenium bound to the
imidazole nitrogen of histidine 146 or 242, respectively, of
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human serum albumin; S, serine; Tf, human serum transferrin;
Trp/W, tryptophan; V, valine
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