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Dalton Transactions

Albumin binding and ligand-exchange processes of the Ru(III)
anticancer agent NAMI-A and its bis-DMSO analogue determined
by ENDOR spectroscopy

Coordination of Ru(III) anticancer candidates to albumin via histidine imidazoles has been
demonstrated by electron nuclear double resonance (ENDOR) spectroscopy.
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Albumin binding and ligand-exchange processes of the
Ru(lll) anticancer agent NAMI-A and its bis-DMSO
analogue determined by ENDOR spectroscopyt

Michael I. Webb,*?" and Charles J. Walsby®"

The ruthenium anticancer compound NAMI-A, imidazolium [trans-RuCla(1H-imidazole)(DMSO-S)], is
currently undergoing advanced clinical evaluation. As with other Ru(lll) chemotherapeutic candidates,
interactions with human serum albumin (HSA) have been identified as a key component of the
speciation of NAMI-A following intravenous administration. To characterize coordination to HSA, we
have performed electron paramagnetic resonance (EPR) and electron nuclear double resonance
(ENDOR) spectroscopic analysis of deuterium-labelled isotopologues of both NAMI-A and its bis-DMSO
analogue, [(DMSO):H][trans-RuCls(DMSO-S)2] (Ru-bis-DMSO). Samples were prepared using phosphate
buffered saline, in the presence of HSA, and with the individual amino acids histidine, cysteine, and
alanine. Analysis of '"H ENDOR spectra shows characteristic hyperfine interactions from DMSO, water,
and imidazole ligands. Furthermore, coordination of imidazole ligands was confirmed from diagnostic
N ENDOR signals. Combined with the EPR data from the complexes following incubation in the
presence of histidine, the ENDOR data demonstrate that both complexes bind to HSA via histidine
imidazoles. Furthermore, the protein-bound species are shown to have water ligands and, in the case
of Ru-bis-DMSO, one species has a remaining coordinated DMSO.

Introduction
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drugs such as cisplatin, which are amongst the most widely
used compounds in modern chemotherapy.? Fundamental
properties of ruthenium complexes make them particularly
attractive as potential anticancer drugs, including: (i) octahedral
geometry, which allows for structural diversity and modes of
action that are distinct from square-planar Pt(I11) complexes, (ii)
slow rates of ligand exchange, which are often on the order of
cell-division processes,® and (iii) a range of oxidation states that
are accessible under physiological conditions, specifically 2+,
3+, and 4+.* Recent development of ruthenium compounds has
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X =H, Y = H: NAMI-A

X =D, Y = H: NAMI-A-D,
X =H, Y = D: NAMI-A-Dg
X =D, Y = D: NAMI-A-Dyq

Z = H: Ru-bis-DMSO
Z = D: Ru-bis-DMSO-Dg

Fig. 1: NAMI-A, Ru-bis-DMSO, and their isotopologues used
for ENDOR measurements.

been dominated by octahedral Ru(l1l) coordination complexes
and Ru(ll) organometallic arene compounds.'® 5 The former
have advanced the furthest towards clinical application with the
most prominent examples being NAMI-A, imidazolium [trans-
RuCl,(1H-imidazole)(DMSO0-S)] (Fig. 1),° and the bis-indazole
complexes KP1019 and NKP-1339 all showing very promising
results in clinical trials.”

NAMI-A inhibits the development and growth of
metastases but has widely been considered to be non-
cytotoxic.® However, it has been reported recently that NAMI-
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A does exhibit selective antiproliferative effects on several
leukaemia cell lines.® Despite extensive investigation, the origin
of the activity of NAMI-A and other Ru(lll) chemotherapeutics
still remains to be fully established. Previous studies have
demonstrated that NAMI-A is not significantly internalized by
cells and consequently extracellular processes have been linked
to the antimetastatic activity of the complex.®” ° In particular,
collagen interactions,® ! activation of integrin receptors,® and
binding to cell membranes® 2 have been implicated. A variety
of other Ru-DMSO complexes have been reported to have
similar activity profiles to NAMI-A, with relatively low
cytotoxicity but good antimetastatic properties, indicating that
this is a common feature of such compounds.® ** In this work,
[(DMSO),H][trans-RuCl4(DMSO0-S),] (Ru-bis-DMSO) (Fig.
1),** which is also the synthetic precursor of NAMI-A, has been
chosen as an additional representative of these types of
compounds and as a spectroscopic reference.

A wide variety of techniques have been used to characterize
the ligand exchange processes, protein binding, and cellular
interactions of NAMI-A, 0% 12 14615 |nteractions with human
serum albumin (HSA) have been a particular focus of these
studies since it is likely a major transporter of NAMI-A in
vivo.?® 18 We have demonstrated previously that electron
paramagnetic resonance (EPR) is a useful tool for such studies,
since it reports changes to the ligand environments of Ru(lll)
(low-spin d®, S = %) complexes. Using this technique, we have
inferred the identity of Ru(lll) species from spectral features
and variation of signal intensities, as determined by
deconvolution of the experimental data via simulation. In this
report we describe the application of electron nuclear double
resonance (ENDOR) spectroscopy to directly characterize the
ligand environments of species formed from NAMI-A and Ru-
bis-DMSO by ligand-exchange  processes. = ENDOR
spectroscopy has been described as “EPR detected NMR”, and
typically uses microwave radiation to saturate EPR transitions
at a selected magnetic field, while simultaneously
radiofrequency (RF) radiation is applied.!” The resulting spectra
of RF absorptions are defined by the characteristic Larmor
frequency of each nucleus as well as hyperfine and nuclear-
electric quadrupolar interactions. These data can thus determine
the identity of coordinated nuclei and their interaction with a
specific paramagnetic centre.

Using 'H, ?H, and N ENDOR of NAMI-A, Ru-bis-
DMSO, and their deuterated derivatives (Fig. 1), we have
probed the coordination of these complexes to HSA.
Comparison of these measurements with the spectra of the
complexes in phosphate buffered saline (PBS) and in the
presence of individual amino acids has enabled ligand exchange
processes and the mode of HSA coordination for each complex
to be determined.

Experimental

Synthetic procedures
NAMI-A and Ru-bis-DMSO were synthesized according to
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literature procedures.’® Isotopically labelled analogues were
also synthesized following the same literature procedures with
incorporation of Dg-DMSO (99.9%, Cambridge isotope
laboratories) and D,-imidazole (98%, Cambridge isotope
laboratories). Each labelled complex was checked for purity
using elemental analysis with results as follows: Ru-bis-DMSO,
Calc. C 17.27 H 4.53 N 0.00, Found C 17.41 H 4.52 N 0.00;
Ru-bis-DMSO-Dg, Calc. C 16.55 H/D 4.17 N 0.00, Found C
16.51 H/D 4.18 N 0.00; NAMI-A, Calc. C 20.97 H 3.30 N
12.23, Found C 21.16 H 3.29 N 12.08; NAMI-A-D, Calc. C
20.61 H/D 3.24 N 12.02, Found C 20.46 H/D 3.31 N 11.69;
NAMI-A-Dg Calc. C 20.70 H/D 3.26 N 12.07, Found C 20.67
H/D 3.20 N 11.69; NAMI-A-Dy, EA: Calc. C 20.35 H/D 3.20
N 11.86, Found C 20.67, H/D 3.10 N 11.84."

Preparation of EPR and ENDOR Samples

Ru(lll) complexes in buffer. For NAMI-A, Ru-bis-
DMSO, and their isotopologues, 20 mM samples for ENDOR
measurements were prepared by dissolving each complex in
150 pL of a PBS solution (pH 7.4) containing 137 mM NaCl,
2.7 mM KCI, 10 mM Na,HPO,, and 2 mM KH,PO, followed
by the addition 150 pL of glycerol. The samples were mixed,
and immediately frozen in liquid nitrogen until use.

Ru-bis-DMSO solution behaviour samples. For EPR
studies of the solution behaviour of Ru-bis-DMSO, samples
were prepared by dissolving the complex in PBS (3 mM, 1050
puL) followed by incubation at 37 °C. After 0, 10, 20, 30, and 60
minutes of incubation 210 pL aliquots were drawn from a stock
solution and mixed with 90 pL of glycerol and immediately
frozen in liquid nitrogen until use.

NAMI-A, Ru-bis-DMSO and Ru-bis-DMSO-Dg with
HSA. Each Ru(lll) complex was dissolved in PBS (20 mM,
600 pL), and immediately mixed with a solution of HSA (2.5
mM, 600 pL) and diluted to a final volume of 4 mL using PBS.
The resulting solutions were incubated at 37 °C for 30 minutes,
after which protein-bound fractions were isolated using Amicon
centrifugal filter units (30 kDa molecular weight cut-off) by
centrifuging at 8 °C and 4500 rpm for 30 minutes, or until a
volume of less than 200 puL was attained. The filtered product
was promptly made up to 210 puL with PBS and mixed with 90
pL of glycerol before being transferred to an EPR tube and
frozen in liquid nitrogen until use. A ratio of complex to HSA
of 8:1 was used to ensure a maximum concentration of protein
coordinated species. The resulting EPR spectra for NAMI-A
with HSA were indistinguishable from previous studies using a
2:1 ratio,** indicating that this does not affect the coordination
mode. The relatively high concentrations of NAMI-A, as
compared to likely in vivo concentrations, used in these studies
were required to produce sufficient signal-to-noise in the
ENDOR experiments.

NAMI-A and Ru-bis-DMSO with amino acids. Each
Ru(l11) complex was dissolved in PBS (10 mM, 1050 pL). The
individual amino acids (alanine, cysteine, and histidine) were
added (10 mM) to each Ru(lll) solution, resulting in a 1:1 ratio
of Ru to each amino acid. Each solution was then incubated for
0, 10, 20, 30, and 60 minutes at 37 °C, and up to 120 minutes
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for NAMI-A with histidine. Subsequently, 210 pL fractions
were taken and mixed with 90 pL of glycerol and immediately
frozen in liquid nitrogen until use.

EPR Measurements and Simulations

EPR spectra were collected at X-band (~9.5 GHz) using a
Bruker EMXplus spectrometer with a PremiumX microwave
bridge and HS resonator. Measurements were performed at 20
K using a Bruker ER 4112HV helium temperature-control
system and continuous-flow cryostat. Sample volumes were
300 pL and reproducible placement of sample tubes within the
quartz insert tube holder ensured that variation in instrument
sensitivity between measurements was minimal, and automatic
tuning of the spectrometer gave a Q-factor of 6700 + 5%. EPR
spectra were simulated using the program Bruker WiIinEPR
Simfonia and a manual, iterative fitting procedure was used to
deconvolute contributions from overlapping spectra when
multiple Ru(lll) species were present in a particular sample.
The g values determined from these simulations are shown in
Table 1, and the line widths are also shown in Table S1.

ENDOR Measurements

Continuous wave (CW) ENDOR measurements were
performed using the same Bruker EMXplus spectrometer used
for EPR measurements, but operating with a Bruker DICE-
ENDOR system with a EN 801 CW resonator and 150 Watt
Bruker CW RF amplifier. This system produces first-derivative
spectral lines.

EPR Experimental Conditions

All of the time-course EPR spectra were measured using the
same experimental conditions, in order to facilitate comparisons
between data sets. The conditions used were: frequency = 9.38
GHz, microwave power = 2.0 mW, time constant = 40.96 msec,
modulation amplitude = 6 Gauss, average of five 2-minute
scans, measurement temperature = 20 K.

ENDOR Experimental Conditions

ENDOR experiments were conducted with the following
parameters: modulation frequency = 25 kHz, modulation
amplitude = 0 Gauss, microwave power = 31.7 mW, frequency
= 9.47 GHz, time constant = 1.28 ms, RF modulation depth =
250 kHz, RF attenuation = 6 db, average of 100 five-second
scans. All samples were measured at 20 K.

Interpretation of ENDOR spectra

For a nucleus (N) with spin | = % interacting with a
paramagnetic centre with S = %, the first-order ENDOR
spectrum from a single molecular orientation is given by:

A
V1:|‘%1i35| (D
which corresponds to a doublet of lines centred at the Larmor
frequency, v, , and split by the hyperfine coupling constant A,

when v, > A/2. Such ENDOR splitting patterns are observed
for *H nuclei in this study. For nuclei with | > %, additional
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splittings from nuclear-electric quadrupole interactions may
also be observed, resulting in spectral lines that to first-order
are given by:
A 3P
n@=InEss @)

where P is the orientation-dependent nuclear-electric
quadrupole splitting. In the case of 2H nuclei (I = 1), hyperfine
and quadrupole splitting are typically small and are rarely
resolved in CW ENDOR experiments. Furthermore, since
vy >A/2, the 2H spectra are centred at the Larmor frequency.
In the case of larger hyperfine couplings, as often observed for
YN nuclei (I = 1), it is possible for A/2>y,,, in which case
equation 2 describes a spectrum that is centred at A/2 and split
by 2v, .

Results

Ru-bis-DMSO in PBS

Ru-bis-DMSO was incubated in PBS at 37 °C for time periods
up to 60 minutes and EPR data were collected to study ligand
exchange processes and for ENDOR analysis. After the
complex was dissolved in PBS at room temperature and
immediately frozen, the so-called “0 time point”, a uniaxial
EPR spectrum from a single species was observed (g, = 2.43, g
= 1.77) (Fig. 2 (inset)). ENDOR spectra from this first time
point were collected at both g, and g;. For the unlabelled
complex this revealed several well-resolved H hyperfine
splittings around the proton Larmor frequency at both fields
(Fig. 2(a)). Some weak signals were also observed at low
frequency (2.5 — 4 MHz), which may originate from chlorine
ligands (*3Cl, | = 3/2, 75.78%, *'Cl, | = 3/2, 24.22%).

The 'H ENDOR signals at g, indicate different types of
ligand protons due to multiple hyperfine splittings. EPR
measurements of the complex with deuterated DMSO (Ru-bis-
DMSO-Dg) in PBS showed the same spectrum as the unlabelled
compound (Fig. S3(b)). However, a pair of sharp peaks with
A(*H) = 1.8 MHz are absent in the 'H ENDOR (Fig. 2(b)),
demonstrating that these resonances arise from DMSO protons.
Coordination of the deuterated ligand was demonstrated by the
observation of a strong low-frequency peak, which is close to
the 2H Larmor frequency at this field (v(?*H) = 1.8 MHz).
Additionally, signals from more strongly coupled protons,
A(*H) = 3.9 MHz, were still present in the 'H ENDOR
spectrum of Ru-bis-DMSO-Dg. Dissolution of the deuterated
complex in D,O/PBS left the EPR spectrum unchanged (Fig.
S3(c)) but supressed these 'H ENDOR signals while leaving a
strong 2H ENDOR signal (Fig. 2(c)). This demonstrates that the
strongly coupled proton signal originated from a coordinated
water ligand. A relatively intense 'H signal around A(*H) ~ 0
from Ru-bis-DMSO-Dg in PBS is primarily from “distant”
solvent matrix protons.?® A small contribution from this signal
can also be seen from Ru-bis-DMSO-Dg in D,O/PBS due to a
low concentration of H,O derived from the buffering agents,
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Fig. 2, Main panel: ENDOR spectra from (a) Ru-bis-DMSO in
PBS, (b) Ru-bis-DMSO-Dg in PBS, (c) Ru-bis-DMSO-Dg in
D,O/PBS, measured at g,. Inset: EPR spectrum of Ru-bis-
DMSO in PBS with ENDOR field indicated by arrow.
Hyperfine couplings marked at derivative turning points.
Dashed lines indicate peaks of derivative line shapes for
comparison of spectral features.

Na,HPO, and KH,PO,, and possibly small amounts of
atmospheric H,O mixing with the D,O solution over time.%

At g;, Ru-bis-DMSO and Ru-bis-DMSO-Dg also show
water protons with strong couplings that are not visible when
the deuterated complex is dissolved in D,0O. At this field the
water resonances are split, with peaks at 3.0 and 4.6 MHz
around v(*H) (Fig. S7), which is due to a dipolar component of
the hyperfine interactions.'’ That this is visible at g, but not g,
is a consequence of field-dependent orientation selection, which
splits the perpendicular and parallel components of the
hyperfine interaction.'’® 2 Signals from DMSO are not
resolved at g and, based on signal intensities, this is likely due
to smaller splittings at this field leading to overlap with the
distant proton signal near A(*H) = 0. Overall, the 'H ENDOR
data demonstrate that the species in solution at “time 0 is not
the parent compound Ru-bis-DMSO, but rather the mono-aqua
complex formed by a single DMSO exchange (Ru-DMSO-
H,0).

The observation of a uniaxial EPR spectrum at the shortest
incubation time point is also consistent with formation of the

4 | Dalton Trans., 2015, 00, 1-3

tetragonal Ru-DMSO-H,0O complex following DMSO
exchange. With further incubation at 37 °C changes in the EPR
spectra reflect new species generated by further ligand-
exchange processes (Fig. S1). Analysis of spectral components
at incubation times up to 60 minutes reveals contributions from
two additional species (Fig. S2). The first has a rhombic
spectrum g = [2.40, 2.24, 1.89] and is thus assigned to the low
symmetry species RuCl;(DMSO-S)(H,0), (Ru-(H,0),-eq)
formed by loss of a chloride ligand from Ru-DMSO-H,0. A
second species with a uniaxial EPR spectrum (g, = 2.35, g; =
1.80) becomes increasingly predominant at longer incubation
times and, based on the implied tetragonal symmetry of the
complex, is consistent with formation of the di-aqua complex
via aqueous ligand exchange with the remaining DMSO ligand
of Ru-DMSO-H,0 to give [trans-RuCl,(H,0),]” (Ru-(H,0),-
ax). These, and other assignments of EPR spectra (vide infra)
are made assuming that secondary coordination sphere effects
are not significant.® Changes in the EPR signals with
incubation in PBS were accompanied by a darkening of the
solution from bright yellow-orange to dark brown. This has
been observed previously in the solution behaviour of NAMI-
A, and is thought to arise from the formation of dimers or
oligomers of the aquated Ru complex. 1% 15

NAMI-A in PBS

NAMI-A has a uniaxial EPR spectrum (g, = 2.47, g, = 1.72)
(Fig. 3 (inset)) consistent with the tetragonal symmetry of the
complex.!”® ENDOR measurements of unlabelled NAMI-A at
g, revealed well-defined spectral features in both the *H region
and below 7 MHz (Fig. 3). The signals at low frequency are
consistent with N nuclei (I = 1, 99.63%) from the imidazole
ligand of NAMI-A. This assignment can be made confidently
given the intensity of the signals, the lack of other spin-bearing
nuclei, and the absence of similar signals in the ENDOR
spectrum of Ru-bis-DMSO (Fig. 4). The CW ENDOR system
used for these studies produces derivative mode spectra and is
not optimized for measuring low frequency signals. This
difficulty is compounded by the likely overlap between the N
ENDOR signals of N* and N* of the imidazole ring (Fig. 1),
isotropic and dipolar contributions to the hyperfine interaction,
and orientation selection effects.*”® 22 Thus, any assignment of
specific peaks is preliminary, and we have tentatively indicated
possible peak assignments at g, for N* corresponding to an A/2
centred spectrum, with A(**N) = 8 MHz and a quadrupole
splitting of 0.8 MHz (Fig. 3).

Deuterium labelling of NAMI-A has no significant effect on
the EPR spectra (Fig. S3(d)—(h)), but does lead to distinct
changes in the *H ENDOR (Fig. 3). The unlabelled complex
shows a complex lineshape due to the overlap of proton signals
from both the DMSO and imidazole ligands. Deuteration of the
imidazole ligand simplifies the *"H ENDOR pattern to reveal a
pair of sharp peaks that match the signals from DMSO protons
observed for Ru-bis-DMSO, with similar line shapes and
hyperfine coupling of A(*H) = 1.8 MHz. These peaks are
supressed in the spectrum of the complex with deuterated
DMSO (NAMI-A-Dg) confirming that they originate from the

This journal is © The Royal Society of Chemistry 2012
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Fig. 3, Main Panel: *H ENDOR of NAMI-A and its deuterated
derivatives in PBS, measured at g,. Inset: EPR spectrum of
NAMI-A in PBS with ENDOR field indicated by arrow.
Hyperfine couplings marked at derivative turning points.
Dashed lines indicate peaks of derivative line shapes for
comparison of spectral features.

coordinated DMSO ligand. Consequently, the more strongly
coupled H signals (A(*H) = 2.2 MHz) in this spectrum are
derived from the four imidazole protons. This is confirmed by
the spectrum of the fully labelled complex, NAMI-A-Dy,
which shows a single remaining strongly coupled proton signal
(A(*H) = 2.6 MHz) arising from the exchangeable proton H* of
the imidazole ring. Although this signal looks similar to that
from NAMI-A-Dg, the signal intensity is significantly lower
and the peaks are identifiable as a component of the
overlapping peaks from all of the imidazole protons (see
guidelines in Fig. 3). As with Ru-bis-DMSO, signal intensity
around A(*H) = 0 is derived from coupling to distant solvent
protons. ENDOR signals from 2H nuclei cannot be resolved for

This journal is © The Royal Society of Chemistry 2012

the labelled NAMI-A complexes since they overlap with the
signals from N, but do cause small systematic changes to the
shape of the low frequency region (Fig. 3).

When the magnetic field was set to g, the effects of
deuterium labelling on the *H ENDOR spectral features are less
clear, due to peak overlaps (Fig. S12). However, reduction in
!H signal intensity with increasing inclusion of ?H is observed.

Table 1: g values of the observed Ru(lll) species determined from
simulation of EPR spectra

Species O 02 O3

Ru- DMSO-H,0 243 243 1.77
Ru-(H,0),-eq 2.40 2.24 1.89
Ru-(H,0),-ax 2.35 2.35 1.80
Ru-HSA-1 2.40 240 1.72
Ru-HSA-2 2.50 2.25 1.10
Ru-HSA-3 2.42 2.05 1.88
Ru-His-1 2.37 2.37 1.82
Ru-His-2 2.40 2.40 1.77
NAMI-A 247 247 1.72
NAMI-A-H,0 2.30 2.30 1.88
NAMI-A-HSA-1 243 243 1.76
NAMI-A-HSA-2 2.54 2.26 1.76
NAMI-A-HSA-3 242 2.06 1.96
NAMI-A-His 2.52 2.29 1.78

Interactions with HSA

Ru-bis-DMSO with HSA

Incubation of Ru-bis-DMSO with HSA for 30 minutes at 37 °C
gives a broad EPR signal indicating a change in the ligand
environment of the Ru(lll) centre, which is consistent with
coordination to the protein (Fig. 4(b)). Spectral deconvolution
by simulation (Fig. S13(a)) shows that this spectrum is
comprised of two broad signals, one of which is uniaxial (Ru-
HSA-1, g, = 2.40, g; = 1.72) and the other rhombic (Ru-HSA-
2, g = [2.50, 2.25, 1.10]). A minor, sharp signal from a third
species was also observed (g = [2.42, 2.05, 1.88]). Similar
species have been reported in previous EPR studies of the
binding of NAMI-A to HSA, with the broad signals suggested
to be from protein coordination via histidine imidazoles.'®* As
with NAMI-A, the uniaxial signal from Ru-bis-DMSO binding
to HSA was assigned to a species with tetragonal local
symmetry from protein coordination at an axial position
previously occupied by DMSO in Ru-bis-DMSO, and the
rhombic signal to complexes bound to an equatorial position
following chloride dissociation.

After Ru-bis-DMSO was incubated with HSA for 30
minutes at 37 °C, the resulting EPR spectrum was well
simulated using only components from protein coordinated
species (Fig. S13(a)). Consequently, ENDOR signals are also
only from protein bound complexes, with no significant
contributions from Ru-DMSO-H,O or other aquated species.
ENDOR data were collected at g = 2.3, which is at the
maximum slope in the g,/g; region of the two overlapping
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broad EPR signals from the HSA-coordinated species. (Fig.
4(b)). Broad, low intensity EPR signals at g, or g; of these
species meant that ENDOR measurements at these fields did
not produce sufficient signal-to-noise for analysis. Comparison
of the low frequency ENDOR region (below 7 MHz) from Ru-
bis-DMSO in PBS (Fig. 4(a)) with that of the complex with
HSA (Fig. 4(b)) clearly shows several new resonances. These
are consistent with N hyperfine interactions and quadrupole
splittings, as expected from coordination of a histidine
imidazole. This assignment is reinforced by noting that the low
frequency ENDOR line splittings are reminiscent of those
observed for NAMI-A (Fig. 3), consistent with coordinated
imidazole ligands in both cases.

The 'H ENDOR spectrum of Ru-bis-DMSO with HSA
shows couplings matching those previously assigned to DMSO
(1.8 MHz) and water (3.7 MHz) ligands for the complex in PBS
(Fig. 4). Furthermore, when the deuterated complex Ru-bis-
DMSO-Dg was incubated with HSA, the EPR spectrum was
unchanged (Fig. 4(c), inset), but H ENDOR signals
corresponding to DMSO ligands were suppressed (Fig. 4(c)). In
the absence of the H signals from coordinated DMSO, two
additional proton peaks with couplings of 2.2 MHz were
revealed (Fig. 4(c)). These signals are assigned to protons from
a coordinated histidine imidazole since they have couplings
similar to those from the imidazole ligand of NAMI-A (Fig. 3).
As expected, the *N ENDOR signals from Ru-bis-DMSO-Dg
were the same as the unlabelled complex, but interfered with
observation of 2H signals from coordinated DMSO-Dg. Strong
distant 'H ENDOR signals for the complexes in the presence of
HSA, which were not observed in PBS only, may indicate
contributions from protons in the local protein environment of
the coordinated complexes.

NAMI-A with HSA

As described above, we have previously used EPR to
characterize coordination of NAMI-A to HSA.™k After 30
minutes of incubation at 37 °C, a broad spectrum (Fig. 5(b))
composed of a uniaxial component (NAMI-A-HSA-1, g, = 2.43
and g, = 1.76) and a rhombic component (NAMI-A-HSA-2, g =
[2.54, 2.26, 1.76]) (Fig. S13(c)), were observed. A minor
contribution from a third rhombic species was also observed
(NAMI-A-HSA-3, g = [2.42, 2.06, 1.96]), however the identity
of this species was not determined. ENDOR spectra were
collected at the average of the highest g values of the two main
species (g = 2.36), while signal intensity was not sufficient for
analysis in the g;/gs; region. Analysis of the low frequency
region of the ENDOR spectrum from NAMI-A with HSA was
impeded by the potential overlap of *N signals from the
imidazoles of both the original complex and histidine side
chains. As shown in Fig. 5, the spectral data below 7 MHz for
NAMI-A and the HSA-bound complexes show distinct
differences, consistent with coordination of a second imidazole
from histidine. However, as described above, detailed analysis
of the 1N ENDOR data in this work is preliminary.

Similar to Ru-bis-DMSO, the proton ENDOR show
resonances consistent with coordinated imidazole and water
with couplings of 2.2 MHz and 3.6 MHz respectively (Fig.
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5(b)). Furthermore, the absence of peaks with couplings of
around 1.8 MHZz indicates that neither of the HSA-coordinated
species have DMSO ligands.

Interactions with Individual Amino Acids

Ru-bis-DMSO with amino acids
When Ru-bis-DMSO was incubated with alanine and cysteine

This journal is © The Royal Society of Chemistry 2012

(Fig. S14(a,b)), the EPR spectra were similar to those of the
free complex in solution. This was confirmed by spectral
simulation (Figs S15, S16), which demonstrated that the
solution behaviour of the complex was unaffected by the
presence of these amino acids. Furthermore, the solution
darkened from a bright yellow to dark brown, as observed for
the complex in buffer alone, reflecting the formation of
oligomeric species.

After incubation of Ru-bis-DMSO with histidine, the EPR
spectra show features that are not observed from the complex in
buffer alone (Fig. S14(c)). Spectral deconvolution by
simulation (Fig. 6(a) inset, Fig. S17) determined that these
spectral changes are due to the presence of two new species,
Ru-His-1 (9, = 2.37 and g = 1.82) and Ru-His-2 (g, = 2.40 and
gy = 1.77). The uniaxial EPR spectra observed indicate
coordination of histidine at an axial ligand position, via ligand
exchange with Ru-DMSO-H,O to give species with either
DMSO or water ligands at the second axial ligand position.
With increasing incubation, the EPR spectra from these species
became increasingly prominent with a concomitant reduction in
the signal from Ru-DMSO-H,0.

ENDOR measurements confirm histidine coordination,
principally through the observation of resonances from “N
nuclei at low frequency (Fig. 6(a)). With the magnetic field set
at the maximum slope of the overlapping g, signals from Ru-
His-1 and Ru-His-2 (g = 2.37) the ENDOR data below 7 MHz
are very similar to those observed for NAMI-A, reflecting
coordinated imidazole ligands from histidine. Similar
correlations between NAMI-A and Ru-His in the **N data are
also observed in the g, region (g = 1.82, Fig. S18). The 'H
ENDOR data at g = 2.37 (Fig. 6(a)) contain contributions from
four Ru(lll) species in solution at this incubation time point.
Consequently strong signals from coordinated DMSO and
water ligands are evident. However, in addition, two additional
resonances that appear as shoulders with couplings of ~2.6
MHz are also visible. These correlate with the *H hyperfine
couplings from the coordinated imidazole of NAMI-A (Fig. 3)
and are consistent with the coordinated histidine imidazoles of
Ru-His-1 and Ru-His-2.

NAMI-A with amino acids

NAMI-A was also incubated with individual amino acids in an
effort to identify the residue responsible for HSA coordination.
The EPR spectra of the alanine and cysteine samples (Fig.
S19(a,b)) are essentially indistinguishable from NAMI-A
following incubation in PBS. After 30 minutes, only signals
from the parent complex and the mono-aqua derivative formed
by exchange of the axial DMSO ligand, NAMI-A-H,O, are
observed in each case, which was confirmed by simulation
(Figs S20, S21).

The EPR spectrum following incubation of NAMI-A with
histidine is similar at early time points to the complex in buffer.
However, after 30 minutes of incubation, a new broad signal is
observed, and becomes increasingly predominant at later time
points (Fig. 6(b) inset, Fig. S22), although the overall signal
intensity is low. From spectral simulations (Fig. S22), this new
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species, NAMI-A-His, has spectral parameters (g = [2.52, 2.29,
1.78]) very similar to those of the HSA-coordinated species
NAMI-A-HSA-2 (g = [2.54, 2.26, 1.76].2

ENDOR spectra were measured with the magnetic field set
at the average of the high-field g values of NAMI-A-His,
(91+92)/2 = 2.41, (Fig. 6(b)). In the 'H ENDOR spectrum,
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couplings from coordinated imidazole (~2.1 MHz) and water
(3.6 MHz) ligands are observed, but resonances from DMSO
are not apparent. In the region below 7 MHz, signals consistent
with N are visible and have shapes that are distinct from those
observed for NAMI-A, as expected given that the presence of a
second imidazole ligand from histidine in the case of NAMI-A-
His. However, as described above, such assignments are
preliminary given the data available.

Discussion

Application of the ENDOR Technique

Under physiological conditions Ru(lll) anticancer
complexes can undergo multiple ligand exchange processes,
which has contributed to the current uncertainty as to the active
species in vivo. A variety of techniques have been used to
address this problem 0% 40 15 24 jnclyding our previous
application of EPR, to provide insight into the solution
behaviour of Ru(lll) complexes such as NAMI-A 12 1% 25 |
our EPR studies “powder pattern” spectra from frozen solutions
were analysed in terms of the spectral shapes as defined by g
values and line widths. While this approach has proven to be
very useful, the identity of various Ru(lll) species in solution
was inferred from the order they were produced in solution
after incubation for different intervals, and from symmetry
arguments. More specific characterization of these species can,
in principle, be obtained from hyperfine interactions between
the paramagnetic Ru(l1l) centre and spin-bearing nuclei of the
coordinated ligands. However, line splittings from these
interactions are not observed in the EPR spectra due to large
intrinsic line widths and overlap from the ensemble of
orientation-dependent spectra that make up the observed
powder patterns. This information can be recovered using
ENDOR spectroscopy, since this technique can resolve single-
crystal-like hyperfine structures from randomly-oriented
paramagnetic systems.'” These hyperfine interactions can then
potentially provide atomic-level details of the coordination
environment around the paramagnetic metal centre. ENDOR
has been applied to characterize the coordination sphere of a
variety of systems including metal complexes, defect centres in
solids, and metalloenzymes.*" 26

Surprisingly, ENDOR studies of Ru(lll) species are almost
unknown in the literature.?” Thus, the studies reported herein
are a new approach to characterizing Ru(lll) anticancer
compounds. The CW ENDOR system used in this work
produces derivative mode spectra which works well for 'H
ENDOR, but is not optimal for measuring broad, low-frequency
signals such as from N nuclei. This, combined with
overlapping signals from both nitrogens of each imidazole, has
limited us to a preliminary interpretation of the *N hyperfine
patterns. More detailed analysis of the hyperfine and
quadrupole interactions from coordinated *N nuclei may be
possible in the future using pulsed ENDOR methods combined
with spectral simulations.

This journal is © The Royal Society of Chemistry 2012



ENDOR of parent compounds and ligand exchange processes

The use of deuterated derivatives of NAMI-A and Ru-bis-
DMSO has enabled their *H ENDOR hyperfine interactions to
be fully assigned. In the case of NAMI-A this confirmed the
previous assignment of the EPR spectrum from the parent
compound.15k However, for Ru-bis-DMSO it was determined
that the uniaxial EPR spectrum observed after minimal
incubation in PBS was actually the first aquation product, Ru-
DMSO-H,0, formed by exchange of a DMSO ligand. This is
consistent with a previous report that Ru-bis-DMSO rapidly
releases one of its DMSO ligands upon dissolution in water.*?
Comparison with the relatively slow exchange rate for the
second DMSO ligand, and for the DMSO exchange of NAMI-
A, demonstrates the importance of the axial ligands on ligand-
exchange rates for these types of complexes, and reflects the
destabilizing trans effect of S-bonded DMSO ligands.®

A key result of the measurements of the complexes in PBS
is the value of the H hyperfine couplings for the DMSO, H,0,
and imidazole ligands. Importantly, the size of these couplings
is very specific to the particular ligands so that, for example,
the *H hyperfine coupling for DMSO in the g,/g; region from
NAMI-A, Ru-DMSO-H,0, and Ru-bis-DMSO with HSA are
identical within experimental error. Furthermore, comparison of
the low frequency regions shows that NAMI-A has strong
signals that are not visible for Ru-DMSO-H,0. This enables
14N resonances from the imidazole of NAMI-A to be assigned
unequivocally. These data then serve as a reference for the
expected couplings to imidazole ligands from HSA and isolated
histidine.

Interactions with HSA

Human serum albumin is the most common protein in the
circulatory system and is a well-established transporter of
endogenous and exogenous species, including
pharmaceuticals.”®  Consequently, interactions of Ru
chemotherapeutics with HSA have been a focus of numerous
studies. Messori et al. originally demonstrated that both NAMI-
A and the sodium compensated analogue of Ru-his-DMSO
formed adducts with bovine serum albumin (BSA), using UV-
Vis and circular dicroism spectroscopies.’™ It has now been
established using a variety of methods that NAMI-A binds
readily to HSA %% 16¢2 30 nitial studies of adducts of NAMI-A
with BSA demonstrated significantly reduced activity, which
was attributed to reduced bioavailability.!®® However,
subsequent reports have suggested that BSA3! and HSAX
adducts retain the anitmetastatic activity of the parent
compound.

The specific mode of NAMI-A binding to HSA has
previously been hypothesized to occur via coordination to
histidine imidazoles, but direct evidence for this has not been
reported. Histidine coordination has been suggested by UV-Vis
studies of NAMI-A with BSA in which the histidine sidechains
of the protein were modified by diethylpyrocarbonate.®"
Furthermore, X-ray absorption spectroscopy (XAS) studies
show coordination of nitrogen donor ligands in the presence of

This journal is © The Royal Society of Chemistry 2012
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BSA.*! We have previously used EPR to characterise both non-
coordinate and coordinate interactions of NAMI-A with
HSA.?™ The dominant EPR signals produced by coordinated
species have large line widths, which may indicate multiple
histidine binding sites, each of which has a somewhat different
chemical environment.

To our knowledge, there is one report of the X-ray
crystallographic characterization of a Ru(lll) anticancer related
complex coordinated to HSA. In this instance [RuCls(ind)]*
was shown to coordinate at two sites; at one via histidine, and
at another with histidine and lysine.*? Similarly, the structure of
KP1019 with the structurally similar protein lactoferrin
demonstrates histidine coordination.*®* Two X-ray crystal
structures of NAMI-A adducts with other proteins have been
reported. The first of these studies characterized binding to
human carbonic anhydrase 1l, indicating two sites of Ru
coordination, involving a histidine imidazole or alternatively
the carbonyl oxygen atom of an asparagine and the peptidic
nitrogen of a histidine.®* A second study of NAMI-A with hen
egg white lysozyme (HEWL) shows mono-dentate coordination
of Ru to the side-chain carboxylates of aspartic acid residues.*®
Surprisingly, a similar study of the pyridine analogue of NAMI -
A, pyridinium [trans-RuCl,(1H-pyridine)(DMSO-S)] (AziRu),
with HEWL shows different behaviour, with a single binding
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site involving Ru coordination to a histidine imidazole and a
carboxylate oxygen of aspartic acid.*® A related study of AziRu
with RNase A shows two histidine imidazole binding sites.®

While these reports demonstrate some diversity in the
coordination modes of NAMI-A-type complexes with proteins,
they do demonstrate that histidine coordination is favourable.
Interestingly, each of these studies also show that all of the
original NAMI-A ligands are lost in the process of protein
coordination and are replaced either by amino acid or water
ligands. This contrasts with our analysis using EPR and
ENDOR spectroscopy, suggesting that crystal soaking
experiments may produce different results from solution
studies.

The ENDOR studies presented here provide direct evidence
for HSA coordination via histidine imidazoles. In the case of
Ru-bis-DMSO the appearance of resonances in the low-
frequency region following incubation with HSA shows the
coordination of nitrogen ligands unequivocally, since no other
protein nuclei can give such signals. That these signals arise
from histidine coordination is indicated by *N hyperfine and
quadrupole patterns that are similar to those observed for
NAMI-A, consistent with a coordinated imidazole ligand in
each case. Additionally, imidazole 'H ENDOR signals,
assigned by comparison with hyperfine couplings from labelled
NAMI-A, are observed from Ru-bis-DMSO coordinated to
HSA. More subtle differences in the N line shapes between
NAMI-A and Ru-bis-DMSO coordinated to HSA may be due
to the presence of two protein-coordinated species, Ru-HSA-1
and Ru-HSA-2, which were identified by EPR (Fig. 7(a)).
Overlap of the distinct **N ENDOR signals from these two
species gives an overall signal that differs from NAMI-A, but
nonetheless has similar spectral parameters.

Since ENDOR data from Ru-bis-DMSO were collected
after 30 minutes of incubation with HSA, a time point at which
the EPR signals are essentially only from protein-coordinated
species, the ENDOR spectra are from Ru-HSA-1 and Ru-HSA-
2. Thus, the observation of 'H signals from DMSO and H,0
ligands demonstrates that these ligands are part of the
coordination sphere of the HSA-coordinated species (Fig. 7(a)).
However, because the 'H ENDOR signals are derived from two
different coordinated Ru(lll) species with overlapping EPR
spectra, it is not possible to assign the H,O or DMSO ligand
coordination specifically to either of the individual HSA-
coordinated species.

In the case of NAMI-A, interpretation of the *N ENDOR
from protein coordinated species is less definitive due to the
imidazole ligand of the parent complex. However, there are
distinct differences in the low frequency regions, which are
consistent with the coordination of a second imidazole ligand
from histidine. As we have reported previously, EPR spectra
from two species reflecting axial and equatorial protein
coordination modes are observed by EPR. The H ENDOR
signals from these species demonstrate that H,O ligands are
present, but that no DMSO ligands are coordinated (Fig. 7(b)).
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Interactions with individual amino acids

Recently, Vergara et al. have surveyed X-ray crystal structures
of Ru(ll) and Ru(lll) protein adducts deposited in the protein
data bank.3” In 13 of the 16 reports they have listed, histidine
coordination is described, demonstrating that this is a
predominant site of ruthenium binding to proteins in either of
the physiologically relevant oxidation states. However,
coordination to the side chains of other amino acids has also
been reported frequently, including nitrogen coordination from
lysine, the oxygen donors of glutamine, aspartic acid,
asparagine, and cysteine thiolates.

To gain more insight into the amino acid residues
responsible for the coordination of Ru-bis-DMSO and NAMI-A
to HSA and other proteins, we incubated each complex with
alanine, cysteine, and histidine. As described above, the EPR
and ENDOR spectra of the complexes with alanine and
cysteine are very similar to those in PBS alone, indicating no
coordination of the amino acids. This is consistent with the
thiolate and amino groups having pKa values sufficiently high,
such that they are not significantly deprotonated at pH 7.4. By
contrast the lower pKa of the histidine imidazole (pKa = 6.0)
means it will be deprotonated at physiological pH, promoting
coordination to Ru(lIl).

The observation of two new EPR signals when Ru-bis-
DMSO is incubated with histidine indicates two species, Ru-
His-1 and Ru-His-2, involving coordination to the amino acid.
N and 'H ENDOR signals confirm histidine imidazole
coordination and the similarity of these signals to those of the
HSA coordinated complex also indicate that this is the mode of
protein coordination. Due to overlapping EPR signals (Fig.
6(a)), *H ENDOR from DMSO and H,O do not specify which
of these ligands is coordinated at the axial positions of Ru-His-
1 and Ru-His-2. However, this can be inferred from their EPR
spectra. Given that both species have uniaxial EPR spectra,
indicating a tetragonal coordination environment, imidazole
coordination at an axial position is required. Furthermore, since
these species are derived from Ru-DMSO-H,0, the other axial
ligand is either DMSO or water. Since the g values of Ru-His-1
(9. = 2.37 and g, = 1.82) are closer to the first aquation product
of NAMI-A (NAMI-A-H,0, g, = 2.30 and g, = 1.88) that forms
after exchange of the axial DMSO ligand, this species likely
has an axial water ligand also (Fig. 7 (a)). Consequently, the
second species Ru-His-2, likely has an axial DMSO ligand.
Significantly, the g values and line widths of Ru-His-2 (g, =
2.40 and g, = 1.77) are very similar to those of the protein
bound species Ru-HSA-1 (g, = 2.40 and g, = 1.72), indicating
similar coordination environments, with axial DMSO and
histidine imidazole ligands in both cases.

EPR spectra of NAMI-A with histidine also reveal a new
species with a rhombic EPR spectrum. The g values of this
species are very similar to those of NAMI-A-HSA-2 suggesting
coordination of the histidine imidazole at an equatorial position
previously occupied by chloride. Differences in the N region
of the ENDOR spectrum compared to NAMI-A also provide
direct evidence for histidine coordination. Furthermore, the

This journal is © The Royal Society of Chemistry 2012



absence of DMSO signals in the 'H ENDOR demonstrates that
none of the species in solution, including the histidine
coordinated complex, have DMSO ligands (Fig. 7(b)).

Conclusions

Due to a variety of ligand exchange processes that are possible
in vivo, NAMI-A and other Ru(lll) complexes such as Ru-bis-
DMSO are well described as pro-drugs. HSA-bound species are
likely to be predominant in vivo and thus identifying these
species is a critical part of understanding the mechanism of
action for these compounds. In this report we have used
ENDOR and EPR spectroscopy to demonstrate that NAMI-A
and Ru-bis-DMSO coordinate to HSA via histidine imidazoles,
and have also identified H,O and DMSO ligation to protein
coordinated species. Comparison with isolated histidine has
provided further confirmation of these coordination modes.
Overall, these studies provide insight into the interactions of
Ru(l1) anticancer complexes with HSA and demonstrate that
ENDOR spectroscopy is a useful tool for establishing specific
details of the ligand exchange processes of these types of
compounds.

Abbreviations

EPR Electron paramagnetic resonance

ENDOR Electron nuclear double resonance

RF Radio frequency

Ccw Continuous wave

PBS Phosphate buffered saline

HSA Human serum albumin

BSA Bovine serum albumin

Ru-bis-DMSO [(DMSO),H][trans-RuCl,(DMSO-S),]
Ru-DMSO-H,0 [trans-RuCl,(DMSO-S)(H,0)]™

Ru-(H;0),-eq
Ru-(H,0),-ax

RuCl3(DMSO-S)(H,0),
[trans-RuCl,(H,0),]

Ru-HSA-1,2,3 HSA coordinated species derived from
Ru-bis-DMSO

Ru-His-1,2 Histidine coordinated species derived
from Ru-bis-DMSO

NAMI-A Imidazolium [trans-RuCl,(1H-imidazole)
(DMSO0-S)]

NAMI-A-H,0 [trans-RuCl,(1H-imidazole)(H,O)]™

NAMI-A-HSA-1,2,3 HSA coordinated species derived from
NAMI-A

NAMI-A-His Histidine coordinated species derived
from NAMI-A
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