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Abstract: Metal complexes can be considered a ‘paradigm of
promiscuity’ when it comes to their reactions with proteins. They often
form adducts with a variety of donor atoms in an unselective manner.
We have characterized the adducts formed between a series of
isostructural N-heterocyclic carbene (NHC) complexes with Ru, Os,
Rh, and Ir centers and the model protein hen egg white lysozyme by
X-ray crystallography and mass spectrometry. Distinctive behavior for
the metal compounds was observed with the more labile Ru and Rh
complexes targeting a surface L-histidine moiety through cleavage of
p-cymene or NHC co-ligands, respectively. In contrast, the more inert
Os and Ir derivatives were detected in an electronegative binding
pocket after undergoing ligand exchange of a chlorido ligand for an
amino acid side chain. Computational studies supported the binding
profiles and hinted at the role of the protein microenvironment for
metal complexes eliciting selectivity for specific binding sites on the
protein.

Introduction

Metal co-factors in enzymes are often essential to fulfil the
biological function of a protein as a bio-catalyst. Consequently
enzymes have evolved to host specific metal co-factors
selectively attached in their active sites. In contrast, anticancer
metallodrugs are seen as promiscuous, e.g., cisplatin primarily
targets DNAP but was also shown to interact with serum
proteinst®! prior to reaching DNA. Such interactions have been
considered to contribute to the side effects, while in the case of
the clinically investigated Ru" complex sodium [trans-
tetrachloridobis(1H-indazole)ruthenate(lll)] (KP1339/IT-
139/BOLD-100) protein interactions are considered essential in

its mode of action.®! However, their intrinsic promiscuity makes
the design of metal-based drugs that are selective for a protein
target or even a single amino acid on a protein target a significant
challenge. Generally, applicable design principles for metal
complexes that enable the promiscuity to be controlled, so that
they can act as effective metal-based protein co-factors with site-
selective bond formation to the target protein, remain elusive
despite proposed approaches to achieve selectivity.©

In the quest for alternative, more effective anticancer agents, half-
sandwich organoruthenium compounds were investigated, and
small structural changes result in complexes targeting protein or
DNA, and differing biological activity.[”]

We recently reported congeneric N-heterocyclic carbene
complexes to the protein-targeting [Ru(arene)(1,3,5-triaza-7-
phosphaadamantane)X;] (RAPTA) compounds with the formula
[M(L)(dmb/dbb)Cl;] (Figure 1; M = Ru/Os/Rh/Ir; L = n®-p-cymene
[cym], n®-pentamethylcyclopentadienyl [Cp*]; dmb = 1,3-
dimethylbenzimidazol-2-ylidene; dbb = 1,3-dibenzylbenzimidazol-
2-ylidene),®! which showed thioredoxin reductase (TrxR)
inhibitory activity. [Rh(Cp*)(dbb)Cl,] was the most potent cytotoxic
agent of the series, and also inhibited TrxR most effectively. We
demonstrated the crucial role of the Rh center as the Rh(dmb)

analogue also inhibited TrxR despite showing lower
antiproliferative activity.®!
L
\ | 1 M=Ru L=cym
M., 2 M=0Os L=cym
N el y
\‘.K\Q 3 M=Rh L=Cp*
N 4 M=Ir L=Cp*

Figure 1. General structure of dmb complexes of Ru-, Os(cym), Rh-, and Ir(Cp*).
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Inspired by the differing biological properties of the isostructural
compounds,® seemingly driven by the metal center, we
investigated the implications of altering the metal center in
[M(L)(dmb)CI;] complexes on the interactions with the model
protein hen egg white lysozyme (HEWL) using protein
crystallography and electrospray ionization (ESI)-MS. In addition,
the results were rationalized with in silico molecular modelling and
dynamics studies to analyze the interaction profiles of the
congeners on HEWL.

Results and Discussion

In preliminary studies, we have shown that [Ru(cym)(dmb)Cl;] 1
mainly interacts with HEWL through coordination to N¢'.s15 and
binding was concomitant with the loss of the cym ligand, formation
of a bifunctional adduct through additional coordination to N arg14
and oxidation of the Ru center (Figure 2a).!° To investigate the
impact of the metal center of isostructural compounds on protein
metalation, we investigated the binding of HEWL to 2—4 (Figure

Figure 2. Details of the primary binding sites for 1-4 on HEWL. All adducts and
binding sites are indicated in ball and stick representation with the Ru (1, deep
teal), Os (2, aquamarine), Rh (3, purple), and Ir (4, violet) centers highlighted.
a) bifunctional adduct of [Ru(dmb)(H20)Clz] with Hisl5 and Argl4; b)
[Os(cym)(dmb)CI] adduct with Asn103; c) monodentate interaction of His15 with
[Rh(Cp*)Cl2]; d) [Ir(Cp*)(dmb)CI] conjugated to Asp101.

For the Os compound 2, three metalation sites were found with
the most prominent at the N®'aq1103 atom with an Os—N distance
of 2.10 + 0.04 A. The adduct featured Tr-bound cym, chlorido, and
NHC ligands at the Os center with an occupancy of 0.8 for the
whole fragment, which is lower than that observed for the
fragment derived from 1 (Figures 2b and S1, Table S1). In
contrast to the adduct of 1, the more inert Os complex maintained
the pseudo-octahedral coordination geometry, typical of piano-
stool complexes. A secondary binding site with a 25% occupancy
was observed at 0% aqp18, however, no ligands could be accurately
assigned (Figure S2). Another molecule of 2 was found to form 11-
stacking interactions with Trp123 and possibly H bonding with
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Lys33 and/or Arg5 (Figure S3), while retaining all its original
ligands.

To compare the interactions of the M"(cym) complexes 1 and 2
with those of the M"(Cp*) complexes 3 and 4, the HEWL binding
of the latter compounds was investigated under the same
conditions. Similar to the Ru derivative 1, the main binding site of
3 was found at His15 (Figures 2c and S4, Table S1) but the Cp*
ligand was retained at the Rh center and instead the NHC moiety
was substituted with N&'yss. Overall, the fragment had an
occupancy of 0.9, with a Rh—N¢'y515 distance of 2.22 +0.04 A,
which is longer than the Ru—N bond length in the HEWL-1 adduct
(2.13 A).1% A second site was disordered with regard to the
Aspl101 side chain, resulting in modelling of the adduct at one of
the two conformers (0.5 occupancy). The binding occurred
through O®asp101 (Figure S5) after exchange of a chlorido ligand
of 3, while the NHC moiety remained coordinated to the Rh center.
The Ir'"' complex 4, as the more inert analogue of 3, formed a
single [Ir(Cp*)(dmb)CI] adduct at Aspl0l with an Ir—O%aspior
distance of 1.95+ 0.05 A (Figures 2d and S6, Table S1) at an
occupancy of 0.5, notably lower than found for any of the
fragments of 1-3.

Overall, there were distinctive differences observed for the
interactions of the metal complexes with HEWL at the most
prominent sites. The Ru (1) and Rh (3) compounds interacted with
the N'yis15 atom, however, they underwent distinct changes in
their structures upon binding to the protein, with the cleavage of
the cym and NHC ligands, respectively. The heavier congeners 2
(Os) and 4 (Ir) underwent chlorido ligand substitution with an
amino acid side chain donor atom, i.e., N%'asn10s @and O%'agpio1,
respectively. The adducts of the latter compounds were detected
in the electronegative peptidoglycan-binding pocket of the protein
(Figure 3, site 2). Note that the secondary binding site for 3, in
which a chlorido ligand was exchanged for Asp101, follows the
same trend as for 2 and 4. This behavior can be explained by the
different formation rates of aqua intermediates in aqueous
solution,®! and consequently of complex cations allowing for
Coulomb interactions with HEWL. Compounds 1 and 3 formed
immediately mixtures of chlorido/aqua species and the addition of
AgNOs; induced the formation of the diaqua complexes, while 2
and 4 were more stable (Figures S7-S10). Notably, complexes 1
and 3, which underwent substantial changes with the cym and
NHC ligand substituted for amino acid side chains, were found in
electropositive sites on the protein surface (sites 1 and 3 for 1 and
3; Figure 3).
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Figure 3. Locations of the significant binding sites of 1 (deep teal), 2
(aquamarine), 3 (purple), and 4 (violet) on an electrostatic surface*!! of HEWL.
Red and blue regions indicate electronegative and electropositive areas. Site 1
(S1) features fragments of 1 and 3 interacting with His15, whereas site 2 (S2)
contains fragments of 4 interacting with Asp101 (as well as of 3) and of 2 with
Asn103. Site 3 (S3) features a fragment of 1 bound to Lys33.

Top-down MS has been shown to be capable of identifying
binding sites of metal-based drugs on biomolecules.’? To
complement the data obtained by crystallography, top-down MS
studies were conducted for adducts formed between HEWL and
1-4. Adducts of the type [HEWL + M(cym/Cp*)(dmb)CI,]* (n = 0,
1) were detected upon incubation of the metal complexes and
HEWL (Figure 4 for 2, Table S2). Attempts to directly fragment
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metal-containing HEWL species failed. However, reduction of the
disulfide bonds in HEWL by TCEP-HCI resulted in higher charge
states and higher-energy collisional dissociation (HCD) spectra
without altering the metal-binding pattern, as demonstrated for 2
(Figure 4). In case of the reaction between HEWL and 1, the
binding site was identified as His15 through the presence of
several b fragments in the tandem mass spectrum, including [b27
+ Ru(cym)(dmb)] (Table S3). In the top-down MS experiments,
Ru retained its cym ligand, which can be explained by shorter
incubation periods and different conditions compared to the
crystal soaking experiments. For the reaction between 2 and
HEWL, a number of b fragments containing an Os(cym)(dmb)
moiety were identified (Table S4), including b28 and b30-33
indicating a binding site in the N-terminal region, possibly Asp18
as identified by protein crystallography. The C-terminal fragment
[y81 + Os(cym)(dmb)] had low abundance in charge states +8 and
+9 and was the only MS-based confirmation of Asn103 as a
binding site for 2. Complex 3 formed the low abundant adduct
[HEWL + Rh(Cp*)], where the NHC ligand is absent, confirming
the crystallography data. HCD fragmentation of the reduced
adduct led to the cleavage of the Rh moiety and no Rh-containing
fragments could be detected. The observation of weaker
interactions between the protein and Rh correlates to the
elongated Rh—N®'yi;5 distance compared to Ru-N&'yig5 in the
protein crystal structure. Reduction of the Ir adduct [HEWL +
Ir(Cp*)(dmb)] with TCEP-HCI resulted in loss of the adduct signal
and the emergence of m/z723.22, -corresponding to
[Ir(Cp*)(NHC)(TCEP) — H]*, which demonstrated the phosphine
mediated cleavage of Ir from the protein, and also the limitation of
the method. However, overall the protein crystallographic studies
could largely be confirmed by mass spectrometry experiments.
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Figure 4. Mass spectra of HEWL and 2. a) Full spectrum of HEWL after 10 days of incubation with 10 eq. of 2. Blue stars mark Os-containing HEWL species. b)
HCD fragmentation of HEWL leads to loss of the metal fragment only. c) Reduction of disulfide bonds resulted in higher charge states and d) fragmentation to

allow for binding site characterization.

With the aim of elucidating the molecular basis of these
observations, protonation tendencies of reactive amino acids and
thermodynamics of bond-dissociation for the organometallic
compounds were further investigated by in silico methods
spanning constant-pH molecular dynamics (CpHMD) simulations
and DFT calculations. While crystallographic evidence suggests
a higher occupancy for positively charged sites, the reactivity of
certain acidic residues over others is less clear. CpHMD
simulations estimated canonically predictable protonation

behaviors for Hisl5 and Lys33 with a large solvent exposure
leading to pK, values of 6.67 and 9.91, respectively. Notably, the
calculations suggest significant differences between the
deprotonation tendencies of Asp87 and Asp101 (Figure S11) with
the calculated pK, values being 2.73 and 0.44. Overall, this
indicates significantly different populations of carboxylate
moieties, for example Asp87 is in close proximity to His1l5 and
take part in a hydrogen-bonding network, which suggests a
coupled Asp87-His15 protonation. This is evidenced by the pKa

This article is protected by copyright. All rights reserved.
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shift of fully solvent exposed Asp87 to approximately 1.3 pH units
lower than found for solvent-exposed Asp (pKa = 4). This is likely
to affect the electropositivity of His15, providing insights into the
observed specificity for 1 and 3 rather than 2 and 4, which
preferentially bind to an electronegative binding pocket even
though His15 is available as a targetable site. The hydrogen bond
network also orients N&'yis15 towards the solvent, likely explaining
the observed binding preference.

DFT calculations of the bond-dissociation Gibbs free energies
(BDFE) affecting the coordinative bonds in the complexes were
performed to rationalize the different ability of the piano-stool
complexes in targeting protein residues (Table 1).

Table 1. Bond-dissociation free energy values (BDFE) of the coordinative bonds
in complexes 1-4 (Gibbs free energy, kcal/mol).

Complex Gibbs free energy, kcal/mol

M-CI M-dmb M-cym M-Cp*
1 (Ru) 31.1 30.1 28.3
2 (Os) 31.4 33.8 50.2
3 (Rh) 25.8 255 132.1
4 (Ir) 25.7 31.2 143.2

The bond-dissociation free energy value calculations confirmed
that the negatively charged Cp* ligands are strongly bound to the
Rh and Ir centers, with BDFE values of 132.1 and 143.2 kcal/mol,
respectively. The coordination of the cym ligands to Ru and Os is
significantly weaker, with BDFE values of 28.3 and 50.2 kcal/mol,
respectively (Table 1). The BDFE values of both the chlorido and
dmb ligands were detected in a narrow range of 25-34 kcal/mol,
indicating a similar bond strength. Notably, the M—Cl and M—dmb
bonds are approximately 3-5 kcal/mol stronger when M = Ru or
Os. The DFT results are in good agreement with the observed
binding pattern of 1-4 to HEWL, in particular with regard to the
composition of the first coordination sphere detected upon long
incubation times. The calculations predict the retention of the
strongly bound Cp* ligand in 3 and 4, whereas cym is more likely
to be cleaved upon coordination to a protein side chain. Therefore,
the release of the NHC ligand in 3 is consistent with the lower
BDFE value observed, while the loss of the chlorido over the NHC
ligand was slightly more favorable for 2 and 4. The reaction free
energies for the ligand substitution in 1-4 with side chains of His,
Asp, and Asn residues were calculated by means of DFT
calculations (Table S5). The substitution of the chlorido ligand by
His or Asp side chains over Asn was found to be favorable in all
complexes. This also supports the experimental observation that
the substitution of dmb with His15 was more accessible in 1 and
3, while the chlorido substitution in 2 and 4 by the carboxylato
group of aspartate was found to be favorable by -4.5 and -4.1
kcal/mol, respectively (Table S5).

Conclusion

Inspired by the pharmacological activity of metal(NHC)
complexes and the surprising reactivity of the Ru complex 1 with
HEWL, we investigated the interactions of the isostructural Ru-,
Os(cym), Rh-, and Ir(Cp*) complexes 1-4 with HEWL using

4
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protein crystallography, mass spectrometry and computational
methods.

While the Ru complex 1 reacted more readily with His15/Arg14
and cym was cleaved, the Os congener 2 bound primarily to
Asn103 of HEWL in a monofunctional manner. For the analogous
Cp* complexes 3 and 4, the Rh(Cp*)Cl, fragment of 3 was found
to substitute the NHC ligand for Hisl5, whereas Ir-based 4
underwent chlorido/Asp101 ligand exchange and formed a
monofunctional adduct. DFT calculations provided to some
degree a rationalization of the experimental trends with regards to
the chlorido ligand substitution by His or Asp side chains for 2 and
4, whereas 1 and 3 release cym and dmb, respectively. The more
labile Ru and Rh complexes preferentially bind to the Hisl15
residue with high occupancy in the protein crystallographic
experiments whereas the more inert compounds are attracted to
the electronegative peptidoglycan-binding pocket, in particular,
the Ir compound 4. In addition, CpHMD simulations revealed
different protonation tendencies for residues with similar solvent
exposure.

The integrated investigation of structure-reactivity relationships by
experimental and computational approaches provides a powerful tool for
the rational design of compounds targeting specific areas on proteins. Our
data suggests that the promiscuity of metal complexes can to some extent
by controlled by considering the finely-tuned interplay between the
microenvironment of the protein and the physicochemical properties
specific to metal complexes. For further information on the crystallographic
studies, mass spectrometry data, and computational work please refer to
the Supporting Information.
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Isostructural N-heterocyclic carbene Ru, Os, Rh, and Ir complexes showed distinctive reactivity to hen egg white lysozyme by forming
adducts at different binding sites and/or underwent different ligand exchange reactions. Protein crystallography, mass spectrometry
and computational studies demonstrated the role of the metal centers and the protein microenvironment in determining their

selectivity for a specific site.

Institute and/or researcher Twitter usernames: @HartingerHub, @matt_sullivan92, @DavideMercadan2, @CziferszkyLab

This article is protected by copyright. All rights reserved.



