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Abstract
We have carried out quantum mechanical (QM) and QM/MM (combined QM and 

molecular mechanics) calculations, as well as molecular dynamics (MD) simulations to study 
the binding of a series of six RAPTA (Ru(II)-arene-1,3,5-triaza-7-phosphatricyclo-[3.3.1.1] 
decane) complexes with different arene substituents to cathepsin B. The recently developed 
QM/MM-PBSA approach (QM/MM combined with Poisson–Boltzmann solvent-accessible 
surface area solvation) has been used to estimate binding affinities. The QM calculations 
reproduce the antitumour activities of the complexes with a correlation coefficient (r2) of 
0.35–0.86 after a conformational search. The QM/MM-PBSA method gave a better 
correlation (r2 = 0.59) when the protein was fixed to the crystal structure, but more reasonable 
ligand structures and absolute binding energies were obtained if the protein was allowed to 
relax, indicating that the ligands are strained when the protein is kept fixed. In addition, the 
best correlation (r2 = 0.80) was obtained when only the QM energies were used, which 
suggests that the MM and continuum solvation energies are not accurate enough to predict the 
binding of a charged metal complex to a charged protein. Taking into account the protein 
flexibility by means of MD simulations slightly improves the correlation (r2 = 0.91), but the 
absolute energies are still too large and the results are sensitive to the details in the 
calculations, illustrating that it is hard to obtain stable predictions when full flexible protein is 
included in the calculations.

Key Words: QM/MM, ligand-binding affinities, ruthenium, anticancer drugs, cathepsin B, 
continuum solvation, QM/MM-PBSA.
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Introduction
During the latest 30 years, the field of metal-based anticancer drugs has broaden the 

search for new active compounds to an increasing range of transition metals, leading to the 
design and the evaluation of the antitumour properties of a wide selection of organometallic 
compounds [1,2,3]. As a consequence, several new classes of potential anticancer drugs have 
emerged and among them, ruthenium-based complexes have shown to represent a promising 
alternative to the platinum-based anticancer therapy [4]. In particular, the use of Ru(III) 
complexes such as trans-Ru(imidazole)2Cl4 [5,6] and trans-Ru(dimethylsulphoxide)
(imidazole)Cl4 [7,8] as antitumour and antimetastatic agents, respectively, has drawn attention 
to this group of compounds.

The evidence that both these compounds readily interact with biological reductants 
[9,10,11] has suggested that the reduction of the Ru(III) pro-drug to Ru(II) is a  required step 
to accomplish their biological activity (the so-called activation-by-reduction hypothesis) 
[12,13]. According to this suggestion, the anticancer potential of Ru(II) compounds has been 
explored. In particular, a growing number of studies on Ru(II)-arene phosphine derivatives has 
emerged [13,14] and the in vitro and in vivo activity of ruthenium(II)-arene compounds 
incorporating 1,3,5-triaza-7-phosphatricyclo-[3.3.1.1] decane (PTA) as a co-ligand [15,16] 
have been studied in detail [17,18,19]. 

Despite the large number of studies, the mechanism of action of these new complexes is 
still largely unknown. The poor correlation between the binding to DNA and their cytotoxicity 
has suggested that Ru(II)-arene PTA (RAPTA) compounds act through a mechanism  
different from that established for classical platinum anticancer drugs. Hence, it is believed 
that the interaction of the RAPTA complexes with intracellular or extracellular proteins 
[13,20,21] may represent their primary mechanism of action.

Among many potential anticancer targets that have been identified, cathepsin B (catB), an 
enzyme involved in cellular metabolism, has been shown to be implicated in tumour 
progression and metastasis processes [22,23], and to represent a suitable target for the 
development of antimetastatic drugs. Recently, the inhibitory properties of a series of RAPTA 
compounds against catB have been tested [24]. The study revealed that these complexes can 
inhibit this enzyme, suggesting their potential use against tumour growth and metastases. The 
inhibition is believed to arise from the coordination of the Ru(II) centre to a protein residue in 
the active site and docking studies have proposed that the catalytic cysteine (Cys) is involved 
in the binding.

This suggestion has been also supported by a quantum mechanical (QM) study of a series 
of organometallic compounds of general formula (arene)M(PTA)Cl2, with arene = η6-C10H14 
or η5-C5Me5) and M= Ru(II), Os(II), Rh(III), or Ir(III) [25]. Adducts with a model of the Cys 
residue in the catB active site revealed that the metal–sulphur binding is thermodynamically 
favoured for the active compounds containing Ru(II), Ru(III), and Os(II) centres, whereas the 
inactive Ir(III) and Rh(III) complexes give rise to weak M–S bonds.

However, to obtain an accurate evaluation of the binding free energy of structurally 
closely-related complexes to catB, not only the formation of the covalent M–S bond has to be 
considered, but also the non-covalent interactions between the metal-bound ligands and the 
neighbouring residues of the active site. Indeed, it is likely that the latter interactions fine-tune 
the inhibition properties of these complexes, as suggested by their narrow range of activities. 
To suitably take into account both types of contributions, a QM/MM (QM combined with 
molecular mechanics) treatment of the system is required [26]. Such a method is also 
indispensable to describe systems containing metallic centres for which no accurate force-field 
parameters are available, and, in the specific case of RAPTA-type complexes, to achieve 
accurate coordination geometries of the ligands to the active site. 

QM/MM methods have been used to study enzyme mechanisms for a long time [26,27]. 
More recently, they have also started to be used to study docking and ligand binding 
[28,29,30,31,32]. To that aim, the QM/MM energies are often supplemented by molecular 
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dynamics (MD) simulations and additional energy terms, e.g. describing bulk solvation and 
entropy. Several such approaches have been suggested, e.g. the QM/MM-PBSA approach 
(QM/MM combined with Poisson–Boltzmann and surface-area solvation) [33,34,35,36,37] 
and the QM/MM linear response method [38,39]. They have been used to gain structural into 
the active site, to predict and rank ligands, and to explain the variance in observed binding 
affinities. 

In this paper, we use QM, MD, QM/MM, and QM/MM-PBSA methods to study the 
binding of a series of six RAPTA ligands (Figure 1) to catB. This seems to be the first time 
such methods are used for the binding of a ligand that is composed of a metal complex. 
Considering the growing number of new classes of compounds based on various transition 
metals that have recently emerged, there is a strong need for studies aimed at evaluating the 
reliability and applicability of such methods also to those systems.

Methods

Quantum mechanical calculations
Quantum mechanical (QM) calculations were carried out with density functional theory 

(DFT), using the τ-dependent gradient-corrected functional of Tao, Perdew, Staroverov, and 
Scuseria (TPSS) [40], as implemented in the Turbomole package [41]. The def2-SV(P) basis 
set by Schäfer et al. [42,43] was used for all the atoms, implying a 28-electron relativistic 
effective core potential for Ru. The calculations were sped up by expansion of the Coulomb 
interactions in auxiliary basis sets, the resolution-of identity approximation [44,45]. Structures 
were optimised until the change in energy between two iterations was below 2.6 J/mol (10–6  
a.u.) and the maximum norm of the internal gradients was below 10–3 a.u. 

 Continuum solvation effects were estimated by single-point calculations using the 
continuum conductor-like screening model (COSMO) [46,47]. These calculations were 
performed at the same level of theory as the geometry optimisation and with default values for 
all parameters (implying a water-like probe molecule) and a dielectric constant of 4 (to 
simulate a protein-like environment) and 80 for the water. For the generation of the cavity, we 
used the optimised COSMO radii in Turbomole (1.30, 2.00, 1.83, 1.72, 2.05, and 2.16 Å for 
H, C, N, O, Cl, and S, respectively [48]) and 2.17 and 2.00 Å for phosphorus and ruthenium, 
respectively. 

Zero-point energies and thermal correction to the Gibbs free energy (at 298 K and 1 atm 
pressure) were calculated from frequency calculations, performed at the same level of theory 
as the geometry optimisation, using a normal-mode, harmonic-oscillator, and ideal-gas 
approximation [49]. To obtain more accurate energies, single-point calculations were 
performed with the three-parameter hybrid functional B3LYP method [50,51] using the larger 
def2-TZVP basis set [44].

The protein
The calculations in this investigation are based on the X-ray structure of human cathepsin 

B (catB) in complex with 2-pyridinethiol, PDB access code 2IPP (2.15 Å resolution, R factor 
0.160) [52]. As shown schematically in Figure 2, catB consists of a heavy and a light subunit, 
linked by six disulphide bridges. The catalytic domain resides in the light chain and consists 
of a deprotonated cysteine residue (Cys-29). Both subunits and all the crystal water molecules 
were used in the calculations.

Hydrogen atoms were added with the leap module of the AMBER software [53], 
assuming that all Asp and Glu residues are negatively charged and all Lys and Arg residues 
are positively charged according to their normal protonation state at pH 7.0. The protonation 
state of the His residues was determined by inspection of the hydrogen bond pattern, the 
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surroundings, and the solvent exposure of each residue: His-45 and 97 were assumed to 
protonated on the Nδ1

 atom, whereas the remaining histidine residues (His-110, 111, 190, 199, 
239) were assumed to be doubly protonated on both the Nδ1

 and Nε1
 atom (and therefore 

positively charged). The protonation states of all residues were checked with the PROPKA 
software [54]. This charge-assignment gave a total charge of –6 for the free protein (–5 with 
the RAPTA ligands bound). 

The protein was solvated in a sphere of explicit TIP3P water molecules [55] with a radius 
of 36 Å. Approximatively 4286 water molecules were added, yielding a total of ~17 040 
atoms in the simulations. The added water molecules were kept inside the sphere by a force 
constant of 6.3 kJ/mol/Å2. The position of all the hydrogen atoms and added water molecules 
were first minimised and then equilibrated for 300 ps using a simulated annealing protocol 
(i.e. heating the system to 370 K and cooling it slowly to 0 K), keeping the heavy atoms in 
their crystallographic positions.

In this investigation, we study the six RAPTA ligands (Figure 1) that were docked into 
catB by Casini et al. [24]. Starting from the equilibrated structures of the enzyme, we followed 
two different protocols. In the first procedure, we removed the added water molecules (but 
retained the crystal water molecules) and then placed the ligands into the active site according 
to the docked structures [24]. After graphical inspection, we removed overlapping crystal 
water molecules for each ligand and the resulting ligand–protein complex was solvated in a 
sphere of explicit TIP3P water molecules with a radius of 36 Å and was subjected to 
minimisation and equilibration as described above, yielding six different ligand–protein 
complexes.

In the second procedure, we superimposed the docked ligands into the active site of the 
fully solvated protein and, after graphical inspection, removed the water molecules 
overlapping with any of the ligands, yielding exactly the same protein and water surroundings 
for all six complexes. The resulting ligand–protein complexes were then subjected to 
QM/MM optimisation with no further minimisation or equilibration.

QM/MM calculations
The QM/MM calculations were carried out with the ComQum program [56,57]. In the 

current version, it combines Turbomole 5.9 [41] for the QM part with AMBER 10 [53] for the 
MM part. In this approach, the protein and solvent are split into three subsystem: The QM 
region (system 1) contains the Ru(II) ion with all its first-sphere molecules (shown in Figure 
1), including either a water molecule for the free ligand, or a CH3S model of Cys-29, when 
bound to the protein. This region was relaxed by QM methods. System 2 consists of all 
residues within 8 Å of any atom in system 1 and was relaxed by a full MM minimisation in 
each step of the optimisation of the QM system (protein-free calculations) or kept fixed 
(protein-fixed calculations). Finally, system 3 contains the remaining part of the protein and 
surrounding solvent molecules and was kept fixed at the original structure (the crystal 
structure for the protein). 

Geometry optimisations were carried out in two steps. First, systems 2 and 3 were kept 
fixed at the original coordinates and only the quantum system was optimised (geometries 
obtained at the end of this optimisation step will be referred to as protein fixed). Second, 
systems 1 and 2 were allowed to relax, whereas system 3 was still kept fixed (protein free). In 
each step of the QM geometry optimisation of system 1, system 2 was full relaxed by MM. In 
this optimisation of system 2, the charges on the quantum atoms were updated after each QM 
energy calculation [57] using the Merz-Kollman approach [58]. In the results section, the 
protein-fixed structures are based on the second protocol of the protein setup, whereas the 
protein-free structures are based on the first protocol.

In the QM calculations, system 1 is represented by a wavefunction, whereas all of the 
other atoms are represented by partial point charges, one for each atom, taken from MM 
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libraries. Thereby, the polarisation of the QM system by the surroundings is included in a self-
consistent manner (electrostatic embedding).

In Cys-29, there is a bond between systems 1 and 2 (a junction), for which the hydrogen 
link-atom approach is used [59]: The QM system was capped with hydrogen atoms (H 
junction atoms), the position of which are linearly related to the corresponding carbon atoms 
(C junction atoms) in the full system [56]. In this investigation, charges on all atoms in the 
MM system around the junction atoms (besides the C junction atoms themselves) were 
included as point charges in the QM calculations [60].

The total QM/MM energy is calculated as [56,57]:

EQM/MM = EQM1+ptch23 – EMM1,no_q + EMM123,no_q1 (1)

where EQM1+ptch23 is the QM energy of the QM system truncated by a hydrogen atom, including 
the interaction of the quantum system with the surrounding point charges (MM part), but 
excluding the self energy of the point charges. EMM1,no_q is the MM energy of the QM system, 
still truncated by a hydrogen atom, but without any electrostatic interactions. Finally, EM123,no_q1 

is the classical energy of all atoms with a carbon link atom in Cys-29 and the charges of the 
QM system set to zero (to avoid double-counting of the electrostatic interactions). By this 
approach, which is similar to the one used in the Oniom method [61], errors caused by the 
truncation of the QM system should cancel.

The geometry optimisations were run until the energy change between two iterations was 
less than 2.6 kJ/mol (10-6 a.u.) and the maximum norm of the Cartesian gradients was below 
10-3 a.u. 

 MM and MD calculations
All MM calculations were run with the sander module of the AMBER software [53], 

using the AMBER 1999SB [62,63] force field and the generalised AMBER force field 
(GAFF) [64] for the protein and the ligands, respectively. The Ru ion was described by only a 
non-bonded potential (because it was either fixed or treated by QM), using r* = 1.33 Å and  
= 1.56 kJ/mol [65]. 

The QM system was represented by charges fitted to the electrostatic potential (ESP), 
calculated in the following way: The ligands (with a CH3S model of the Cys-29 group) were 
optimised at DFT level with the TPSS functional and def2-SV(P) basis set. Then, the ESP was 
calculated with a single-point B3LYP calculation, employing the 6-31G* basis set for all 
atoms, except ruthenium for which LANL2DZ [66] basis set was used. The B3LYP method 
was used here instead of Hartree–Fock, which was used in the construction of the Amber 
1999 force field, because the latter method typically gives poor electronic structures for 
transition metal complexes [67]. The ESP points were selected according to the Merz-
Kollman scheme [58], but using a higher-than-default density of points (~2500 points/atom). 
These calculations were performed with the Gaussian03 package [68]. Atomic charges were 
than fitted to the ESPs using the restrained electrostatic potential (RESP) procedure [69], as 
implemented in AMBER 10 [53]. The charge on the C carbon-link atom in Cys-29 was 
adapted so that the total charge of the protein (including both QM and MM atoms) was an 
integer (–5) [56]. Thereby, we allow charge transfer within the QM system (Cys-29 and the 
other Ru ligands have non-integer total charges). Moreover, the charge on the C junction atom 
is changed from what is typical for a hydrogen atom to what is more typical for carbon atoms. 

In the MD simulations, bond lengths involving hydrogen atoms were constrained using 
the SHAKE algorithm [70]. The water solvent was described explicitly with the TIP3P model 
[55]. The electrostatics were treated with the particle-mesh Ewald method [71,72] with a grid 
size of 803, a fourth-order B-spline interpolation, a tolerance of 10–5, and a real-space cut-off 
of 8 Å. The temperature was kept constant at 300 K and the pressure was kept constant at 1 

6



atm using the Berendsen weak-coupling algorithm [73] with a time constant of 1 ps. The MD 
time step was 2 fs and the non-bonded pair list was updated every 50 fs. 

QM/MM-PBSA 
The QM/MM-PBSA method [35] can be seen as a post-processing of QM/MM 

calculations to obtain more stable energies, including a proper solvation energy by using 
continuum solvation methods. It is an adaptation of the widely used MM/PBSA approach [74] 
for QM/MM calculations. In this approach, an approximation to the total free energy for each 
state is obtained from:

G = <E'QM/MM> + <Gsolv> + <Gnp> - T<SQM/MM> (2)

where E'QM/MM is a QM/MM energy, slightly different from that in Eqn. 1, as is discussed 
below, and Gsolv is the polar solvation energy, estimated by a continuum approach, in our case 
obtained either by solving the Poisson–Boltzmann (PB) equation by the PB solver in AMBER 
[53] or by the generalised Born method GBOBC2 (with α, β, and γ set to 1.0, 0.8 and 4.85, 
respectively) [75], as implemented in AMBER [53]. Gnp is the non-polar solvation energy, 
estimated from the solvent-accessible surface area (SASA) [76], through the linear relation 
Gnp = 0.0227 SASA (in Å2) + 3.85 kJ/mol[74,77], where SASA was determined with the 
Molsurf program [53,76], using a probe radius of 1.4 Å. Finally, T is the temperature, and 
SQM/MM is the entropy. In this paper, we assume that only the QM system gives significant 
contributions to the entropy. This entropy was calculated for the harmonic frequencies of the 
isolated QM systems, as described above.

Among several available variants of QM/MM-PBSA [35], we use version 2 in ref. no 35, 
in which the electrostatic interaction energy between the QM and the MM system is calculated 
at the MM level, to make this contribution pair-wise separable and to avoid problems arising 
from the use of link-atoms [60]. However, two different ways to calculate the QM/MM energy 
were tested. In both cases, the QM/MM energy is calculated from the sum of three terms:

 E'QM/MM = EQM1 – EMM1 + EMM123' (3)

where EQM1 is the QM energy of the QM system with hydrogen link atom (without any point-
charge model of the surroundings), EMM123' is the MM energy of systems 1, 2, and 3, with 
carbon link atoms and full charges, but with all water molecules stripped off, and EMM1 is the 
MM energy of the QM system, still with carbon link atoms and full charges. The two variants 
differ in how the QM energy and the charges on the QM atoms are calculated. In the first 
approach, the QM energy and the charges are calculated from a vacuum wavefunction. In the 
second approach, the QM wavefunction is optimised with a point-charge model of system 2 
and 3. However, the final energy and the QM charges were calculated without the point 
charges, without re-optimising the wavefunction. Thereby, the QM system is polarised by the 
MM surroundings and the cost of the polarisation is included in the calculations. The latter 
approach was used in previous studies [55]. Finally, the calculations could be either based on 
a set of snapshots from the MD simulations (the < > brackets in Eqn. 2 indicate averages over 
these snapshots) or on a single QM/MM optimised structure. This gives rise to a number of 
different combinations of approaches. However, in the results section, only results with PB 
solvation and with the polarised wavefunction are given, because the other approaches (as is 
described in the supplementary material) gave similar or worse results. 

The MD simulations for the QM/MM-PBSA calculations were set up in the following 
way: First, each ligand–protein complex was optimised by QM/MM, using a spherical system, 
as described above. Second, the system was further solvated and moved into a periodic 
truncated octahedral box (with at least 9 Å from the already solvated QM/MM system to the 
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periodic boundary) and a 100-step minimisation was performed, keeping the QM system fixed 
and restraining all heavy atoms, besides water molecules, towards their position in the 
QM/MM structure by a force constant of 418 kJ/mol/Å2. Then, two 20 ps MD simulations 
were run with the same heavy atoms restrained. The first simulation was run with a constant 
volume, the second simulation with a constant pressure. Finally, the box size was equilibrated 
by a 50 ps MD simulation with a constant pressure, with only the heavy atoms in the QM 
system restrained. Since it is not possible to keep the QM atoms fixed in the constant-pressure 
simulation, the QM atoms were moved back to the QM/MM structure before an equilibration 
of 200 ps and a production of 400 ps were run with a constant volume and with the QM 
system fixed. During the production run, snapshots were collected every 2 ps. 

In the QM/MM and QM/MM-PBSA energy calculations, no periodic boundary conditions 
were used. Instead, the MM system was centred on the QM system and an infinite cut-off was 
employed. The QM/MM-PBSA calculations were automatised and performed by Linux shell 
scripts, which are available from the authors on request. Further details of the calculations are 
available in http://www.teokem.lu.se/~ulf/Methods/qmmmpbsa.html. 

Result and Discussion
In this investigation, we have studied the binding of the six structurally related RAPTA 

ligands in Figure 1 to the protein cathepsin B (catB), with known experimental affinities 
(IC50), cf. Table 1 [24]. Different methods to predict the structure of the protein-ligand 
complexes and to estimate the binding free energies have been explored.

Vacuum calculations
First, we studied the intrinsic affinity of the six RAPTA ligands to the cysteine ligand 

using QM calculations in vacuum and in a continuum solvent. All the considered complexes 
are expected to undergo rapid hydrolysis in water to give water-derivatives, which easily 
undergo further substitution by endogenous nucleophiles. Experimental studies have shown 
that the most abundant hydrolysis product of RAPTA-C is the mono-aquo species [Ru(η6-
arene)(PTA)Cl(H2O)]+, shown in Figure 1a [78]. Therefore, the same species has been 
assumed for all the six ligands. Thus, it was assumed that inhibition of catB involves the 
substitution of the water ligand on the metal centre of the respective mono-aquo species by the 
sulphur atom of the catalytic Cys-29 residue site, which is believed to be the anchoring site for 
the ruthenium centre. The Cys-29 residue is expected to be in its anionic form at physiological 
pH and was therefore modelled by CH3S–. Consequently, we studied the model reaction in 
Scheme 1.

The Ru–ligand bond lengths are collected in Table 2. They are very similar among the six 
RAPTA complexes: For the CH3S– complexes, the Ru–Cl bond lengths are 2.42–2.44 Å, the 
Ru–P bonds are 2.31–2.33 Å, the Ru–S bonds are 2.44–2.45 Å, and the average Ru–C bonds 
are 2.24–2.26 Å (2.18–2.32 Å for the individual Ru–C bonds). Of course, the Ru–O bonds in 
the water complexes are shorter than the Ru–S bonds, 2.19–2.22 Å. Consequently, the Ru–P 
bonds are slightly longer, 2.35–2.37 Å, but the Ru–Cl and average Ru–C bonds are actually 
slightly shorter, 2.41–2.43, and 2.23–2.24 Å, respectively. 

Next, we calculated the energy of the ligand-exchange reaction in Scheme 1. As described 
in the Methods section, we modelled the reaction in vacuum, as well in continuum solvents 
with a dielectric constant of 4 or 80. We also calculated reaction energies with or without 
thermal corrections to the Gibbs free energy from the vibrational frequencies (E and G). 
The results of these calculations are collected in Table 3. 

The results show that the ligand-exchange energies strongly depend on the dielectric 
constant of the continuum solvation model: For example, E for RAPTA-C decreases from 
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–524 kJ/mol in vacuum to –112 kJ/mol in a water-like solvent. The reason for this is of course 
that the binding involves two charged reactants but two neutral products. Therefore, solvation 
will strongly favour the reactants.

The energies presented in Table 3 are obtained by single-point B3LYP/def2-TZVP energy 
calculations on the TPSS/def2-SV(P) structures. This improvement of the functional and basis 
set has a rather small effect, which is almost the same for all ligands, making the predicted 
affinities 24–29 kJ/mol more positive (cf. Table S1 in the supplementary material). The effect 
of zero-point energies and entropies is even smaller, but it is more varying. It is positive and 
5–13 kJ/mol for all ligands, except for RAPTA-pentaOH, with its long tail, for which it is –6 
kJ/mol.

The energy of this exchange reaction can be used as an estimate of the intrinsic affinity of 
the six RAPTA ligands for the catalytic Cys-29 residue in catB. In absolute terms, the 
predicted affinities are too negative, even in water, indicating that some terms still are 
missing. However, in relative terms, the affinities are reasonable, giving a range of values that 
are similar to the experimental range, e.g. 13–23 kJ/mol for the E results, compared to 12 
kJ/mol for the experimental estimates. The range decreases with the dielectric constant.

This small range of the experimental results makes it a formidable task to reproduce the 
experimental affinities with theoretical methods. Still, as can be seen in Table 3, the 
calculated affinities show some correlation to the experimental data, even for these small-
model QM calculations, with correlation coefficients (r2) of 0.26–0.57. The correlation is best 
in vacuum and without thermal corrections. The B3LYP/def2-TZVP results are slightly better 
than the raw TPSS/def2-SV(P) results. The results are plotted in Figure 3. It can be seen that 
RAPTA-T gives the largest deviation, having a too low affinity. 

The optimised vacuum structures of the Ru(η6-arene)(PTA)Cl(CH3S) and [Ru(η6-arene)
(PTA)Cl(H2O)]+ complexes of RAPTA-C are shown in Figure 4. It can be seen that the 
structure is mainly determined by possible weak interactions between the Cl–, water, and 
CH3S– ligands and the CH groups of the arene and PTA ligands. Thus, the complexes are 
rather flexible. Therefore, it is conceivable that docked conformations used in this 
investigation are not optimal for all ligands. In order to test that possibility, we performed a 
conformational search for all six ligands, except the symmetric RATA-H, by systematically 
rotating the arene ligand for both the CH3S and H2O complexes in steps of 30, calculating 
TPSS/def2-SV(P) energies in both vacuum and in water.

This procedure gave improved structures for all complexes, except two (RAPTA-T and 
RAPTA-OH with a water ligand), with the energies lowered by up to 18 kJ/mol. The searches 
in vacuum and water gave identical results in all cases, except for two water complexes 
(RAPTA-TBMe and RAPTA-T), but the difference in energy was less than 1 kJ/mol. The new 
structures have nearly identical bond lengths to Ru, with differences less than 0.02 Å (Table 
S2). 

Using these structures, energies for the ligand-exchange reaction in Scheme 1 were 
calculated in the same way as before. The results in Tables 4 and S3, as well as in Figure 5 
show that the results are significantly improved by the conformation search. The correlation 
coefficients are now 0.35–0.86, with similar trends as before the conformational search, with 
the exception that the best E results are obtained in a protein-like environment with a 
dielectric constant of 4. In fact, as can be seen from Figure 4, the calculations without thermal 
corrections now rank all the ligands in the correct order, whereas the G calculations have 
problem with RAPTA-C.

These results suggest that we can quite successfully use the intrinsic QM energy of the 
substitution of the water ligand with the sidechain of Cys-29 to explain the different activities 
of the RAPTA complexes, provided that a proper conformational search is performed. 
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QM/MM geometries
Next, we investigated whether the predictions can be improved by take the surrounding 

protein into consideration by the QM/MM approach. In the QM/MM calculations, we still 
assume that the RAPTA ligands bind to the sidechain of Cys-29 in catB, replacing a water 
ligand, i.e. we studied the ligand-exchange reaction in Scheme 2. The Cys-29 ligand was 
modelled by CH3S– in the QM system with a link atom replacing C. It is well-known that 
QM/MM energies are sensitive to differences in the conformation of the surrounding protein. 
Therefore, we employed two sets of structures. In the first (called protein fixed), the 
surrounding protein was not allowed to move, only the RAPTA ligand and the side chain of 
Cys-29 (i.e. the QM system). Thereby, we ensure that all protein structures are identical, so 
that the energies are directly comparable. On the other hand, this does not allow the 
surroundings to adapt to the ligand. In the second set of structures (called protein free), the 
surrounding protein was also optimised. 

In the two last columns of Table 2, the main geometrical parameters are collected for the 
complexes after the QM/MM optimisations: the Ru–S, Ru–P, Ru–Cl, and the average Ru–C 
bond lengths, as well as the distance between the chloride ligand and the backbone HN group 
of Cys-29. The latter interaction was found to play an important role in a previous docking 
study [24].

It can be seen that the Ru–Cl bond length is similar in all optimised structures, 2.29–2.39 
Å. This is expected, because Cl is a small ligand that is not significantly affected by the 
surroundings. The bond length is slightly shorter than in the vacuum (2.41–2.43 Å). It is also 
shorter in the protein-fixed structures than in the protein-free structures (by 0.03–0.10 Å). 

The Ru–P bond is also similar in most complexes, 2.33–2.59 Å. However, for the 
RAPTA-OH ligand, the PTA ligand dissociates from Ru if the protein is not allowed to relax 
and moves to a hydrophilic pocket. However, if the protein is also relaxed, the PTA ligand 
remains bound to Ru. The PTA ligand also remains bound to Ru when the other solvation 
protocol is used without any relaxation of the protein, although it is elongated (2.79 Å; Table 
S2). The Ru–P distances in the relaxed structures are more similar than in the fixed structures, 
2.35–2.41 Å. Still the QM/MM Ru–P bond lengths are slightly longer than in the vacuum 
structures (2.31–2.33 Å). 

The Ru–S bond shows a similar behaviour. If the protein is allowed to relax, it is 2.42–
2.49 Å, i.e. similar to what is found in the vacuum structures (2.44–2.45 Å). However, if the 
protein is kept fixed, it is typically longer (2.47–2.61 Å), except in the RAPTA-OH structure, 
for which the PTA ligand dissociated (2.30 Å). Moreover, for RAPTA-H, this bond is broken 
(Ru–S = 4.14 Å; the same applies for the other solvation protocol). Altogether, these results 
indicate that a conformational relaxation of the protein is needed before the RAPTA ligands 
can bind properly, especially for the large RAPTA-H complex.

The change in the structures of RAPTA-H with a fixed or relaxed protein is illustrated in 
Figure 6. It can be seen that Ru ion and the PTA group hardly move (~0.3 Å), whereas the 
arene rotates by ~20. On the other hand, as the Cys ligand dissociates, the Cl ion nearly takes 
its former position.

Finally, the Ru–C bond lengths are similar to the vacuum optimisations when the protein 
is allowed to relax (2.23–2.28 Å, compared to 2.22–2.24 Å). However, for most of the 
ligands, the Ru–Cav distance is longer if the protein is kept fixed (2.27–2.33 Å), except for the 
two complexes with a dissociated ligand (2.23 Å), again indicating that the protein-fixed 
complexes are somewhat strained. 

In most of the complexes, the binding of the RAPTA ligands is enhanced by a hydrogen 
bond between the chloride anion and the backbone NH group of Cys-29. With a fixed protein, 
the hydrogen bond length is 2.51–2.80 Å, but for the RAPTA-2TBMe and RAPTA-OH 
complexes, this bond is almost broken (3.05–3.16 Å). Interestingly, the Cl–HN hydrogen 
bond is broken (RAPTA-C and RAPTA-T) or weakened when the protein is allowed to relax. 
This may be an effect of the shortened Ru–S bond.
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QM/MM energies
Next, we calculated energies for the binding of the six RAPTA complexes, according to 

the reaction in Scheme 2. These energies are based on the QM/MM structures described in the 
previous section (i.e. both with a fixed and with a relaxed protein). To obtain more stable 
energies, we employed the QM/MM-PBSA procedure [35], according to Eqn. 2, i.e. the 
QM/MM energies were supplemented by continuum solvation energies calculated by solving 
the PB equation and non-polar energies calculated from the change in the SASA during ligand 
binding. For the free ligand and the released water molecule, we used vacuum optimised 
structures, including solvation effects, calculated by the COSMO model. The free protein was 
modelled by a QM/MM-optimised structure with a deprotonated Cys-29 group. The charges 
of the QM system were obtained by a wavefunction polarised by the point charges of the 
surroundings. For comparison, QM energies for the isolated QM systems were also calculated 
for all geometries. Several other variants of the QM/MM-PBSA method were tested, as is 
detailed in the supplementary material (Tables S4–S6), e.g. using the generalised Born 
solvation energy or by using a vacuum wavefunction. However, they gave similar results.

The calculated energies are collected in the six first columns of Table 5. It can be seen 
that the calculations with a fixed protein give the best correlation with the experimental 
results, r2 = 0.59. On the other hand, the calculations with a relaxed protein give an 
appreciably worse correlation, r2 = 0.00. This indicates that the local-minima problem with the 
relaxed calculations may be serious. However, it is worth noting that the predicted binding 
energies become much more favourable when the protein is allowed to relax (–239 to –500 
kJ/mol, compared to 100–457 kJ/mol with the fixed protein). This shows that the ligands are 
severely strained when the protein is not allowed to relax. The range of the predicted binding 
energies among the six ligands is also somewhat reduced, from 357 to 96 kJ/mol with PB 
solvation, although it is still larger than the experimental range. 

It can also be seen that for this system, the raw QM/MM energies give similar correlations 
(r2 = 0.58 and 0.08), although the net binding energies change by about 530 and 730 kJ/mol 
for the protein-fixed and free calculations, respectively.

Interestingly, the correlations are always improved if only the QM energies are used (QM 
column in Table 4), to r2 = 0.80 with the relaxed protein and 0.19 with the fixed protein. The 
range of the binding energies is also reduced, to 195 and 47 kJ/mol. This confirms that it is a 
formidable task for the continuum models to predict the binding of a charged metal complex 
to a charged protein.

Finally, we made an attempt to further study the effect of the surrounding protein and to 
reduce the local-minima problem by running a MD simulation for each catB–RAPTA 
complex with a fixed ligand structure (the QM/MM structure) but allowing the surrounding 
protein and solvent to fully relax. Snapshots were saved every 2 ps and QM/MM-PBSA 
energies were calculated for each snapshot. The results of these QM/MD-PBSA calculations 
are also collected in Table 5 (columns MD/Fix and MD/Free). It can be seen that the binding 
energies for all complexes with a fixed protein are improved (lowered), by 134–343 kJ/mol, 
again illustrating that protein relaxation is important for the binding of the RAPTA ligands. 
For the protein-free calculations, the change is varying. The standard error of the energies are 
1–5 kJ/mol, showing that the calculations are well converged and the precision is good. The 
MD simulations also suppress some of the variation among the ligands, but the range is still 
much larger than for the experimental affinities, 176 and 125 kJ/mol for the protein-fixed and 
protein-free calculations, respectively. Still, the calculations with a fixed protein give the best 
correlations to the experimental results, and with PB solvation, it is as high as r2 = 0.91, as is 
illustrated in Figure 7.
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Conclusions
In this investigation, we have explored several QM-based methods to predict the structure 

of protein–ligand complexes and to estimate the binding free energies of a series of six Ru(II)-
arene PTA (RAPTA) ligands to catB. QM calculations in vacuum and in a continuum solvent 
have been used to estimate the intrinsic binding affinity of the ligands, using CH3S–

 as model 
for the catalytic Cys-29 residue in the active site, and studying the energy of the exchange 
reaction of a water ligand with the sidechain model. Although the predicted absolute values 
are too negative, the calculated relative affinities are reasonable. The correlation coefficient 
(r2) between the calculated and experimental affinities improved from 0.26–0.57 to 0.35–0.86 
after a conformational search of the flexible arene group, suggesting that the intrinsic QM 
energy is quite successful in explaining the activities of the various RAPTA complexes, once 
the flexibility of the ligand is properly accounted for.

Next, we investigated whether the predictions can be improved by taking the surrounding 
protein into account by obtaining structures by QM/MM and binding energies by the 
QM/MM-PBSA procedure. We used two different approaches: In the first set, the surrounding 
protein was not allowed to move, in order to minimise the risk of ending up in different local 
minima for the surrounding protein before and after ligand binding. In the second set, the 
surrounding protein was also optimised, in order to allow structural relaxation upon ligand 
binding. The results showed that if the protein was not allowed to relax, some of the metal 
ligands dissociated during ligand binding and all structures had elongated bond lengths. 
Moreover, the binding becomes stronger with all methods if the protein also was optimised, 
thus indicating that protein relaxation is important during ligand binding. 

Unfortunately, the best correlation between experimental and calculated affinities was 
obtained with the fixed protein (r2 = 0.58–0.80), whereas the calculations with a relaxed 
surrounding gave poor correlations (r2 = 0.00–0.19), although the range of the calculated 
affinities is smaller. This indicates severe problems with local-minima in the MM region. 
Moreover, for both sets, the correlations were improved if only the QM energies were used, 
suggesting that the MM energies and the continuum solvation model are not able to accurately 
predict the binding of a charged metal complex to a charged protein.

In an attempt to reduce the local-minima problem, we performed MD simulations for each 
catB–RAPTA complex with the ligand fixed at the QM/MM structure, but allowing the 
protein to fully relax. These QM/MD-PBSA results showed that the binding energies for all 
QM/MM calculations with a fixed protein are improved, whereas for the protein-free 
calculations, the change is smaller and more varying. These results further emphasize that the 
protein relaxation is important for the binding of the RAPTA ligands. The standard error of 
the energies is 1–5 kJ/mol, showing that the calculations are well converged and the precision 
is good. In most cases, the correlation to the experimental results is slightly improved (to r2

 = 
0.01–0.91), but the results depend quite strongly on the details of the calculations.

Altogether, these results suggest that both the flexibility of the ligands and the 
surrounding protein play a role in the binding of the six RAPTA complexes to catB. 
Unfortunately, available methods seem to have problems to describe in a balanced way both 
solvation effects and the interaction of the ligand with the protein. Therefore, the best results 
are not obtained with the seemingly best methods (QM/MM-PBSA energies with MD 
sampling for the relaxed structures). Instead, the protein-fixed calculations and the raw QM 
energies often give better results. In fact, the QM-only calculations give nearly equally good 
results as the QM/MM calculations. 
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Table 1. Experimental activities of the RAPTA ligands against bovine catB [24].

Name IC50
a ∆Gexp

b

RAPTA-C 2.5 -32.2

RAPTA-T 1.5 -33.4

RAPTA-H >200 <-21.2

RAPTA-TBMe 82 -23.5

RAPTA-OH 1.6 -33.3

RAPTA-PentaOH 7 -29.6
a IC50 values in µM from Ref. 24.
b ∆Gexp was estimated as RTln(IC50) and is presented in kJ/mol.
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Table 2. Main geometrical parameters (bond lengths in Å) in the optimised vacuum (with 
either a H2O or a CH3S– ligand) and QM/MM structures (with either the surrounding protein 
fixed, Fix, or allowed to relax, Free). Ru–Cav is the average of the six Ru–C bonds to the 
arene. Cl–HN is the hydrogen bond between the Cl ligand and the backbone NH group of 
Cys-29. Deviating distances are marked in bold face.

Vacuum QM/MM
H2O CH3S– Fix Free
Ru–O  Ru–S

RAPTA-C 2.20 2.44 2.49 2.49
RAPTA-T 2.19 2.44 2.54 2.43
RAPTA-H 2.22 2.44 4.14 2.44
RAPTA-TBMe 2.20 2.45 2.47 2.44
RAPTA-OH 2.20 2.44 2.3 2.43
RAPTA-PentaOH 2.20 2.44 2.61 2.42

Ru-P
RAPTA-C 2.36 2.32 2.56 2.41
RAPTA-T 2.35 2.33 2.43 2.39
RAPTA-H 2.37 2.31 2.33 2.38
RAPTA-TBMe 2.36 2.32 2.59 2.38
RAPTA-OH 2.36 2.32 4.89 2.35
RAPTA-PentaOH 2.35 2.32 2.45 2.39

Ru–Cl
RAPTA-C 2.41 2.43 2.29 2.39
RAPTA-T 2.42 2.42 2.29 2.39
RAPTA-H 2.43 2.43 2.3 2.37
RAPTA-TBMe 2.42 2.44 2.35 2.38
RAPTA-OH 2.42 2.43 2.33 2.38
RAPTA-PentaOH 2.42 2.43 2.35 2.37

Ru–Cav

RAPTA-C 2.23 2.24 2.32 2.27
RAPTA-T 2.23 2.24 2.33 2.24
RAPTA-H 2.24 2.26 2.23 2.28
RAPTA-TBMe 2.24 2.25 2.31 2.25
RAPTA-OH 2.22 2.24 2.23 2.23
RAPTA-PentaOH 2.23 2.24 2.27 2.24

Cl–HN
RAPTA-C 2.59 4.77
RAPTA-T 2.51 3.4
RAPTA-H 2.59 2.84
RAPTA-TBMe 3.05 2.95
RAPTA-OH 3.16 2.98
RAPTA-PentaOH 2.8 2.97
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Table 3. Binding energies obtained from the QM calculations in a continuum solvent with 
three different values of the dielectric constant (). All energies (in kJ/mol) are obtained by 
single-point B3LYP/def2-TZVP energy calculations on the TPSS/def2-SV(P) structures. The 
G values include zero-point and thermal corrections to Gibbs free energy, calculated from 
frequencies obtained at the TPSS/def2-SV(P) level. 

E G Exp.

 = 1  = 4  = 80  = 1  = 4  = 80

RAPTA-C -524.3 -245.6 -112.3 -519.7 -241.0 -107.7 -32.2

RAPTA-T -512.6 -234.0 -101.6 -503.4 -224.8 -92.4 -33.4

RAPTA-H -505.2 -230.5 -99.6 -497.7 -222.9 -92.0 <-21.2

RAPTA-TBMe -511.2 -237.0 -106.2 -498.5 -224.3 -93.5 -23.5

RAPTA-OH -528.0 -246.5 -111.5 -523.2 -241.7 -106.7 -33.3

RAPTA-PentaOH -513.9 -238.7 -106.8 -520.0 -244.9 -113.0 -29.6

r2 0.57 0.41 0.30 0.52 0.35 0.26

Range 23 16 13 26 22 21 12
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Table 4. Binding energies obtained from the QM calculations after the conformational search. 
Results are presented from calculations in a continuum solvent with three different values of 
the dielectric constant (). All energies (in kJ/mol) are obtained by single-point B3LYP/def2-
TZVP energy calculations on the TPSS/def2-SV(P) structures. The G values include zero-
point and thermal corrections to Gibbs free energy, calculated from frequencies obtained at 
the TPSS/def2-SV(P) level. 

E G Exp.

 = 1  = 4  = 80  = 1  = 4  = 80

RAPTA-C -517.8 -239.1 -106.1 -510.1 -231.4 -98.4 -32.2

RAPTA-T -528.5 -246.3 -111.5 -524.3 -242.1 -107.3 -33.4

RAPTA-H -505.2 -230.5 -99.6 -497.7 -222.9 -92.0 <-21.2

RAPTA-TBMe -512.2 -235.6 -103.9 -511.3 -234.7 -103.0 -23.5

RAPTA-OH -525.6 -243.7 -108.6 -523.4 -241.5 -106.3 -33.3

RAPTA-PentaOH -515.1 -239.9 -108.1 -518.3 -243.1 -111.3 -29.6

r2 0.83 0.86 0.81 0.68 0.51 0.35

Range 23 16 12 27 20 19 12
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Table 5. QM/MM and QM/MM-PBSA binding energies (in kJ/mol) for the QM/MM 
structures, obtained with either the protein fixed (Fix) or free to relax (Free). Results for 200 
MD snapshots are also included (MD). For each structure, results are given both with PB 
solvation energies included or excluded (QM). 

Fix Free MD/Fix MD/Free Exp.

QM/MM PB QM QM/MM PB QM PB QM PB QM

RAPTA-C -336 189 -261 -795 -151 -451 -162 -2601 -982 -4441 -32

RAPTA-T -376 133 -316 -897 -173 -497 -534 -3071 -1531 -4821 -33

RAPTA-H -270 254 -177 -936 -183 -450 881 -1 -1422 -4351 -21

RAPTA-TBMe -72 457 -145 -918 -180 -477 1232 -1531 -1621 -4621 -23

RAPTA-OH -434 100 -340 -930 -195 -480 -345 -3431 -2001 -4781 -33

RAPTA-PentaOH -362 235 -211 -1009 -246 -463 132 -2041 -2232 -4491 -29

r² 0.58 0.59 0.80 0.08 0.00 0.19 0.91 0.76 0.01 0.35

Range 362 357 195 214 96 47 176 190 125 47 12
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Figure 1. Structures of the six RAPTA analogues studied: (a) RAPTA-C, (b) RAPTA-T, (c) 
RAPTA-H, (d) RAPTA-TBMe, (e) RAPTA-OH, and (f) RAPTA-PentaOH. 
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Figure 2. Cathepsin B complexed with 2-pyridinethiol (orange) from the 2IPP file [52]. The 
sulphur atom of the catalytic cysteine is shown in yellow. The light chain is blue and the 
heavy chain is cyan. The dark blue spheres are crystal water molecules.
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Figure 3. Correlation between the experimental affinities and those calculated from the 
optimised QM structures in vacuum. Results are shown for E and G without and with 
thermal corrections.
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Figure 4. Optimised QM structures of RAPTA-C with a CH3S– (top) or H2O (bottom) ligand.
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Figure 5. Correlation between the experimental affinities and those calculated from the 
optimised QM structures in vacuum after the conformational search. Results are shown for 
E and G without and with thermal corrections.
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Figure 6. Overlay of the QM/MM structures of RAPTA-H, obtained when the protein was 
fixed (thin line) or relaxed (thick lines). Only the QM system is shown.
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Figure 7. Correlation between the experimental affinities and those calculated from the 
optimised QM/MM structures, followed by a MD simulation, from which QM/MM-PBSA 
energies were calculated for 200 snapshots. 
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Scheme 1. Scheme of the reaction studied for the calculation of the binding free energies at 
QM level. 

Scheme 2. Scheme of the reaction studied for the calculation of the binding free energies at 
QM/MM level.

28


