
Reaction Mechanism of Ru(II) Piano-Stool Complexes:
Umbrella Sampling QM/MM MD Study

Zden�ek Futera[a] and Jaroslav V. Burda*[b]

Biologically relevant interactions of piano-stool ruthenium(II)

complexes with ds-DNA are studied in this article by hybrid

quantum mechanics—molecular mechanics (QM/MM) compu-

tational technique. The whole reaction mechanism is divided

into three phases: (i) hydration of the [RuII(g6-benzene)(en)Cl]1

complex, (ii) monoadduct formation between the resulting

aqua-Ru(II) complex and N7 position of one of the guanines in

the ds-DNA oligomer, and (iii) formation of the intrastrand

Ru(II) bridge (cross-link) between two adjacent guanines. Free

energy profiles of all the reactions are explored by QM/MM

MD umbrella sampling approach where the Ru(II) complex and

two guanines represent a quantum core, which is described

by density functional theory methods. The combined QM/MM

scheme is realized by our own software, which was developed

to couple several quantum chemical programs (in this study

Gaussian 09) and Amber 11 package. Calculated free energy

barriers of the both ruthenium hydration and Ru(II)-N7(G) DNA

binding process are in good agreement with experimentally

measured rate constants. Then, this method was used to study

the possibility of cross-link formation. One feasible pathway

leading to Ru(II) guanine-guanine cross-link with synchronous

releasing of the benzene ligand is predicted. The cross-linking

is an exergonic process with the energy barrier lower than for

the monoadduct reaction of Ru(II) complex with ds-DNA. VC
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Introduction

The interactions of transition metals with (bio)organic mole-

cules are well-known and abundantly exploited in many

branches of chemistry and related fields. Since a lot of various

metals are naturally present in living organisms, it is not sur-

prising that these compounds are often used in pharmacology

and medicine.[1–4] Probably, the best known and rapidly devel-

oping area is a utilization of heavy metal compounds in oncol-

ogy. Diamminedichloroplatinum(II) complex, known as cisplatin

(Fig. 1a), was the first transition metal complex approved for

anticancer treatment and up to present date is applied in 70%

of chemotherapeutically treated patients.[5,6]

Mechanism of cisplatin activity was intensively studied

experimentally[7–10] as well as theoretically[11–22] using com-

puter simulations and it is believed to be sufficiently known

nowadays. Cisplatin is administered intravenously and then it

passes cellular membrane and enters the cancer cell from

bloodstream. First process after entering the cell is a replace-

ment of one or both chloride ligands by water molecules. The

hydration reaction is driven by a substantially reduced concen-

tration of chloride anions inside the cell in comparison to

intercellular environment. Resulting Pt(II) aqua complex is

much more reactive than cisplatin itself and can interact with

various nucleophilic sites found on peptides or nucleotides.

The most important step for the anticancer activity is the

interaction with DNA in the cell nucleus. Cisplatin preferably

binds to N7 nitrogen of guanosine that is well accessible from

the major groove of the DNA double helix. If there are some

adjacent guanines in the DNA sequence, cisplatin can create

the so-called cross-linked structure, that is Pt-bridge between

two N7 nitrogens of guanines.[23,24] In this case, both intra-

strand or interstrand cross-links are possible; however, the for-

mer ones are highly preferred. The cross-linked structure is

very stable and leads to local DNA deformation connected

with unwinding and bending of the helix structure. Such struc-

tural changes are recognized by high-mobility-group proteins

and finally can lead to apoptosis, controlled cell death.[25]

Successful application of cisplatin in the antitumor therapy

led to intensive investigation in organometallic research look-

ing for compounds, which would have better activity and less

toxic side effects.[26,27] Several such complexes were found and

approved for the medical practice. Recently, promising group

of ruthenium(II) compounds, the so-called “piano-stool” com-

plexes, were examined in several laboratories.[28,29] In this

study, we explore reactivity of the [RuII(g6-benzene)(en)Cl]1

complex (Fig. 1b) as a representative of this group. It was

experimentally observed that the Ru(II) complex undergoes

hydration reaction, in analogy to cisplatin, and subsequently it

interacts with DNA. Preference for N7 binding position of gua-

nine was proven too.[30–35] However, full mechanism of activity

remains still unknown.

In this computational study, we employ a hybrid quantum

mechanics—molecular mechanics approach (QM/MM) to inves-

tigate processes of the [RuII(g6-benzene)(en)Cl]1 complex in
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relation to cellular environment. These reactions can be

divided into three phases: (i) hydration reaction (R0), (ii) bind-

ing to DNA in N7 guanine position—monoadduct formation

(R1), and finally (iii) intrastrand cross-linking between two adja-

cent guanines (R2). For the hydration reaction (replacement of

the chloride ligand by a water molecule), there is reliable

experimental support, which allow us to verify accuracy of our

computational models. Subsequent binding to N7 guanine in

DNA can proceed by two different reaction pathways as it was

already shown in Refs. [36,37]. Possibility of the both pathways

is reinvestigated also in this study using QM/MM approach.

The cross-link formation, although not observed experimen-

tally yet, was already suggested in our previous work[38]. The

free energy profiles of all the reactions are constructed by

both umbrella integration (UI) and weighted histogram analy-

sis method (WHAM) from the QM/MM MD umbrella sampling

trajectories.

The article is organized as follows: QM/MM computational

model is briefly described in Computational Methods section

together with umbrella sampling technique used for the free

energy determination. Also, the two methods, UI and WHAM

used for constructing the free energy profile from biased MD

trajectories are described here. The detailed description is con-

nected with the fact that all the QM/MM interface together

with consequent analyses were coded into new program QMS

by one of the authors (Z.F.). The main part of the article deals

with presentation of obtained results for the above mentioned

reactions R0, R1, and R2 of the ruthenium(II) complex.

Computational Methods

The hybrid QM/MM computational technique is used in this

work to optimize the computational model and perform Born–

Oppenheimer molecular dynamics. QM/MM is implemented in

a new program interface called QMS, which can couple several

existing quantum mechanical (QM) programs and molecular

mechanical (MM) software (Gaussian 09[39] and Amber 8[40] in

this study). The QMS code can also employ GAMESS,[41] Turbo-

mole,[42] and Molpro[43] packages.

QM/MM technique

The hybrid QM/MM method is popular approach for treating

large computational models where chemical changes occur

only in a relatively small region. This area can be evaluated by

an accurate but computational demanding QM method while

the remaining part of the system is described by MM. This is

typical QM/MM partitioning of the studied system S into inner

part I surrounded by outer part O. The boundary between I

and O involving possible link atoms is further marked as L.

However, there are two commonly used approaches to eval-

uate total QM/MM energy of the studied system. First, the so-

called additive scheme is a straightforward summation of

energy contributions of the inner and outer parts and their

mutual interaction:

EQMMMðSÞ5EMMðOÞ1EQMðI1LÞ1EQM2MMðSÞ: (1)

The additive scheme can be applied in program codes that

have direct access to all MM and QM data and thus it can

evaluate the last term in eq. (1) effectively. However, for soft-

ware interfaces dealing with standalone QM and MM pro-

grams, a subtractive scheme proposed by Morokuma and

coworkers[44] is more feasible to use.

EQMMMðSÞ5EMMðSÞ1EQMðI1LÞ2EMMðI1LÞ: (2)

In this case, the mutual interaction of the inner and outer

part is obtained implicitly by replacing the MM energy contri-

bution of the inner part by its QM energy.

Implementation

We implemented the subtracted energy scheme of the QM/

MM method as described above into a new software called

QMS. This QMS program package is designed as an interface

that is able to couple MM techniques included in Amber[40]

with QM tools for obtaining electronic structure—Gaussian,[39]

GAMESS,[41] Molpro,[43] or Turbomole.[42] The program is

designed as a set of cooperating modules as it is illustrated in

data flow chart in Figure 2. The main module QMS-step is par-

allelized for efficient employment of computational recourses.

In this way, QMS can work in two different modes and per-

form QM/MM energy optimization or MD simulation.

In the geometry optimization mode, three popular methods

are coded: steepest descents, conjugate gradient, and limited-

memory BFGS algorithm.[45] For Born–Openheimer MD, the

velocity Verlet algorithm[46,47] is used together with Ander-

sen[48] or Berendsen thermostat[49] to run dynamics in NVT

ensemble. This is supplemented by automatic sampling techni-

ques and because the restraining of internal and/or Cartesian

coordinates is also available, the QMS code can be used for

Figure 1. Structural formula of (a) cisplatin and (b) [RuII(g6-benzene)(en)Cl]1

complex.

Figure 2. Data flow diagram and modular structure of QMS program layer.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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the Umbrella Sampling free energy calculations as discussed

below.

Free energy determination

The free energy profile of chemical reaction is very impor-

tant characteristics; the difference of reaction minima

decides about its spontaneity while the height of energy

barrier correlates directly with the reaction kinetics. However,

from computational point of view, the free energy calcula-

tion is a difficult task as it contains entropy contributions

and thus a configurational space has to be properly

sampled. Direct approach is very demanding and, practically,

it cannot be used with QM/MM MD. Therefore, several

sophisticated methods with enhanced sampling were devel-

oped.[50] In this work, we use the so-called umbrella sam-

pling technique.

In the umbrella sampling,[51–53] a reaction coordinate n is

divided into Nw windows, which are then sampled individually.

To ensure efficient sampling, a bias potential wi is applied in

each window to restrain the reaction coordinate, typically in a

harmonic form, wi(xi) 5 1/2 Ki (xi2xi0). Biased distribution in

each window, Pb
i , is obtained from the MD simulation as a his-

togram of the reaction coordinate, which is connected with

the searched free energy.

AiðnÞ52
1

b
lnPb

i ðnÞ2wiðnÞ1Fi: (3)

Term Fi52 1
b lnhexp½2bwi�i, where sharp brackets represent

statistical averaging, is a free energy shift in i-th window

caused by bias potential wi.

In this work, we use WHAM[54,55] to calculate the free energy

shifts from overlaps of Pb
i distributions. Total unbiased distribu-

tion, which is directly connected with free energy, can be con-

structed as a weighted average of the biased distributions

emerging from MD simulations.

PuðnÞ5
XNw

i51
piðnÞPb

i ðnÞ; (4)

with the weights pi chosen to minimize statistical error of

PuðnÞ. This gives the set of nonlinear equations that are

coupled by free energy shifts Fi and thus they have to be

solved iteratively. Accuracy of this method is strongly depend-

ent on Pb
i overlaps; nevertheless, the method can be in princi-

ple used for analysis of Umbrella Sampling simulations with

any type of bias potential.

UI[56,57] is an analytic alternative to the WHAM method,

which is applicable if the harmonic bias potentials were used

for restraining umbrella sampling simulations and the resulting

Pb
i distributions can be approximated by Gaussian functions

Gðnb
i ;r

b
i Þ. In such case, the mean force can be directly

constructed.

@A

@n
5
XNw

i51

Nip
b
i ðnÞPNw

i51

Njp
b
i ðnÞ

n2nb
i

bðrb
i Þ

2
2Kiðn2n0

i Þ
" #

: (5)

Comparing to WHAM, UI technique does not require over-

lapping distributions although they are desirable for higher

accuracy. As a result of approximating Pb
i by Gaussian normal

distributions, the final potential of mean force is always repre-

sented by a smooth curve.

Computational Models

QM/MM model for the hydration reaction

The replacement of the chloro ligand of the studied Ru(II)

complex by water occurs in aqueous environment of a cell. No

other molecules like nucleic acids or proteins were considered

at this step. Therefore, the QM/MM model of the [RuII(g6-

benzene)(en)Cl]1 complex solvated by explicit water molecules

was built by LEaP program.[58] The complex together with one

water molecule participating in the R0 reaction was defined as

the QM part of the system. Structure of the complex was para-

meterized by General Amber Force Field (GAFF)[59] with

Restrained Electrostatic Potential (RESP) charges[60–63] fitted

from HF/6-31G(d) electron density calculated by Gaussian

09.[39] Rectangular box (a 5 33.633 Å, b 5 31.547 Å, c 5

30.918 Å) filled with 1111 TIP3P[64] water molecules and one

Cl2 counterion was used as a simulation cell in program

Amber 8.[40] The box parameters were obtained by NPT (p 5 1

atm) MD density equilibration preceded by smooth NVT (T 5

298.15 K) annealing. Finally, production QM/MM MD umbrella

sampling simulations were performed by the QMS program at

room temperature controlled by Berendsen thermostat.[49] The

reaction coordinate for this calculation was defined as n5DRCl

=ðDRAq1DRClÞ where DRx5DRx2DRref
x are displacements of

Ru(II)-X distance (Rx) from its reference value Rref
x . The lengths

of Ru(II)ACl and Ru(II)AAq bonds were chosen from optimized

QM/MM model were chosen as references (see Supporting

Information, Table S1 for numerical values) to scale n conven-

iently into [0,1] interval.

Table 1. Activation barriers and reaction energies (kcal/mol) for the R1 process.

Reaction/Methods

QM(C-PCM) ONIOM QM/MMMD QM/MMcorr

DGa DGr DGa DGr DGa DGr DGa DGr

RR1 ! PR1 29.1 21.3 26.5 212.2 15.3 21.8 22.5 24.5

RR1 ! IR1 28.5 1.4 27.8 21.1 15.7 9.2 21.1 7.8

IR1 ! PR1 34.7 22.7 29.3 211.1 4.8 211.3 10.8 211.2

QM/MMMD stands for umbrella sampling result at the B97D/LANL2DZ level and QM/MMcorr are the values corrected by FEP at the B3LYP/6-3111G(d,p)

level. For a comparison, ONIOM values from Ref. [38] are shown as well.
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This interval was divided equidistantly into 17 windows and

individual umbrella sampling MD simulations were performed

for 5 ps. The preset Ru(II)ACl and Ru(II)AAq bond lengths

were restrained by harmonic potentials with force constant 50

kcal/mol/Å2 in each window. Convergence of the biased distri-

butions Pb
i and the resulting free energy profile A(n) was care-

fully checked, and the simulation time was increased if

necessary.

The QM part of the model was described by density func-

tional theory (DFT) with hybrid B3LYP functional. This setting is

based on our previous work where accuracy of several different

methods were checked with respect to experimental data (see

Ref. [36] for more details). We use 6-31G(d) basis set for geome-

try optimization resp. MD and larger 6-3111G(2df,2pd) for

molecular analysis. Stuttgart–Dresden pseudopotential (SDD)[65–

67] are used for 10 electrons on Cl and 28 core electrons on Ru.

Original set of pseudoorbitals is augmented by polarization

functions with exponents af(Ru) 5 1.29 and ad(Cl) 5 0.618 for

optimization. In single-point calculations (SP), diffuse functions

are added to the (2fg,2df) basis set: as(Ru) 5 0.008, ap(Ru) 5

0.011, ad(Ru) 5 0.025, af(Ru) 5 2.233, af(Ru) 5 0.6503, ag(Ru) 5

1.4222, as(Cl) 5 0.09, ap(Cl) 5 0.0075, ad(Cl) 5 1.1898, ad(Cl) 5

0.3681, and af(Cl) 5 0.7062. In order to be consistent with

larger QM parts in subsequent reactions (R1, and R2), lower

level calculations (B97D/LANL2DZ) were performed as well. Elec-

trostatic QM/MM embedding was applied for all calculations in

this work.

QM/MM model of Ru(II) interacting with ds-DNA

In contrast to the hydration reaction, ruthenium binding to

DNA and subsequent cross-link formation requires more com-

plex computational model, which includes also oligonucleotide

of DNA. Based on our previous ONIOM study,[38] the QM/MM

model with B-DNA oligonucleotide in explicit water box was

prepared. The decamer of the ds-DNA structure with a

sequence 50-AATGG*G*ACCT-30 was built using the NucGen

utility of AmberTools 8 package and parameterized by FF03[68]

force field from Amber 11.[69] 18 Na1 counterions were used

for sugar-phosphate backbone charge neutralization, explicit

TIP3P water molecules were added and this “DNA solution”

was relaxed by 100 ps MD run. After that, the DNA structure

was extracted, and the hydrated Ru(II)21 complex obtained as

product of the previous reaction step was docked to the cen-

tral guanine pair (signed by stars in the above mentioned

sequence). Additional 16 Na1 cations were added together

with 4000 TIP3P water molecules, and the whole box was

equilibrated to the room temperature in NVT canonical ensem-

ble followed by compression to pressure 1 atm in NPT ensem-

ble. Final rectangular box (a 5 45.641 Å, b 5 59.046 Å, c 5

47.345 Å) was kept fixed in all subsequent calculations. Link-

atom approach was used to treat N9(G)-C1’(S) glycosidic bond

between guanine (G) and deoxyribose (S) at the QM-MM

boundary. The N9(G) nitrogen was cupped by hydrogen using

scaling factor aL 5 1.464. In the QM/MM partitioning, the

Ru(II) complex and the two starred guanines were included in

the QM part while all the rest of the model was treated by

empirical force field in MM calculations as it is shown in

Figure 3.

B97D functional with dispersion correction was used to

describe stacking interaction between two guanines in the QM

part (at least qualitatively) correctly. On the other hand,

smaller basis set had to be chosen (LANL2DZ pseudopoten-

tials[70–72] 1 D95V on first row atoms[73] for all atoms in the

QM part instead of the more demanding SDD/6-31G(d)

description used in the preceding model. However, this level

of theory was used for the geometry optimization of the full

QM/MM model to discuss equilibrium structure parameters.

The same optimization procedure as in Ref. [38] was applied

here. Partial charges, QTAIM analysis,[74–76] and binding energy

(BE) decompositions were performed for the quantum cores

using the B3LYP/SDD/6-3111G(d,p) model.

The umbrella sampling calculations were performed with

the reaction coordinate defined analogically to R0 reaction

and analyzed by WHAM as well as UI. To increase accuracy of

free energy differences, QM/MM energy of the model was

reevaluated at B3LYP/SDD/6-3111G(d,p) level during the MD

sampling to correct the A(n) by free-energy perturbation

(FEP)[50] approach

DGSDD
LAN 5GSDD2GLAN5kBT lnhexp 2

ESDD2ELAN

kBT

� �
iLAN: (6)

Results

Hydration reaction

The [RuII(g6-benzene)(en)Cl]1 complex in supermolecule with

remote water represents reactant (RR0, Fig. 4a) in hydration

that proceeds when the complex passes cellular membrane

and enters the cell. From UV-vis spectrometry measurements,

it is known that the Ru(II) hydration is endothermic reaction,

which occurs with the rate constant k 5 (1.98 6 0.02) 1023

s21.[77] This value corresponds, supposing validity of Eyring’s

transition state theory (TST), to the activation barrier of 21.1

kcal/mol and thus it can be used for accuracy calibration of

our calculations.

The reaction R0 proceeds through the stationary points

shown in Figure 4 where definition of key atoms can be

noticed. The hydration is single barrier process during which

the chloro ligand is released from the RR0 complex and substi-

tuted by the water molecule via associative mechanism. That

means, the Cl2 ligand is released simultaneously with

strengthening of the aqua ligand binding to Ru(II). Regardless

the fact that both ligands are very weakly bonded in TS struc-

ture, the corresponding imaginary frequency has the character

of antisymmetric stretching vibrational mode of ClARuAO

well-known, for example from vibrational spectrum of water

molecule. The R0 process was investigated by static QM calcu-

lations both in gas phase and in implicit solvent model in [36]

and these data are consistent with QM/MM results obtained in

this study (see Supporting Information, Tables S1–S3 for

details). The most strongly coordinated to the Ru cation is the

ethylenediamine ligand (en) with binding energy (BE) between
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100 and 110 kcal/mol. On the other hand, the g6-coordinated

benzene ligand interacts with central Ru(II) relatively weakly,

with BE varying between 73 and 88 kcal/mol.

As for the interaction of chloro and aqua ligand, there is the

same trend along the reaction coordinate; the electron density

donated to Ru(II) by Cl- is higher than the density donated by

oxygen of the aqua ligand.

Since the present work concentrates on the interaction of

Ru(II) complexes with DNA, the QM/MM technique with

explicit water box represents a much more realistic model.

Figure 3. QM/MM computational model with periodic TIP3P water box (a), extracted DNA structure with coordinated Ru(II) complex and Na1 cations (b),

and detailed insight into the QM part of the system (c).

Figure 4. QM/MM optimized complexes of the hydration reaction R0: (a) transition from the reactant to the product, (b) transition state geometry TSR0

with antisymmetric stretching mode of the Cl $ H2O replacement marked by red arrow.
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Therefore accuracy of this model is checked first on known

activation and reaction energy of the hydration process. Free

energy profile shown in Figure 5 was obtained by the

umbrella sampling MD simulations with subsequent WHAM

and UI analysis.

The B3LYP/6-31G(d) basis set with SDD pseudopotential for

Ru and Cl was used for description of the QM part (green

curve in Fig. 5). The free energy barrier of 17.0 and 16.6 kcal/

mol were determined by WHAM and UI methods, respectively.

These results are consistent with the static C-PCM model,

which predicted the activation barrier of 18.1 kcal/mol.[36] The

reaction free energy is 4.3 kcal/mol (WHAM) and 4.6 kcal/mol

(UI) in explicit water while the DGr energy of 21.2 kcal/mol

was obtained at the same level in C-PCM. This can be

explained by the different nature of the computational model.

In the C-PCM model, chloride anion released from [RuII(g6-

benzene)(en)Cl]1 can interact only with the product complex

and is stabilized by two hydrogen bonds. On the contrary, in

explicit solvent, the Cl2 interacts mainly with water molecules

and there is only one H-bond between Cl2 and Ru(II) complex,

in average. Nevertheless, correct description of the hydration

in C-PCM was also obtained using the improved quantum

model, for example considering a larger basis set and more

accurate computational method. In this way, DGr 5 4.4 kcal/

mol at the CCSD/6-3111G(d,p) level was acquired.[36] Finally,

the free energy profile was corrected by FEP approach to the

B3LYP/SDD/6-3111G(d,p) level of the QM part with the result-

ing free energy barrier of 19.5 kcal/mol and the reaction

energy of 2.0 kcal/mol. The barrier height is in very good

agreement with the experimental value (21.1 kcal/mol), espe-

cially when we take into account the conclusions from

study.[36]

Although B3LYP functional with 6-31G(d) basis set gives sat-

isfying results for the hydration reaction, it is not possible to

use it for exploring the reaction mechanism including DNA.

The reason dwells in a lack of dispersion, which is necessary

for proper description of guanine–guanine stacking interaction

and partially also in the fact that this functional is computa-

tionally more demanding for the QM/MM MD simulations.

Therefore, the B97D/LANL2DZ description of QM part was cho-

sen and, for the sake of consistency, also the free energy pro-

file for hydration reaction is constructed at this level (orange

curve in Fig. 5). As it can be seen, the LANL2DZ basis set leads

to substantial underestimation of both activation barrier DGa

5 9.1 kcal/mol and reaction energy DGr 5 1.0 kcal/mol. Small

discrepancy between WHAM and UI in transition state area is

caused by shape of histograms that slightly differs from Gaus-

sian distribution in this case.

Binding to DNA

The aqua complex of [RuII(g6-benzene)(en)H2O]21, that is the

product of hydration reaction, is more reactive than the origi-

nal form of [RuII(g6-benzene)(en)Cl]1 complex and therefore it

interacts more readily with nucleophilic active sites in biomole-

cules. As it is explained in introduction, binding to DNA, pref-

erably to N7 guanine position, is important for the cytostatic

activity of this complex. Such a process can occur by two reac-

tion pathways, shown in Figure 6. One possibility is direct

binding mechanism with single transition state TSD
R1. In this

way, also cisplatin binds to the N7 site of guanine. Alternative

pathway goes through intermediate state IR1, where the Ru(II)

complex interacts first with guanine oxygen O6. Final stable

product is the Ru-N7(G) structure.[37,38]

We calculated all the free energy characteristics of the R1

reaction, that is activation barriers DGa and reaction energies

DGr, and obtained values are summarized in Table 1. In QM/

MM model with explicit water box and periodic boundary con-

ditions, the umbrella sampling method was applied to con-

struct the free energy profile of the reactions. The QM part

was treated at the lowered computational level (B97D/

LANL2DZ) to keep reasonable speed of QM/MM MD simula-

tions. The whole reaction coordinate was divided into 11 win-

dows and within each window approximately 2.5-ps MD

trajectory was evaluated. Resulting biased distributions were

transformed to unbiased free energy profiles by WHAM and UI

methods and these are shown for R1 in Figure 8. Since the

DGa and DGr energies calculated at this level of theory differ

significantly from more accurate description, as we discussed

above, FEP corrections to B3LYP/6-3111G(d,p) level were

applied. Final reaction and activation energies are collected in

the last part of Table 1, labeled as QM/MMcorr.

As it was already suggested by the ONIOM calculation in

Ref. [38], height of the activation barrier for direct binding is

almost the same as the activation barrier for the first part of

two-step mechanism. In all models, the same product state

PR1 is the most stable structure, uniquely preferred over IR1. If

the system gets into the IR1 state, the probability of the back-

ward reaction to RR1 is substantially lower than for the for-

ward transition to PR1 (barriers differ by 3 kcal/mol in QM/MM

model). Thus, it can be concluded that both direct path and

two-step mechanism through O6 to final N7 binding site are

Figure 5. Free-energy profile of the hydration reaction (R0) computed by

the umbrella sampling QM/MM MD method. The DFT(B97D)/LANL2DZ

method (smooth orange curve from UI, fluctuating yellow curve from

WHAM) is compared with the DFT(B3LYP)/SDD/6-31G(d) approach (smooth

dark green curve from UI, fluctuating light green curve from WHAM). The

latter approach is further corrected by FEP to DFT(B3LYP)/SDD/6-

3111G(d,p) level (blue curve). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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kinetically feasible and the whole process is thermodynami-

cally spontaneous reaction.

Pronounced stability of Ru coordination to the N7 site in

the PR1 structure rather than to the O6 site in the IR1 interme-

diate geometry corresponds to stronger nitrogen dative ability

to Ru than that of oxygen. As a result, the coordination bond

length between the Ru cation and the guanine binding site is

shorter in PR1 and the binding interaction of the complex to

the guanine pair is by about 9 kcal/mol stronger in this struc-

ture than in IR1 (see Supporting Information, Table S4–S6 for

details). Transition state structures and the antisymmetric

stretching vibrational modes found in TSD
R1 and TS1

R1 (see Fig.

7) indicate that the binding of Ru complex to DNA proceeds

via associative mechanism as the hydration reaction discussed

above. This was also confirmed by QTAIM analysis where both

bond critical points (BCP) of Ru-O(Aq) and Ru-O6/Ru-N7 were

located in TS1
R1=TSD

R1 transition states (Supporting Information,

Table S7). In contrast to the cross-linking studied in next sec-

tion, the benzene ligand g6-coordination to Ru is practically

unaffected in R1 reaction despite that different number of

BCPs – 3, 4, and 5, were found in RR1, IR1, and PR1 structures,

respectively.

Cross-link structures

The suggested reaction mechanism for the Ru(II) cross-link for-

mation is depicted in Figure 9 where the Ru(II)-N7 monoad-

duct PR1, that is product of R1 reaction, is now initial

structure. In order to keep coordination number of the Ru(II)

cation equal to six, the benzene ligand has to be at least par-

tially released when the ruthenium bridge between both N7

nitrogen is to be created. Within the reaction path, a water

molecule can saturate untied valence(s). This leads to three

possible cross-linked structures: (i) g6-coordination of the ben-

zene ligand is transformed to g2-coordination and besides N7

coordination also O6 oxygen binds to Ru(II) (this structure is

Figure 6. QM/MM optimized complexes of the Ru(II)-DNA binding process R1. [Color figure can be viewed in the online issue, which is available at wileyon-

linelibrary.com.]

Figure 7. Transition states of the R1 reaction mechanism: (a) TSD
R1, (b) TS1

R1, and (c) TS2
R1. Red arrows indicate antisymmetric stretching modes correspond-

ing with imaginary frequency in each structure. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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marked as I2
R2); (ii) the water molecule is coordinated to Ru(II)

instead of O6 oxygen (I1
R2), and (iii) the benzene ligand is fully

released and both water molecule and O6 oxygen are coordi-

nated to Ru(II) (PR2). The last structure, PR2, was found to be

the most stable complex in this reaction mechanism.

Reaction mechanism R2 has two possible pathways leading

to final PR2 structure. Each of these pathways can be divided

into two consequent reactions with activation barrier DGa.

Heights of the free energy barriers and the reaction energies

DGr are displayed in Table 2. Similarly to the previous reactions,

the QM/MM MD umbrella sampling technique was used with

the B97D/LANL2DZ description of the QM part. The resulting

free energy profile is constructed by WHAM and UI methods as

in the previous case and is shown in Figure 11. To get a more

accurate description of the QM part, the FEP corrections using

B3LYP/6-3111G(d,p) were applied on the MD samples and the

final barriers and reaction energies are collected in the last col-

umn of Table 2.

From the energy profile in Figure 11, it is obvious that crea-

tion of the I1
R2 cross-link with g2-coordinated benzene ligand

and coordinated water molecule is kinetically inhibited by

high-energy barrier. The barrier corresponds to rather compli-

cated geometry of the relevant transition state TS11
R2 (Fig. 10),

which indicates that the cross-link formation is quite complex

process where significant structural changes occur. Interest-

ingly, transformation of g6 benzene coordination to g2 occurs

before TS11
R2 is reached. BE of the arene ligand is reduced from

268 to 213 kcal/mol during this process (Supporting Informa-

tion, Table S9). On the contrary, the water molecule and the

second guanine start to coordinate to Ru(II) at the TS11
R2 point.

Also the steric repulsion of ligands in I1
R2 is significant,

Figure 8. Free-energy profile of Ru(II) binding to DNA (R1) computed by

the umbrella sampling QM/MM MD method. Direct binding to N7 guanine

(smooth orange curve from UI, fluctuating yellow curve from WHAM, FEP

corrected red curve) as well as two-step mechanism passing through O6

position (smooth dark green curve from UI, fluctuating light green curve

from WHAM, FEP corrected blue curve) is shown. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 9. QM/MM optimized complexes of the cross-link formation process R2. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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resulting in lower stability of this structure. Subsequent releas-

ing of the benzene ligand is connected with very low barrier

across the transition state TS12
R2 by antisymmetric stretching

movement. This is apparent from Figure 11 where the barrier

between I1
R2 and PR2 is only 1 kcal/mol (3.2 kcal/mol with FEP

corrections).

In the second reaction pathway, the I2
R2 cross-linked struc-

ture is formed with partially g2-coordinated benzene like in I1
R2.

Nevertheless, instead of water, the G2 guanine is more firmly

attached to Ru(II) center partially forming the N7,O6 chelate

structure. These bonding differences can be clearly detected in

QTAIM analysis of the I2
R2 complex (Supporting Information,

Table S11). Ru-benzene BCPs in I2
R2 have higher values of elec-

tron density than in I1
R2, which correlates with the weaker

binding interaction of benzene in the I1
R2 cross-linked structure

due to the higher sterical repulsion caused by additional aqua

ligand present in the coordination sphere. Formation of I2
R2

structure has significantly lower transition barrier, the energy

of TS21
R2 is reduced more than twice in comparison with activa-

tion barrier passing through TS11
R2. Therefore, it can be con-

cluded that the second reaction pathway is kinetically

preferred while the first one is practically forbidden. Height of

the TS21
R2 barrier is 16.9 kcal/mol in the FEP corrected QM/MM

model, which corresponds, according to Eyring TST, to the rate

constant of 2.5 s21 M21. Therefore, the hypothetical cross-link

formation should be faster process than Ru(II) binding to DNA,

which can be considered as the rate controlling process.

Conclusions

Reaction mechanism of the Ru(II) piano-stool complexes was

studied by the hybrid QM/MM computational technique. We

chose the [RuII(g6-benzene)(en)Cl]1 complex as a representa-

tive of this group of compounds and its interactions with

water and ds-DNA oligomeric model were investigated. The

whole mechanism was divided into three phases: R0—the

hydration reaction of the [RuII(g6-benzene)(en)Cl]1 complex,

R1—binding of the resulting aqua Ru(II) complex to DNA and

R2—subsequent formation of the intrastrand cross-linked

structure between two adjacent guanines. Free energy profiles

of these reactions were constructed from the umbrella sam-

pling QM/MM MD simulations.

Hydration reaction of the Ru(II)-Cl complex, for which experi-

mentally measured value of rate constant is available, was

used for accuracy check of the B3LYP/6-3111G(d,p) descrip-

tion with SDD pseudopotentials. This level of theory was

Figure 10. Transition states of the R2 reaction mechanism: (a) TS11
R2, (b) TS12

R2, (c) TS21
R2, and (d) TS22

R2. Red arrows indicate antisymmetric stretching movements

corresponding with imaginary frequency in each structure. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 2. Heights of the activation barriers and the reaction energies [kcal/mol] in the cross-link formation process.

Reaction/Methods

QM(C-PCM) ONIOM QM/MMMD QM/MMcorr

DGa DGr DGa DGr DGa DGr DGa DGr

PR1 ! I1
R2 57.9 2.4 30.1 212.8 23.8 1.1 37.0 15.3

PR1 ! I2
R2 38.2 13.2 23.7 29.7 10.1 29.8 16.9 1.5

I1
R2 ! PR2 20.7 4.2 10.4 28.6 1.2 215.4 3.2 228.8

I2
R2 ! PR2 15.2 26.5 2.3 211.7 8.3 26.8 9.3 211.2

QM/MMMD stands for the umbrella sampling result at the DFT(B97D)/LANL2DZ level and QM/MMcorr are values corrected to DFT(B3LYP)/6-3111G(d,p)

by FEP. For a comparison, ONIOM values from Ref. [38] are shown.
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chosen since additional comparison with our previous QM cal-

culations is available. The QM/MM model with explicit water

molecules provides height of the free energy barrier of 19.5

kcal/mol, which is about 0.6 kcal/mol below the experimental

value.

Interaction of Ru(II) with DNA was studied in extended com-

putational model that included 10-bp oligomer of ds-DNA, the

Ru(II) complex, Na1 counterions, and explicit water molecules.

The QM/MM MD simulations were performed using B97D/

LANL2DZ description of the QM part with FEP correction per-

formed at the B3LYP/SDD/6-3111G(d,p) level of calculation.

First, the Ru(II) coordination to the N7 atom nitrogen of gua-

nine was explored, since N7 atom is known to be the most

preferred binding site. Two possible reaction pathways were

taken into account: direct substitution of the aqua ligand by

N7 nitrogen and the two-step mechanism passing through the

Ru(II)-O6(G) intermediate state. While the entire binding pro-

cess to N7 is exergonic with the free energy change 24.5

kcal/mol, the intermediate Ru(II)-O6(G) structure is almost 8

kcal/mol above the unbound aqua complex. However, the free

energy barrier for binding to O6 is by 1.4 kcal/mol lower than

22.5 kcal/mol for direct binding to the N7 position and since

the transition from O6 to N7 is kinetically preferred over the

backward reaction, it is apparent that both these considered

pathways are feasible. The barrier heights are close to experi-

mentally measured 20.1 kcal/mol and also prediction of the

stable Ru-N7(G) structure over the Ru-O6(G) complex agrees

with experimental observations.

The suggested reaction scheme for Ru(II) cross-link forma-

tion between two adjacent guanines was investigated using

the same computational model. Rearrangement of the g6-coor-

dinated benzene ligand to g2 interaction followed by its full

release and substitution by water molecule was assumed and

the free energy changes connected with this process deter-

mined. Theoretically, the process can occur via two different

reaction pathways. However, one of them, where a sterically

crowded cross-link structure coordinated simultaneously with

benzene and aqua ligand, is possible neither thermodynami-

cally nor kinetically (this process is inhibited by high free

energy barrier of 37 kcal/mol). The other reaction pathway

leads to the intermediate without coordinated water and is

connected with relatively low free energy barrier of 17 kcal/

mol. Instead of water, the remaining free valence of Ru(II) com-

plex is saturated by O6(G2) binding. Although this structure is

1.5 kcal/mol above in free energy of the initial Ru(II)-N7(G)

monoadduct, subsequent benzene replacement by water mol-

ecule (with activation barrier of 9.3 kcal/mol) is exergonic pro-

cess with reaction free energy of ca 10 kcal/mol.
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