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7.1 Using metallopeptides at the interface between biology and

chemistry

One can not try to describe the word "peptide” without thinking only in the biological world.
Having in mind that the minimal proteic entity is the amino acid, one can consider that two amino
acids linked via peptide bond can form the smallest representation of a peptide. Despite of its
small size, peptides are involved in a vast number of biological processes, such as cell apoptosis, [!]
anti-microbial protection? and membrane disruption.[3 Apart from their biological influence,
peptides have a vast array of applications. As an example, peptides can be used as biosensors; 4]
some peptide sequences act as substrates for specific enzymes, being key in assays of enzymatic
activity and screening of enzymatic inhibitors. An other application is the synthesis of biomaterials

to create polymers!® to be applied in medicine or in tissue engineering. [0l

Despite of it small size, peptides present a high flexible structure, basically provided by the
rotations about the N-C% and C®-C bonds from the side chain of the amino acids of the peptide
chain. However, not all the peptides are equally flexible. Some residues can hinder the rotation of
the mentioned bonds, reducing their flexibility. As an example, glycine is the residue with allows
more flexibility to the system, and proline the one which forces a more fixed structure.[’] Peptides
also tend to aggregate. There is not a clear explanation of why and how peptides aggregate but one
of the reasons is due to their flexibility. Additionally, the electrostatic repulsion between charged
and/or polar residues can affect the aggregation, (8 but also the hydrophobicity of peptides plays
a crucial role.l% An other feature of peptides is their interaction with metals. Polar and charged
amino acids of the peptide chain are susceptible to coordinate metals easily. This coordination
can also favour the aggregation of peptides[1% and the interaction between peptides and macro-
molecules; '] indeed this chemical process is one of the causes of some neurological disorders
such as Alzheimer and Parkinson diseases.[*2l The folding process of peptides is still nowadays a
mystery and remains as one of the main challenges in peptide research. Peptides can fold towards
lots of different structures due to the vast conformational space done by the high flexibility of the
system. In the particular case of metallopeptides, metals tend to bind peptides in different modes
of coordination, interacting with the peptide or with external ligands, such as solvent molecules.
However, the major driving force for peptide folding is done by the hydrophobicity of peptides and

also its interaction with solvent molecules(!3] and the relative contribution of the metal is not clear.

The high flexibility, the tendency to aggregate and the easy coordination to the metal, in
conjunction with its small size, make peptides attractive templates for the design of biologically
friendly coordination compounds that integrate precise structural and biofunctional properties
encoded by the amino acid sequence of the peptide Iigands.[14] Moreover, the same statements
make the design and study of peptides in general, and metallopeptides in particular, a great

challenge. The control of the residues that can participate in the first and the second coordination
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sphere of the metal is extremely difficult. A promising approach to solve this limitation consists
in incorporating chemical groups with strong metal affinity in the same peptide sequence (i.e.
bipyridine residues). With these artificial peptides, the first coordination sphere of the metal is
easily defined and the researcher can manipulate the asymmetric environment of the metal using
the rest of the peptidic sequence. Additionally, using chiral amino acids is possible to control the

stereoselectivity of a synthetic metallopeptide. 1]

The use of computation in the study of peptide systems does not follow a straight line. Com-
monly with other fields, the size of the system is the bottleneck in the application of modelling
techniques in peptides, being more complicated in the case of metallopeptide research. In the case
of big systems, containing thousands of atoms, molecular mechanics methods can describe the
macroscopic properties of the system, but can not represent the electronic changes occurring dur-
ing the design process. Quantum mechanics based techniques are able to accurately calculate the
electronic properties of the system, but the computational cost can be unaffordable if the system
is big. The use of Quantum mechanics/Molecular mechanics (QM/MM) hybrid methods can take

the best part from both molecular and quantum mechanics fields. [10]

An other property that hinders peptide design is the vast number of structural conformations
they can reach in the folding process. The complexity of the system makes difficult having
an accurate description of the conformational space of short chains at quantum mechanical
level, being needed methodologies close to the complete basis set extrapolation and CCSD(T)
corrections to have the correct results in small chains such as dipeptide systems. 17l However, other
computational approaches at lower level of theory, such as homology modelling, '8 QSARI[9! or
statistical studies[2] are also great tools to be applied in the field of peptide research. One example
is the use of an integrative protocol composed by quantum mechanical calculations and homology
modelling to study of the aggregation process of the amyloid-8 peptide in presence of metals as a

possible cause of the Alzheimer disease. [18:21]

Here we present a symbiotic work that encompasses experimental and theoretical efforts to dis-
cover the clues on the design of enantioselective artificial metallopeptides. All the results presented
here were performed in collaboration with the experimental group of E. Vazquez and M. Vazquez
from the Universidade de Santiago de Compostela. First, we will introduce the system under study
and the origin of this work. Then, the study of the energetic and structural keys on the enantiose-
lective formation of artificial metallopeptides is presented. Finally, one example of the applicability

of the enantioselective formation of helical peptides is shown.
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7.2 A benchmarking system for predicting the enantioselectivity on

chiral metallopeptides

In this section, we briefly introduce the metallopeptide under study and the nomenclature followed
during all the chapter. Its peptide chain is composed by a set of six amino acids featuring three
metal-binding bipyridine units connected by two short loops. The peptide sequence of the loops is
the central part of our study, being the responsible of the chiral properties of the peptide chain.

As a systematic nomenclature of the system under study we will enumerate the different parts of
the metallopeptide following the description drawn in Figure 7.1. The first terminal position is called
Nier (from N-terminal) side, which is directly coordinated with the first bipyridine (the blue one).
Linking the first and the second (in green) bipyridines is the N-Loop, which contains the sequence
Gly-X-Gly. The C-Loop links the second bipyridine to the last one (in red), and is composed by the
sequence Gly-Y-Gly. The other terminal position is called C, (Figure 7.1).

HAN.

L
A

N-Loop

C-Loop

_/ \ 7

Figure 7.1: Schematic representation of the peptide used in this study with labels.

Loops present a SB-turn promoting the sequence that directs the folding of peptide chains into
discrete mononuclear species and encodes the chirality of their resulting complexes. In the initial
system, both loops contain a chiral proline amino acid. The D or L conformation of this residue drives
the orientation of the S-turn, affecting the position of the coordinating bipyiridines and controlling

the AA-isomerism of the metal centre.

7.2.1 Previous studies on chiral metallopeptides

A preliminary investigation on the stereoselective synthesis of chiral metallopeptides based on the
system before described was performed in 2012 as a collaborative work between the group of E.
Vézquez and M. Véazquez from the Univerdidade de Santiago de Compostela and J.-D. Maréchal

from the Universitat Autdbnoma de Barcelona. %]
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The system under study was a peptide chain formed by 3, 4 and 5 amino acids (one proline
and the rest, glycines) with a 2,2"-bipyridine ligand on each end. Then, this peptide was coordi-
nated to a metal (in this specific case Co(lIl), Ni(ll) or Zn(ll)), allowing the formation of the final
metallopeptide. In the case of Co(ll) and Ni(ll) systems, the metal prefers to adopt a octahedral
geometry, fulfilling the vacant sites with two water molecules. Depending on the coordination of
the 2,2"-bipyridine ligands, the metal centre presents a A or A conformation. For Zn(Il) complexes,
the metal centre prefers the tetrahedral geometry, yielding the R or S isomer, depending also in the

coordination of the 2,2'-bipyridine parts (Figure 7.2).

L-Pro

Figure 7.2: Structural representation of Zn metallopeptides in both D and L configurations of Proline residue.

The influence of the chirality of the proline residues on the metal stereocentre has been studied
applying Circular dichroism (CD) technique.? Results show mirror-image spectra for the D-Proline
and the L-Proline metallopeptides, which confirms that the conformation of the metal centre de-
pends on the chirality of the proline present in the peptide chain.

To further investigate the structural features of the D and L-Proline peptides and identify the
relationship between the chirality of the proline residue and the metal centre, molecular modelling
studies have been carried out. The first step was an exploration of the conformational space of
the unbound peptide chain using Monte Carlo samplings coupled with low-energy mode displace-
ments. 22l The lowest energy conformations shown the first evidence of the effect of chiral prolines
in the peptide chain: D-Proline and L-Proline peptides present an asymmetry in the final structure
of the peptide, being the former folded in an anticlockwise configuration and the other in a clock-
wise way (similar than in Figure 7.2). Structures of the Zn(llI) complexes were obtained from the
lowest energy conformation of the isolated ligands, applying a constrained minimization that forces
the system to have a tetrahedral geometry of the nitrogen atoms of the bipyridine groups. Latter
Quantum mechanics/Molecular mechanics calculations on the D-Proline and L-Proline bounded to
Zn(Il) have been performed. The lower energy structures present a high symmetry between both

systems, obtaining the R metal isomer in the D-Proline system, and the S isomer in the other,

?CD technique measures the difference in the absorption of left-handed circularly polarised light and right-handed
circularly polarised light over a range of wavelengths. This methodology is useful to study the conformational changes
of a given macromolecule.
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something that fitted with the experimental results, but also clearly identified which proline leads

to which chiral state of the metal.

7.3 Computational description of the enantioselective formation of

metallopeptides

This project has been performed hand by hand with the experimental group of Universidade de
Santiago de Compostela (Spain). All the efforts have been focused in the description of the enan-

tioselective formation process of the metallopeptides synthesized by the experimental group.

7.3.1 In quest of the key structural variables

The number of structural variables involved on the enantioselective formation of a metallopeptide is
quite big to perform an exhaustive exploration. Therefore, we focused our attention in the exploration
of all the possible metal stereoisomers depending on the 2,2'-bipyridine coordination and its effect

on the peptide chain.

Nomenclature

To make clear the description of the system and the latter presentation of the results, the nomen-

clature used to identify the isomers follows the next rules:

e The structure of the metal and the coordinated 2,2'-bipyridines are described using the con-
figuration of the stereogenic centre of the metal (A or A) and then a number which identify

the isomer, accordingly with Figure 7.3. Example: Al.

e Peptides are identified by the configuration of the stereogenic centres of both containing
prolines with a two letter code, being first the configuration of the proline placed in the N-
Loop, and then the one of the C-Loop (in accordance with Figure 7.1). Examples: DD, DL,
LD, LL.

e The identification of the entire metallopeptide is given by first identifying the structure of
the metal and then, the configuration of the peptide. Examples: A1-DD and its enantiomer,
A1-LL.

The metal and the 40 stereoisomers

In our case study, the metal centre (Fe(ll)) interacts with the lone pairs of the N atoms of the
2,2'-bipyridine ligands bonded to the peptide, achieving an octahedral geometry. The number of
possible stereoisomers to take into account in the binding of the metal to the prepared peptide is
big, being increased by the fact that 2,2'-bipyridine ligands are not symmetric in our case study

due to the different residues coordinated in their para position. Despite of that, from the 8 possible
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structural isomers, only 5 are not forbidden by the structural restrictions prompted by the peptide:
the coordination of two consecutive bipyridines have to be in cis because the loop involved in the
B-turn is no long enough to allow a trans coordination of the second nitrogen of one bipyridine
and the first nitrogen atom of the consecutive ligand. In Figure 7.3 a schematic representation
of the binding of the three bipyridine ligands (in blue, in red and in green) is given, showing the
final arrangement of the chelates around the metal. Any different coordination of the metal to the

peptide has been taken into account, due to their high affinity to the 2,2'-bipyridine complexes.

Structural Restrictions
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Figure 7.3: Schematic representation of the different metal-peptide binding modes. The color of the drawings are in
accordance with the color of the bipyridine residues shown in Figure 7.1.

In coordination chemistry, the binding of at least two bichelate ligands to the metal yields to
the formation of the A and A optical isomers (Figure 7.4). In the next section the formation of one

or other stereoisomer depending on the chirality of the proline residues is further analysed.

7.3.2 Energetic study of the relative stability of Fe-metallopeptides

Once the entire set of Fe-metallopeptides are built, the next step is to calculate the energy differences
between the diverse stereoisomers. To do so, a step-by-step analysis has been performed, improving
the complexity of the model at each stage. A first approximation, gas phase calculations, has been
performed to check the electronic state of the metal, then solvent effects, electronic embedding and

dispersion effects have been accounted for.
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Figure 7.4: Structural differences on A and A enantiomers.

To perform the modelling, the two-layered ONIOM hybrid method!?3] has been chosen. This
approach takes into account the shape of the entire system without enlarging the computational
cost. The high level layer was described at DFT level (B3LYP[?4]) and includes the Fe atom and
the three coordinated 2,2"-bipyridine ligands. The used basis sets are aug-cc-pVTZ[2520] for the
metal centre and the 6-311G*[27:28] one for the main group elements. The lower level layer has been

modelled with the Amber forcefield and includes the peptide chains (Figure 7.5).

Figure 7.5: QM/MM partition: ball and stick atoms represent the QM part, and blue wires represent the MM one.
Hydrogens have been removed to a better understanding of the image.

Gas phase calculations: a first approximation

The most stable electronic state of the metal centre has first to be investigated. The oxidation
state of the metal was known, and corresponds to +2, but the most stable spin state for the Fe(ll)
ion has to be determined comparing the energy at low, intermediate and high spin configurations.
In this previous step, only the first coordination sphere of the system has been taken into account
(the QM partition shown in Figure 7.5), that corresponds to the iron centre and the three 2,2'-
bipyridine ligands. Results show a preference for the low spin configuration (2.5 kcal/mol and 13

kcal/mol more stable than the high spin and intermediate spin configurations, respectivelly), which
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is in agreement with similar systems found in the literature.[29:30]

After being determined the electronic structure of the Fe(ll) atom, calculations in gas phase on
the entire system have been performed. Results show the presence of only one minimum for the
DD peptide (A3-DD). The second most stable structure is 9.0 kcal/mol over the minimum. In the
case of the DL peptides, there is also only one minimum (A3-DL), being closely followed by other
5 compounds at less than 5kcal/mol: A2-DL, A3-DL (its metal-ligand enantiomer), A3-DL, A2-DL
and A1-DL (Figure 7.6). This small energy difference suggest an equilibrium in the early stage of
formation of the four systems, that corresponds to the experimental observations at short time.

For LL, the minimum corresponds to the A3-LL system. In the case of LD, the minimum is the
A3-LD one.

35,0
30,0
TE> 25,0
% —e—DD
g 200
g —e—DL
2 150
E @— LD
S 100
5 —e—LL
5,0
0,0

Figure 7.6: Energy diagram for all the isomers studied in this study. Calculations performed in gas phase.

Approximation to the reality

Having a realistic model is key to reproduce the experimental results obtained in the laboratory. One
clear example is the use of continuum solvent models to accurately reproduce the environment where
the experimental study is taking part. Regarding peptides, the group of Bernéche and coworkers
(University of Basel) recently demonstrated the importance of the solvent in the folding process
of a peptide.3Y They found that a driving force that increases the folding propensity of peptides
containing aromatic residues arises from the lack of hydration of the carbonyl and amide groups on
both sides of the bulky hydrophobic side chain. They postulate that, for aromatic residues, bulky
side chains limit the access of water molecules near carbonyl and amide groups. Because of that, it
would be energetically preferable for these backbone functional groups to interact with each other,
forming intramolecular hydrogen bonds and favouring the peptide folding.

In our specific case, experimental work has been carried out using water as a solvent. To be in
agreement with the experimental conditions, calculations were performed using a implicit solvent
model of water: the Conductor-like Polarizable Continuum Model (CPCM).132:33] Calculation of the

solvent effects shows a high stabilization of the A4 and its specular image (A4) for all four sets of
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peptides by more than 10 kcal/mol (Figure 7.7).
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Figure 7.7: Diagram of the effect of the solvent in each set of metallopeptides.

The improvement of the model went a little bit further. Other step forward to the real system
is enhancing the DFT part by adding a dispersion correction to the result, which has an stabilizing
effect overall the system. In our case, B3LYP was the chosen functional to be included in the QM
part of the ONIOM framework. This functional does not include any dispersion term, being almost
mandatory its inclusion to correct the effect of the London forces. To calculate the dispersion term,
the gd3 web application created by the group of S. Grimme was employed ?. 134l Other way to include
this term is choosing a dispersion connected DFT functional, but we did not follow this approach
to keep the methodology employed in the previous studies (Section 7.2.1).

There is an other correction concerning the ONIOM method. By default, ONIOM treats sepa-
rately both QM and MM regions. Using electronic embedding, the partial charges of the MM region
are incorporated into the quantum mechanical Hamiltonian, which provides a better description of
the electrostatic interaction between both regions and allows the QM region to be polarized.

The total energy of the different systems, shown in Figure 7.8, has been corrected following
the statements presented before. The diagram presents a shape which differs from the Figure 7.6
in the disposition of the local minima. For the DD peptide, the most stable isomer is the A4-DD,
followed closer by A4-DD (2.7 kcal/mol higher in energy). In experimental conditions, this small
difference in energy between both will not explain the stereoselective formation of one or other
metallopeptide short time after the reaction between the metal and the peptide starts. In the case
of DL peptide, A4-DL is the preferred geometry, being the next (A3-DL) quite far in energy (5.5
kcal/mol) to allow a thermodynamic equilibrium. The energy difference between the minimum and
its metal enantiomer, A4-DL is higher enough to allow the stereoselective formation of the A4-DL
compound

For LL and LD peptides, results correspond to the specular image of that described before. For

LL, the minimum corresponds to the A4-LL system. In the case of LD, the minimum is the A4-LD

Phttp://toc.uni-muenster.de/DFTD3/
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one. Here we first noticed the dependence of the configuration of the stereogenic centre of the

proline placed in the N-loop in the formation of the A or A complex.

—e—DD
——DL
@—LD

——LL

AE QM/MM (kcal/mol)

Figure 7.8: Energy diagram for all the isomers studied in this study. Calculations performed taking into account
implicit solvation, electronic embedding and dispersion effects.

Including the entropic effects by calculating the Gibbs energy does not have any substantial
consequences on the overall shape of the energy diagram, only smoothing the differences in energy

between all the compounds (Figure 7.9).

—e—DD
—e—DL
@ LD

—o—LL

AG QM/MM (kcal /mol)

Figure 7.9: Gibbs energy diagram for all the isomers studied in this study. Calculations performed taking into account
implicit solvation, electronic embedding and dispersion effects.

In Figure 7.10, the effect of the solvent (green), dispersion (red) and electronic embedding
(purple) over the total energy of the system, as well as all the factors together (black) is shown
(Note: the embedding energy includes the energy of the system in gas phase (cyan)). The effect
of the solvent is not negligible at all, leading to the preference for the A4 system over the local
minimum found in gas phase (A3). Dispersion effects also stabilize the A4 complexes. Lastly,
including electronic embedding has a lower but noticeably consequence on the final disposition of

the different isomers.
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Figure 7.10: Descomposition of the energy terms for the DD peptide.

As a conclusion, each improvement of the methodology represents a step forward on the reliability
of the system. Including the solvent has a big impact on the relative stability of the complexes,
changing the most stable structure. Other improvements such as dispersion and entropic effects,
and electronic embedding, do not cause substantial changes on the relative energy of the different
stereoisomers but have a stabilizing effect on the total energy of the systems.

In agreement with the experimental results, the group of the Universidade de Santiago de
Compostela found the same minima than the one computationally determined. Additionally, they
also found a relation between the configuration of the stereogenic centre of the proline residue of
the N-loop and the chirality of the metal centre. The structural variables which can describe this

connection will be analysed.

7.3.3 Structural analysis of the Fe-metallopeptides

In this section some structural variables are investigated to better analyse the ground of the stereos-
elective formation of the metallopeptides under study. First, the effect of prolines will be tested, by
means of swapping the proline residue by a glycine, to skip the effect of the chirality of the residue.
Then, the QM/MM energy breakdown is studied, in order to find who imposes the configuration of

the metal centre. Finally, a closer look on the configuration of the proline residues is given.

The role of proline residues

From the energetic study of the system we found that the possibility of the stereoselective formation
of the A or the A compound can be ruled by the configuration of the stereogenic centre of the
proline placed in the N-loop. Replacing proline residues with other non-chiral amino acids allows
isolating the effect of each loop separately, which can help us to understand the consequences of
the configuration on the stereocentre of the proline in the binding process. The nomenclature for

the glycine containing peptides follows the same rules than the inial one, changing the D or L letter
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by a G in the loop where the glycine is placed (for example, if the glycine is in the C-loop and the
proline in the N-loop is in D configuration, the name of the peptide is NG).

The energy diagram of the glycine mono-substituted peptides can be seen in Figure 7.11. For
DG and LG peptides, results are totally in agreement with the DD and LL ones, being the minima
the A4 compound for DD and DG peptides, and the A4 for the LL and LG ones. Additionally, the
energy difference between the minimum and its enantiomer is the same for proline-proline peptides
and proline-glycine ones (2.7 kcal/mol). If the substitution takes place in the N-loop, both A4 and

A4 metallopeptides are in equilibrium. The energy difference between them is only 0.2 kcal /mol.

35,0
30,0
:3 25,0
= —-DG
g 00 —e—LG
g 15,0 oo
2 100
y . —e—GL
0,0

Figure 7.11: Energy diagram of the glycine mono-substituted metallopeptides.

Additionally, a di-substitution of both prolines by glycines is also evaluated, showing a preference
for the A4 compound, which agrees with the results for the DD, DL and DG metallopeptides
(Figure 7.12).

—@—2 Glycine

AE QM/MM (kcal/mol)

Figure 7.12: Energy diagram of the glycine di-substituted metallopeptides.

The step-by-step removing of the proline residues on the peptides clarify the dominance of the
N-loop on the enantioselective formation of the studied metallopeptides. Results in DG and LG

compounds are in agreement with the ones found in the DX and LX (where X is D or L) systems,
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still presenting stereoselectivity. However, if the substitution is placed in the N-loop position, two
minima are found which means that the stereoselective formation of metallopeptides is not given

by these complexes.

What imposes the isomerism of the metal? first coordination sphere vs peptide

Since now, the relative participation of the first coordination sphere of the metal against the pep-
tide part (QM and MM partitions applied on the ONIOM calculation, respectively) has not been
evaluated. In Figure 7.13, the total energy of the system (including solvent effects and electronic
embedding) has been decomposed in its QM, MM and QM/MM terms. This can allow us to sep-
arate the effect of the first coordination sphere and the peptide in two different energy variables,

and weight it with the total energy of the system.

18,0
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A3 A2 Al

Figure 7.13: Decomposition of the total QM /MM energy (red) in QM (blue) and MM (green) contributions for the
DD set of metallopeptides.

Both MM and QM /MM diagrams present the minimum at the same point, the A4-DD system.
The stereoselective formation of that minimum or its metal enantiomer (A4-DD) is favoured by the
MM term, with a difference in energy of 6.5 kcal /mol.

Moreover, the energy diagram of the MM region presents an almost equal shape than the
one for the total QM /MM energy, differing only in the A1-DD and the A1-DD systems. That fact
demonstrates the dominance of the MM region in the total energy of the system, which is smoothed
by the energetic effect of the QM part.

Effect on the cis/trans configuration of prolines

To find a clue on the high stability of the MM part on the A4 (or A4) a closer look on the geometry
of the loops of the different systems has been done. In particular, the cis/trans configuration of
prolines (Figure 7.14) has been studied.

The lower energy structures (A4 for DD and DL complexes and A4 for the LL and LD ones)

present a cis configuration in both proline amino acids. In contrast, the other complexes have a trans
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Trans conformation Cis conformation

Figure 7.14: Trans (left) and cis (right) configurations of D-Proline residues

configuration. These observations surprised both theoretical and experimental groups, because of 1)
the initial trans configuration of proline in the unbound peptide and 2) the preference of proline to

35]

adopt a trans configuration. A trans-cis isomerization of the proline groups has been proposed

as a last step on the folding process, something in agreement with folding processes in proteins, [3°]
which is supported by the cis configuration on the minimum energy structures. However, there is
a in creasing number of evidences that points at the cis/trans isomerization of prolines as a major
driving force to folding processes. In fact, CD measurements performed on this particular system

and then interpreted by computational meals shows that this is indeed a major contribution.©

7.4 Using helical metallopeptides for DNA recognition

Helicates are defined as polymetallic helical double-strand complexes.[3”] One of their features is
the possibility to bind to DNA, being potential anticancer drugs. 38 However, the enantioselective
synthesis of helicates is not efficient enough to be an alternative to the traditional DNA-binding
agents. 3% An alternative approach to synthesize DNA-binding helicates has been proposed in this
study by the experimental group of E. Vazquez and M. Vazquez from the Universidade de Santiago
de Compostela.[*® The structural viability of the design proposed by the experimental group has
been tested by means of molecular modelling methods, which will be discussed in this section.
The structure corresponding to the helicate synthesized in this work is quite more complex than
the previous one. It contains two Gly-Pro-Gly loops, two metal centres and six 2,2'-bipyridine ligands
(Figure 7.15). Only the D-Pro/D-Pro and the L-Pro/L-Pro compounds have been intensively studied
here. From here, the first ones will be called DD-Helicate and the L-Pro/L-Pro ones, LL-Helicate.
Molecular modelling have been performed on the LL-Helicate and DD-Helicate complexes. Both
systems have been prepared performing molecular dynamics simulations on the loops and clustering
the solutions. A latter QM /MM refinement on the most representative clusters takes into account

the effect of the solvent (in this case, water) and including electronic embedding effects. The lower

“This paper can be read in Appendix A.6.
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Figure 7.15: Structural representation of the AA-Fe(LL-Helicate).

energy systems present a helical geometry (seen previously in Figure 7.15) with the metal centre in
octahedral geometry binding each one of the three bipyridine residues. These structures provided
support to the experimental group to go ahead with their synthesis.

DD-Helicate and its enantiomer LL-Helicate give rise to mirror image Circular Dichroism spectra
with two bands of opposite signs. The signs are consistent with the A-configuration for the DD-
Helicate, and also with the A-configuration for the LL-Helicate. This means that the chiral proline
residues does not only direct the folding peptide chain into discrete dinuclear helicate, but also
encode its chirality.

The resulting peptide helicates have been later tested in their cell-internalization. The experimen-
tal group incubated Vero cells with the AA-Fe(LL-Helicate) for 12h. After washing, they observed
that the compound was efficiently internalized into the cells, concentrating in endocytic vesicels in

the cytoplasm.

7.5 Conclusions

A computational description of metallopeptides needs special care due to the high complexity of
their structure. In the case presented on this chapter, despite of the size of the system does not
represents a challenge for the actual QM software, its huge flexibility complicates the modelling
process, in particular if our purpose is performing an extensive search of all the possible isomers
resulting from the different manners to fold. Additionally, molecular mechanics techniques are not an
option, because an accurate description of the metal was needed. In this case, the hybrid QM /MM
was the employed method, including the metal and its coordinated 2,2'-bipyridine ligands in the QM
part, and leaving the rest of the system represented at MM level of theory. In order to have accurate
results, some corrections where taken into account. First, solvent effects were included to reproduce
the laboratory environment. Then, the DFT functional (B3LYP in this case) was corrected including
the dispersion effects using the gd3 web application created by the group of S. Grimme. Lastly, the
charges of the MM part were included in the QM region setting up the electronic embedding feature
of the ONIOM method. All these improvements increase the reliability of the system, approaching
the model to the reality.
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The final results display a preference for the A4 isomer for DD and DL systems, and A4 for LD
and LL. Then, we noticed the preference on the formation of one or other metal isomer depending
on the configuration of the proline residue present in the N-loop by means of isolating the effect of
each proline residue.

Decomposing the total QM/MM energy on its QM and MM parts, shows that the metal is not
governing the stereoselective formation of the metallopeptide. Results show a clear dominance of
the MM region, which includes both loops that link the coordinating 2,2'-bipyridine residues, in
front of the influence of the first coordination sphere of the metal, modelled in the QM part. A
closer look to the loops shows that the cis configuration for proline residues is shown only in the
mininum energy structures.

Altogether, here we presented an example of symbiosis between experimental an theoretical
groups. Unifying efforts from both sides by using the best methods from theoretical and experimental
areas we successfully describe the enantioselective formation of artificial metallopeptides. However,

not all the work is done, being lots of applications on these system still to discover and apply.
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3 Conclusions

The only way to do great work is to love what you do.

Steve Jobs
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This dissertation was focused on the description of the most important (and visible) effects
of the binding of transition metals to biological hosts. All the study was performed using a
vast variety of molecular modelling tools, which have been chosen following the next criteria:

the chemical interaction under study, the size of the system and affordability of the selected method.

The principal issues studied in this Ph. D. Thesis, can lead to the following conclusions:

1. Inert biometallic binding.

In many cases, the interaction between an organometallic compound and a biological partner
is not prompted by the coordination of the metal to the host. There the metal have a little
contribution in the binding and only has a structural role, holding its coordinated ligands in a
specific geometry. In other words, the binding occurs between the second coordination sphere
of the organometallic compound and the host, not influencing the electronic and structural

properties of the metal.

When the original structure is known, information about second coordination sphere events
can be obtained using QM /MM approaches, but does not allow wide exploration if the starting
point is unknown. However, an accurate description of the metal centre is not mandatory.
In this dissertation we tested the capability of protein-ligand docking methods, which are
far less time consuming, to reproduce the binding of an organometallic ligand to a protein,
obtaining encouraging results. Neither changes in the protein-ligand docking algorithm have
been performed nor addition of parameters have been done to perform our simulation, being

only needed the specification of the metal ligand bonds.

2. Active biometallic binding.

One of the major questions in bioinorganic chemistry is how the coordination of transition
metals constrains the biological hosts affecting its structure, specially the conformation of
the directly bonded region. But, what happens when the binding of these organometallic
compounds to biological hosts actually involves changes in the 15t coordination sphere of
the metal? Fine electronic representation of the model is needed at some points. In this
dissertation, two quantum mechanical based techniques are used to describe the local effects
of metal coordination. The first one is an energy exploration of the conformational space
of the artificial cdHO and its activation mechanism using QM /MM geometry optimization
algorithms. This yields to a final potential energy surface that allows us to find that the 1
coordination sphere participates in the conformational change that the metalloenzyme has to

suffer to being activated.

Other way to proceed is by the depiction of the bonding terms, studied using the energy
decomposition analysis (EDA). This method was used to find the key electronic variables that

explain the preference of the metal to bind one or other residue when cisplatin bins to protein.

3. Long range effects of the binding of an organometallic compound to a biological host.
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8. Conclusions

Taking a look only to the first coordination sphere events does not provide us information
of the structural changes of the host out of the binding site. Constrained systems, such as
the DNA double strand system, are susceptible to being affected by the changes occurred in
a small region. QM /MM approaches can give us an idea of the second coordination sphere
events, but are not able to go further because long range effects need an unreachable time
scale with that technique. Molecular modelling tools are the best choice to model the entire
system. In this Ph.D. Thesis, Normal Mode Analysis was the chosen methodology to describe
the global consequences of the binding of metals to the biological host, in particular cisplatin
to DNA. Results also suggests that the specificity of cisplatin binding comes from a balance
between 1%t and 2% coordination sphere events and mechanical consequences. This is in
agreement with the butterfly-effect: a small change in a specific region can affect the overall

system.

. The balance between the first and second coordination sphere processes.

When the conformational space of the host is wide, not only the metal affects its structure,
also the opposite effect can be shown. The last chapter of this dissertation show the effect of
the conformation of the peptide chain in the folding process of a metallopeptide. In flexible
systems, where a single change can affect the conformation of the entire molecule, taking
into account the best number of variables is key. In this case, we considered the different
conformations of the stereogenic centre of a certain residue present in a peptide chain. The
model was studied with QM/MM approaches, describing accurately the first coordination
sphere and leaving the rest of the system in the molecular mechanics part. Splitting the
energy terms of the QM /MM method we find that the molecular mechanics region was the

one that dominates the enantioselectivity of the folding process.
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In recent years, the development of synthetic metalloenzymes based on the
insertion of inorganic catalysts into biological macromolecules has become

a vivid field of investigation. The success of the design of these composites is
highly dependent on an atomic understanding of the recognition process between
inorganic and biological entities. Despite facing several challenging complexities,
molecular modelling techniques could be particularly useful in providing such
knowledge. This study aims to discuss how the prediction of the structural and
energetic properties of the host—cofactor interactions can be performed by
computational means. To do so, we designed a protocol that combines several
methodologies like protein-ligand dockings and QM/MM techniques. The
overall approach considers fundamental bioinorganic questions like the
participation of the amino acids of the receptor to the first coordination sphere of
the metal, the impact of the receptor/cofactor flexibility on the structure of the
complex, the cost of inserting the inorganic catalyst in place of the natural ligand/
substrate into the host and how experimental knowledge can improve or
invalidate a theoretical model. As a real case system, we studied an artificial
metalloenzyme obtained by the insertion of a Fe(Schiff base) moiety into the
heme oxygenase of Corynebacterium diphtheriae. The experimental structure of
this species shows a distorted cofactor leading to an unusual octahedral
configuration of the iron with two proximal residues chelating the metal and no
external ligand. This geometry is far from the conformation adopted by similar
cofactors in other hosts and shows that a fine tuning exists between the
coordination environment of the metal, the deformability of its organic ligand
and the conformational adaptability of the receptor. In a field where very little
structural information is yet available, this work should help in building an initial
molecular modelling framework for the discovery, design and optimization of
inorganic cofactors. Moreover, the approach used in this study also lays the
groundwork for the development of computational methods adequate for
studying several metal mediated biological processes like the generation of
realistic three dimensional models of metalloproteins bound to their natural
cofactor or the folding of metal containing peptides.
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Introduction

The development of manmade metalloproteins and metalloenzymes has nowadays
risen to an unprecedented level of development.! In this particular area, the design
of artificial species resulting from the insertion of an inorganic catalyst into a protein
has become a vivid field of research.”? The design of these hybrids generally follows
the same principles that govern naturally occurring enzymes like hemoenzymes: the
inorganic moiety—the artificial cofactor—provides the chemical reactivity while the
protein—the host—provides most of the substrate selectivity and catalytic regio-
specificity. Different systems have already been used as receptors of artificial cofac-
tors like apo-myoglobin,** heme-oxygenase,® avidin® and streptavidin,” lyzosyme,?
human serum albumin,®'® xylanase'' and papain.'? These receptors have been in-
serted into inorganic complexes, such as metal(Schiff bases),>® Rh diphosphines®
and Ru diamines,” Mn(corrole)’ and Co(phthalocyanine)'® and Fe(porphyrin)'!,
and the range of chemical reactions performed by the resulting composites is vast,
including hydrogenation, sulfoxidation or even Diels—Alder reactions. To the
date, the insertion of the inorganic moiety into its protein receptor is performed
by three major approaches including the covalent linkage of the inorganic complex
to the natural ligand of the host,%’ the covalent linkage of the inorganic complex to
one or several specific amino acids of the receptor*!? or the direct insertion of the
inorganic complex into a vacant cavity of the host.>>*! Because of the unnatural
kind of interaction between the host and the inorganic system, several optimization
steps are necessary to produce an efficient bio-inspired catalyst. However, the first
step in the design of these composites concentrates on providing a reasonably
good binding affinity between the cofactor and the host. This part of the process
involves several key bioinorganic considerations on the cofactor—protein comple-
mentarities like: what is/are the possible orientation(s) of the cofactor into the
host? What residues of the host could be part of the first coordination sphere of
the metal? How does the binding of the metallic cofactor into its host modulate
the shape of the final complex (metal mediated induced fit)?

The system designed by Ueno et al. resulting from the incorporation of a Fe(Schiff
base) complex into the heme cavity of Corynebacterium diphtheriae heme oxygenase
(cdHO) (Scheme 1) clearly shows the importance of these considerations.®> The

Fe

e o

Scheme 1 Side to side representation of the protoporphyrin IX—the natural substrate of
cdHO—and the artificial Fe(Schiff base) cofactor considered in this study.
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particular artificial cofactor used in this design presents a chemical scaffold which
has substantial similarities with the heme although its aromatic part represents
approximately three quarters of the heme and the macrocycle is not closed. For
maintaining an efficient electron pathway, the inorganic moiety is substituted by
a propionate; one of the substituents of the natural cofactor. Heme oxygenases
(HO) are all-a enzymes that catalyse the first step of the auto-oxidation of the
heme."*!* Prior to this oxidative process, the heme binds at the core of the unbound
HO and generates the resting state of the holo-enzyme. At this stage, the Fe(i)
is coordinated by the 4 nitrogen atoms of the heme in equatorial and by the N, of
a proximal histidine (His20 in ¢dHO) and an external distal ligand (water or
hydroxyl) in axial (Fig. la). The catalytic process is initiated by the reduction
of the metal from Fe(m) to Fe(m), followed by the removal of the external ligand
from the coordination sphere of the metal, and leads to a square pyramidal config-
uration of the iron. Subsequently, the fixation of the oxygen on the iron can take

Fig.1 Geometries of the binding site of several crystallographic structures of proteins bound
to an inorganic complex. Three dimensional views are given on the left and a schematic repre-
sentation of their metal environment on the right. Panel (a) corresponds to the structure of the
heme bound to ¢cdHO (PDB code 1iw0), panel (b) to the Fe(Schiff base) compound bound to
c¢dHO (PDB code 1wzd) and under investigation in this work and finally panel (c) corresponds
to the structure of a similar Fe(Schiff base) compound bound to apoMb (PDB code 1ufj). In the
schematic views of the metal environment, the coordination sites mentioned in between paren-
thesis are occupied by an external ligand (O,, OH, OH,, etc.).
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place on the distal side of the heme. HOs are quite flexible proteins that accept the
heme,'s its first metabolite'® or even large imidazole based inhibitors that are able
to bind the iron at the distal site.'” By incorporating an Fe(Schiff base) in place of
the heme in the binding site of the Corynebacterium diphtheriae heme oxygenase,
Ueno et al.® generated an artificial enzyme that activates O, to O™, using the same
natural electron partner as cdHO. This system represents a major step forward in
the design of artificial metalloenzymes both because of its ability to maintain natu-
rally occurring biological interactions of the receptor and because it opens new
avenues in biomedicine and electronics. Nevertheless, the X-ray structure of the
Fe(Schiff base)-HO composites, available at the Protein Data Bank,'® presents
intriguing structural features of the binding of the cofactor® (Fig. 1b) and is quite
different from the hexacoordinated and pentacoordinated structures observed in
Fe(Schiff base)-apo-Mb® (Fig. 1¢) or heme-OH complexes (Fig. 1a). Indeed, in
this composite, the iron displays a distorted octahedral configuration with no
external ligand bound on the distal side of the metal. Instead, all the ligands of
the octahedron are strictly provided by the Schiff base and the receptor. This geom-
etry is possible because of a substantial distortion of the organic part of the
cofactor that allows the Schiff base to coordinate the iron with 3 atoms in equato-
rial positions (2 nitrogen and 1 oxygen atoms) and one in an axial position (the re-
maining oxygen atom occupies the distal coordination site of the iron). The
remaining positions of the octahedron are occupied by the N of proximal histidine
20 (axial) and O, of glutamate 24 (equatorial). This unexpected geometry clearly
shows that a fine tuning between inorganic and biological rules controls the recog-
nition process between the host and the cofactor and should be taken into account
for the design of this kind of artificial metalloenzymes. The crystallization of the
Fe(Schiff base)-HO species allowed the authors to generate a new cofactor with
higher affinity for cdHOQ;'® an optimization that would have been difficult without
sufficient molecular knowledge.

Thinking in molecular modelling techniques to provide with the relevant amount
of atomic information for the design and optimization of synthetic metalloenzymes
with artificial cofactors seems quite natural. Computational techniques are nowa-
days broadly used in many areas of chemistry and biology to understand and predict
the atomic behaviour of molecules. In fact, the use of computational techniques for
the design of de novo proteins®® or metal binding proteins'*'~?? has already showed
interesting applications. Because of the large conformational and chemical spaces
to consider in this particular field, most of the approaches used so far are based
on simplified molecular models and geometrical rules. However, when dealing
with synthetic cofactors containing transition metal ions, an accurate representation
of the system could significantly improve the prediction of the cofactor—host inter-
actions. To the date, no study has focused in providing such level of accuracy.
This is mainly due to several challenges that molecular modelling techniques face
in this particular area.

Accurate simulations of transition metal ion and more particularly those with
accessible open shell configurations (i.e. Fe(ir), Fe(ir), Mn(11), Cu(1), etc.) are
achieved by quantum based calculations being ab initio or functional density theory
methods. Whether by pure Quantum Mechanical (QM) calculations on small
models of the enzyme active site or hybrid Quantum Mechanical/Molecular
Mechanics (QM/MM) simulations on the full macromolecular entity, those methods
have been widely applied in bioinorganic systems.?*2® Both approaches have lead to
major breakthroughs on the catalytic mechanisms of metalloenzymes including
those containing a metallic cofactor like cytochromes P450.2’° However, those
techniques by themselves are not convenient for studying the binding process of
a metallic cofactor to its host. The extensive conformational exploration required
for such simulations is indeed far too expensive with conventional ab initio
based approaches. In fact, the characterization by computational means of the
complexes formed by two molecular partners relies on the computational family
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of protein-ligand docking techniques. Those methods are intended to identify the
protein-ligand complexes with the best possible affinities (low energy complexes)
and have been successfully applied in biomedical fields like drug design and drug
metabolism. In these techniques, the extensive exploration of the conformational
space is accessible thanks to approximated binding energy calculations (scoring)
allied to random based geometrical searches. A large number of protein-ligand
docking algorithms are nowadays available which differences mainly raise from
the way the conformational space is explored and how the binding energies are
calculated.*® Under a major effort of part of the computational chemistry commu-
nity, the accuracy of protein-ligand docking prediction has substantially improved
in the recent years. For example, most protein-ligand docking programs have been
upgraded with approaches for dealing with the flexibility of specific amino acids, the
presence of structural water molecules and the conformational variability of ring
groups.?! Nonetheless, the presence of a transition metal ion in the binding cavity
of a protein remains an additional complexity that only a few programs, like
Gold, FlexX and Glide,**3*** have partially overcome. These optimizations greatly
improve the prediction of metalloproteins interacting with organic ligands but are
still limited when dealing with the fixation of a metal-containing ligand to a protein
host. Several variables are the reasons for this limitation like the complexity to
generate parameters for metal containing systems with empirical approaches (i.e.
the possibility to take into account fine electronic effects like those associated to
spin properties), the difficulty of reproducing the flexibility of the first coordination
sphere of the metal in particular for those systems that contain organic macrocycles
or the availability of a reduced number of experimental data on inorganic complexes
bound to their host (reducing the possibility of finding a convenient general bench-
mark for new parameterizations and implementations). One way to produce accu-
rate simulations of the interaction of metal containing ligands with their host is to
combine protein-ligand docking with quantum mechanics based techniques. In
the recent years, several developments and applications of combined QM/MM
and protein-ligand docking approaches have shown substantial successes.?*3¢37
To date, however, such combinations have mainly been dedicated to refine the ener-
getic of non bonded interactions and improve of the scoring functions leading, in
between others, to better prediction of the interaction of organic ligands with metal-
loproteins.*” We therefore foresee that an extended molecular modelling framework
including current state-of-the-art quantum mechanical techniques and protein—
ligand dockings should be a convenient tool for the prediction of protein-inorganic
cofactor interactions.

In recent years, our group has been dedicating increasing efforts to the particular
field of artificial metalloenzymes.® This prompted us to develop new tools and
generate new protocols. In trying to identify the maximum number of variables
that should be taken into account for the prediction of the interactions of inorganic
complexes with a protein by computational means, we found that Fe(Schiff base)-
HO would represent of the best possible benchmark because, on one hand, the
metal-inserted Schiff bases are some of the most common alternatives to porphyrinic
systems representing an archetypical synthetic cofactor>*3*® and, on the other, the
experimental structure of Fe(Schiff base)- HO crystallizes all the possible challenging
questions molecular modelling techniques could encounter in the design of this kind
of bio-inspired catalysts. Here, we discuss how an integrative computational
approach could predict inorganic compound-protein interactions by a four step
process including: (1) the characterization of the most stable conformations of the
cofactor previous to its binding to the host and taking into account the electronic
properties of the metal (oxidation and spin state); (2) the prediction of the most
likely orientation(s) of the cofactor in the binding site of the host, (3) the determina-
tion of the amino acids that can participate to the first coordination sphere of the
metal; and (4) the refinement of the resulting hypothetical models by accurate calcu-
lations.
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Materials and methods

To predict the structural and energetic properties of an inorganic catalyst bound to
its host, our protocol integrates current state-of-the-art approaches from several
molecular modelling and structural bioinformatics fields including pure quantum
mechanical calculations, metal binding prediction, protein-ligand docking and
quantum mechanical/molecular mechanics calculation. All along the process, molec-
ular visualization, set up, analysis and in house implementations have been gener-
ated in the UCSF chimera environment.*®

The structures of the unbound cofactors have been prepared by pure quantum
mechanical calculations. Geometry optimizations have been performed with the
density functional theory B3LYP*® as implemented in the program Gaussian 03.*!
The basis set used for C, N, H and O was the split valence 6-31g**** and for the
metal ion the double-{ basis set LANL2DZ.** The pseudo potential associated to
this basis has also been applied to the metal.

Protein-ligand dockings have been performed with the program Gold** (version
4.1) and the Chemscore scoring function.** Because very few crystal structures of
metallic artificial cofactors bound to proteins are available nowadays, the generation
of an accurate scoring function for such species is not a trivial task. However, Gold
is one of the few programs that provide optimized parameters for the interaction of
organic ligands with a metal containing protein.*® Therefore, for the purpose of this
study, we generated a new atom type for an iron atom contained in a ligand
(cofactor) that acts as a hydrogen-bond donor in order to mimic the propensity of
the metal to interact with Lewis bases. For the numerical values of the Fe(cofac-
tor)-host interactions we adapted the existing metal-ligand terms in Gold. All dock-
ings have been performed with the default parameters of Gold for the
conformational search and all rotatable bounds of the propionate were explored
during the docking process. However, the inorganic core remains fixed. In our
protocol, the induced deformations of the cofactor and the receptor are treated by
post-docking analysis, in particular QM/MM minimizations. Twenty solutions
have been generated for each docking experiment. The binding cavity has been
defined as a 20 A sphere around the N, atom of the Histidine 20. The structures
of the receptor were prepared with the UCSF chimera environment. The assessment
of the exact degree of the receptor flexibility in protein-ligand docking simulations
remains an issue in current state-of-the-art algorithms even if substantial improve-
ments have been obtained in the recent years.>' Because numerous structures of
heme oxygenase are available in the Protein Data Bank, in the present study, the
global flexibility of the receptor is included by carrying out calculations on 4 confor-
mations of cdHO. The amino acid flexibility has been introduced using a soft poten-
tial for the residues of the binding site. Despite some limitations, both
approximations generally lead to a better prediction of relevant protein-ligand
complexes.*7*8

For the determination of the residues that are able to coordinate the metal and the
generation of post-docking refined structures, we used an in house code developed in
the UCSF Chimera package and aimed to predict metal binding environments. This
approach (to be published) shares some common grounds with recently published
algorithms for metal binding prediction.*® In brief, this protocol relies on the fact
that the ability of a residue to coordinate a metal depends on two main spatial
features (1) the closeness of its Ce. to the metal and (2) the possibility of its side chain
to adopt at least one orientation compatible with the coordination to the metal and
does not generate bad contacts with the atoms in its vicinity. Based on statistics
carried out on more than 400 structures of iron containing proteins, a Fe-C,
distance of 7 A has been used as a structural criterion to characterize those amino
acids that are correctly positioned to bind the metal ion. Having performed an initial
analysis to detect those residues, the resulting list of candidates is reduced based on
simple chemical rules (i.e. hydrophobic residues are not considered as possible
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candidates). For each remaining candidates, all possible rotameric states are gener-
ated using the backbone dependent libraries of Dunbrack ez al.*® as implemented in
the UCSF chimera program. Those residues that present at least one rotamer with
distances lower than 3.5 A with the metal and do not generate important bad
contacts with their close environment are retained as possible metal coordinating
species. For this latest group of residues, all the possible combinations of rotamers
are finally generated and the resulting models are ranked in function of their inter-
actions with their close environment. Those better ranked are selected as initial
models for QM/MM refinements. This latest part of the process of predicting
possible metal binding environments is very similar to those approaches used in
homology modelling but intensively focuses on the first coordination sphere of the
metal. Moreover, it is to notice that, having characterized the residues that could
bind the metal, a possible alternative of the approach presented here is to use flexible
dockings as implemented in several docking programs. However, to maintain the
consistence with our hypothesis of work and avoid possible pitfalls due to bad elec-
trostatic representations of metal-protein interactions in modern docking programes,
we stayed with our approach based on geometric criteria followed by QM based
calculations.

For each model obtained from the previous step, QM/MM optimizations have
been performed using the ONIOM?>! scheme as implemented in Gaussian 03.*!
Because both oxidation and spin states could impact on the stability of the different
systems and are also involved in the mechanism of the Fe(Schiff base)-cdHO artifi-
cial enzyme, calculations were carried out on Fe(i) and Fe(im) species in both low
and high spin configurations. Minimizations were undertaken using the B3LYP*
density functional with a reduced basis set consisting in 6-31g for C, O and N,
sto-3g for H and Lanl2DZ for Fe. Single point B3LYP calculations have been per-
formed on optimized structures with the same extended basis set as for calculation
on isolated systems and repeated with the M05°* and B3PW91°3 functionals. Neither
the change in basis nor the change of functional produced chemically relevant
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Scheme 2 QM/MM partition used in this study.
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changes in the results and are therefore not commented in this discussion. Regarding
the QM/MM partition used for these calculations, the quantum mechanical part
includes the iron and the atoms of the Schiff base the closest to it, the imidazole
ring of the histidine 20 and the propionate moiety of the Glutamate 24 (Scheme 2).
All remaining atoms have been included in the molecular mechanics region of the
system for which the AMBER force field has been used.>* Standard hydrogen link
atoms have been applied for the frontier between QM and MM parts. It is worth
noticing that this partition has been tested on the crystallographic structure of
Fe(Base Schiff)-HO system and leads to a very good structural agreement. The
calculation of the charges has been done using the Antechamber® program as imple-
mented in UCSF chimera. The entire cofactor and the region of the protein that
contains the possible chelating residues have been allowed full flexibility (corre-
sponding mainly to the helix A). For some initial models, the distance between
the metal and the residues that are candidate for coordination are slightly too large.
In this case, a first part of the minimization has been performed with a distance
constraint of 2.5 A between the metal and the residue. This constraint was released
in a second step of the minimization leading to the energy minima described in this
work.

Results and discussion
Pure quantum mechanical calculations on the isolated cofactor

The structure of the isolated Fe(Schiff base) has been optimized with pure quantum
mechanical calculations using the B3LYP functional and an extended basis set (see
Materials and methods). The calculations have been carried out on the tetracoordi-
nated species where the Schiff base provides an equatorial environment for the metal
of the N202 kind. To check how the oxidation and spin states impact on the struc-
ture of the system, calculations have been carried out on low spin and high spin
Fe(ir) and Fe(mn) species. The resulting geometries of the four systems are in very
good agreement with the experimental structures available for similar Fe(Schiff
base) compounds at the Cambridge Structural Database®® (Table S17). This shows
that density functional approaches represent a convenient tool to generate the initial
structures of the cofactors. Regarding the general shape of the Fe(Schiff base)
group—a critical point for posterior protein-ligand dockings—high spin species
present a subtle doming while low spin ones remain mainly planar. Moreover, the
iron atom is slightly displaced out of the average plane of the cofactor for high
spin configurations while remaining inside the plane for low spin ones. Nonetheless,
the overall structural deviation between the different theoretical systems is rather
small (root mean square deviations (rmsd) differences lower than 0.3 A, Fig. S17)
and we therefore hypothesize that a unique structure of the cofactor should be suffi-
cient for proceeding with the subsequent dockings. Interestingly, the optimized
geometries of the isolated cofactor are also in very good agreement with the
experimental structures of a similar Fe(Schiff base) inserted in apo-Mb? but substan-
tially different from those observed in the experimental structure of the Fe(Schiff
base)-HO complex (rmsd approx. 0.7 A). Therefore, a computational protocol
able to correctly predict the interaction between the cofactor and its host should
be able to reproduce the unusual conformation of the inorganic group of the
Fe(Schiff base)- HO composite. To do so, the characterization of the protein envi-
ronment and the ability to alter the shape of the inorganic moiety is necessary. Could
molecular modelling approaches give insight on where and how the cofactor binds?

Determining possible binding modes of the Fe(Schiff base)- cdHO

An initial run of protein-ligand dockings has been performed using the program
Gold (version 4.1). In order to discuss the predictiveness of our protocol, the calcu-
lations have been carried out on conformations of the receptor different from the
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crystallographic structure of the Fe(Schiff base)-cdHO composite. In the simula-
tions, all rotatable bonds have been allowed the maximum degree of freedom but
the structure of the inorganic core has been remained fixed; our hypothesis is that
deformations of the inorganic moiety induced upon binding can be produced in
post docking calculations. The flexibility of the receptor has been introduced both
by applying a soft potential for residues of the binding cavity as well as performing
the docking on several crystallographic structures of the heme oxygenase of Coryne-
bacterium diphtheriae. These structures correspond to different liganded states of the
enzyme including heme free (PDB code 1ni6),’” heme bound (PDB code liwl),'
oxy-heme bound (PDB code 1v8x)®*® and heme bound with a large inhibitor bound
to the iron (PDB code 3czy).'” For the 3 latest structures, both the heme and the
inhibitor were removed from the binding site of the protein in order to carry out
the dockings. It is worth noting that structures 1ni6 and 3czy correspond to human
forms of heme oxygenase and homology models of Corynebacterium diphtheriae
were therefore generated for the consistence of our study. For each protein-ligand
docking, twenty runs have been performed leading to twenty low energy putative
Fe(Schiff base)- HO complexes (here also referred to as solutions).

Because of the difficulty of correctly reproducing metal-protein interactions by
actual scoring functions, we analysed the entire series of Fe(Schiff base)-HO solu-
tions generating during the docking process. To do so, the root mean square devia-
tions between all simulated complexes have been calculated using the structure of the
inorganic catalyst as a criterion of comparison. The rmsd values obtained show
substantial variation and range from 0.42 to 6.7 A. Despite this apparent structural
dispersion, closer analysis highlights four distinctive families (clusters) of binding
modes referred thereafter as binding modes A, B, C and D (Fig. 2).

In the first subset (A), the cofactor is oriented such that its central aromatic ring
points towards the polar patch constituted by Tyrosine 130, Arginine 177 and Lys 13
(Fig. 3a). In this orientation, the carboxylate group of the propionate of the cofactor
presents a strong polar interaction with the same patch of residues. In the second
group (B), the central aromatic group points toward the core of the binding site
cavity and represents an inversion of about 180° with respect to binding mode A
(Fig. 3b). In this orientation, a strong polar interaction between the propionate
and the side chain of Arginine 132 is observed. Interestingly, in all the structures
of HO available in the Protein Data Bank, this residue presents its iminium group
hanging at the centre of the binding site cavity. In the third group (C), the Fe(Schiff
base) moiety moves from its position in A by a rotation of about 90° around the axis
passing through the iron atom and perpendicular to the average plane of the
cofactor (Fig. 3¢). The rotation takes place in the direction of the solvent leading
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Heme free Heme inhibitor Heme bound Oxy-heme bound
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Fig.2 Evolution of the number of docking solutions consistent with one of the binding modes
A, B, C or D. Blue bars correspond to orientations consistent with binding mode A, red bars
with binding mode B, green bars with binding mode C and purple bars with binding mode D.
The height of each bar corresponds to the number of solutions consistent with the relevant
orientation. Results are given for four different conformations of the receptor.
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Fig. 3 Structural representations of one representative solution of the binding modes A (a), B
(b), C (c) and D (d).

the central aromatic moiety and carboxylate moiety of the propionate to become
more accessible to the aqueous medium. Finally, in the fourth binding orientation
(D), the entire cofactor is included into the same cavity that occupies the Argl32
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side chain; a cavity generally occupied by iron chelating inhibitors'” (Fig. 3d). It is to
notice that none of the structures of heme-HO complexes present the natural
cofactor of heme oxygenases at this site.

The conformation of the receptor affects on the prediction of the structure of the
Fe(Schiff base) - cdHO complex (Fig. 2). When the dockings are performed on a struc-
ture of the receptor corresponding to the heme bound or oxy-heme bound HO,
orientations A, B and C are observed but not the orientation D. Moreover, the
binding modes B and C are slightly more populated than binding mode A. When
the dockings are performed on protein scaffolds corresponding to heme-free or
heme-inhibited cdHO, the repartition of the binding modes is different. The number
of the binding modes B and C decreases noticeably or even disappears while the
number of orientations of the group A remains stable or even increases. Docking
solutions of the mode D can only be generated for these particular conformations
of the receptor. These observations are the results of the quite wider binding site
cavity at the proximity of the Argl32 displayed by these two structures.

As expected, energetic considerations does not allow the discrimination between
these four binding modes at this stage. All the calculated energies represent reason-
ably good binding affinities with Chemscore values close to —30 kJ mol~! (Table 1).
However, the energy differences obtained between each the binding orientations are
generally below 4 kJ mol™' and never higher than 6.5 kJ mol~'. The lack of accurate
energetic and structural reproduction of metal-protein interaction suggests that the
ranking of the different orientations obtained at this stage should be considered with
caution. However, experimental knowledge, statistical interpretation and structural
considerations allow us to discard some of these binding modes. First, no residue in
the vicinity of the iron in the binding mode D could possibility coordinate the iron
while at least His20 is in the close environment of the iron for orientations A, B and
C. Second, this mode is only observed for conformations of the receptor that present
the lesser degrees of complementarities with the heme. Since the protoporphyrin IX
and the Schiff base share a quite similar chemical scaffold, good structural overlap
should be expected in their binding modes. Based on these two considerations, orien-
tation D should be discarded. Regarding modes A, B and C, all the cofactors are
anchored in between the alpha helices A and oH in agreement with the experi-
mental structures of heme-HO systems. In all cases, short distances (below 3.5 A)
between the N, of His20 and the iron are observed. These three orientations of
the inorganic group actually correspond to different possible matches between the
three aromatic rings of the Schiff base and the different pyrrole containing quad-
rants of the heme. The presence of such modes is actually consistent with experi-
mental observations of multiple heme binding orientations of apo-myoglobin® as
well as heme oxygenase mutants.®® It is therefore possible that orientations A, B
and C could actually be populated in solution. Nonetheless, binding mode C, which
propionate group is exposed to the solvent and has weaker polar complementarities
with the receptor than binding modes A and B, should be expected to be less stable.
It would be therefore reasonable to hypothesise that only binding orientations A and
B are biologically relevant.

Table 1 Chemscore values in kJ mol~' for the lowest energy solution of each clusters of the
binding modes A, B, C and D with four different conformations of the receptor

Heme bound Heme inhibitor bound Heme free Oxy-heme bound
A 327 31.5 28.2 329
B 31.4 30.8 — 28.8
C 327 24.9 — 29.2
D — 31.0 30.5 —
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Regarding the prediction ability of our protocol, the rmsd values between the
complexes generated by the simulations and their experimental counterpart range
from 0.8 to 6.5 A (Fig. S2t). The docking solutions displaying the better structural
overlap with the crystallographic structure of the Fe(Schiff base)- HO composite are
all members of the group A (rmsd values lower than 1.5 A). This very good struc-
tural agreement between computed and experimental complexes shows that, despite
some limitations, current state-of-the-art protein-ligand dockings can already
provide relevant binding orientations of an inorganic compound into its host. Inter-
estingly, a major amount of binding modes consistent with the experiment is ob-
tained when the dockings are performed on conformations of the receptor
extracted from heme containing ¢dHO structures. This result is consistent with
the actual knowledge of virtual screening procedures. Indeed, it has been shown
that for the docking of a given chemical, the quality of the results generally improves
for those conformations of the receptor that are obtained for a structure bound to
similar compounds.*’ Despite the encouraging results obtained by the docking
procedure, none of the resulting solutions present either the conformational defor-
mation of the cofactor or the hexacoordinated environment of the iron associated
with it, a phenomenon that should have a major weight in discriminating between
the different binding orientations and is mainly linked to the coordination properties
of the iron. Could computational tools allow the characterization of those residues that
can directly interact with the first coordination sphere of the metal?

Identification of cdHO residues as possible chelating groups of the iron

This question relies on the general problem of in silico prediction of metal binding
sites. We carried out this part of the work by using a new approach developed in
our group (to be published). Similar to current state-of-the-art algorithms in this
field, this approach is adapted to the analysis of the dockings ensemble for metal
containing ligands (see Materials and methods). First, statistics on the all solutions
have been performed to detect residues with an adequate position of its C,, for coor-
dinating the metal. Calculations over C,—Fe distances highlight 7 residues as
possible chelating agents: Histidine 20, Glutamate 21, Glutamate 24, Arginine
177, Aspartate 136, Serine 138 and Asparagine 204 (Fig. 4). The results are quite
similar when the conformation of the receptor corresponds to heme containing
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Fig.4 Number of hits for the possible coordination to the metal of seven residues in the cdHO
binding site. Only the residues that, in a given docking solution, display distances of less than
7 A between its alpha carbon and the metal are considered. Statistics are performed on each
individual docking solutions for four conformations of the receptor: heme free (purple), oxy-
heme bound (green), heme bound (red) and heme inhibited (blue) conformations of ¢dHO.
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structures of the heme oxygenase (i.e. Glu24 or His20 present 20 hits for heme-oxy
and heme bound structure) but present a different profile when dealing with the
heme free scaffolds of HO (i.e. His20 is found 5 times and Glu24 20 times). This
result is due to the higher number of docking solutions of the group D that predicts
the location of the cofactor far from Histidine 20. When comparing with the exper-
imental structures of heme-HO and Fe(Schiff base)-HO species, the results obtained
on heme containing conformations appear more reliable. This newly highlights on
the possible pitfalls in predicting cofactor-host interaction when the conformation
of the receptor is not compatible enough with the chemical on which the simulation
are performed.

Very few hits are obtained for Glu21 and Asn204 which makes their elimination
from the list of possible chelating residues a natural step. For the five remaining
candidates, the only location of the C,, is not a sufficient criterion for metal binding
and a more detailed analysis is required. In order to evaluate if the side chain of these
residues could adopt a conformation adequate for the coordination of the metal, the
generation of all rotameric states of these amino acid has first been performed. This
conformational search shows that Argl32, Asp136 and Ser138 are not valid candi-
dates because of the numerous bad contacts observed for the rotameric states that
provide distances with the metal adequate for coordination. For Glutamate 24,
however, rotamers with no bad contacts with the atoms of its vicinity whether
have the side chain pointing to the solvent (i.e. rotamer E1) or the O, atom at an
acceptable distance for coordinating the metal (only two candidates E2 and E3)
(Fig. 5). Interestingly, when comparing with the heme bound structure of ¢dHO,
one can see that the rotameric states E2 and E3 are not compatible with the fixation
of the cofactor. Indeed, the extraquadrant of the heme with respect to the Fe(Schiff
base) sterically avoids the rotation of the glutamate towards the binding site. There-
fore, the bigger size of the heme, the natural substrate of heme oxygenase, and its
stronger rigidity explain why Glutamate 24 is not able to bind the iron in the hem-
e-HO complex. Finally, Histidine 20 is systematically predicted to be in the first
coordination sphere of the metal and the analysis of all its possible rotameric states
shows that two orientations are compatible for the coordination of the metal (ro-
tamers H1 and H2) (Fig. 5).

At the final stage of the structural refinement of the metal environment of the
binding modes A and B, we generated the 6 possible combinations of His20 and
Glu24 rotameric states. Taking into account the number of clashes between these
residues and their environment as well as common knowledge on coordination

Fig. 5 Representation of the individual rotameric states of Histidine 20 (H1 and H2) and
Glutamate 24 (E1, E2 and E3) with possible impact on the coordination of the iron of the
cofactor.
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chemistry, we were able to reduce the conformational space to 2 candidates which
correspond to the combination E1-H1 (referred to hereafter as model 1) and E2-
H2 (referred to hereafter as model 2). The resulting environments of the metal ob-
tained in these models correspond to hypothetical hexacoordinated (models Al
and B1) and pentacoordinated (models A2 and B2) configurations of the iron.
Unfortunately, this part of the protocol does not lead to significant energetic differ-
ences to discuss the relative stability of the different complexes. To do so, methods
able to provide an accurate representation of the electronic properties of the full
molecular system are required. Could QM/MM calculations provide us with such
information?

QM/MM refinement and final models

In order to judge the chemical relevance of the four putative binding modes of the
Fe(Schiff base) group into the cdHO binding site (Al, A2, Bl and B2), QM/MM
optimizations have been undertaken for each orientation. In order to reduce
the computational cost, these calculations have been limited to the four Fe(Schiff
base)- cdHO complexes obtained from the dockings performed on only one of the
heme bound conformations of the receptor.

Regarding the binding mode A, all the optimized geometries of the model Al lead
to distorted octahedral configurations with at least one of the atoms of the first coor-
dination sphere of the metal displaced about 13° (on average) from the ideal value of
90° of a perfect octahedron (Fig. 6a and Table S2t). All the metal-ligand distances
are compatible with iron coordination and display values of about 2.0 A on average.
Independently of the oxidation or spin states, in all these complexes, the overall scaf-
fold of the Schiff base is distorted with deviation of the planarity from 0.3 to 0.5 A.
The metal ion is displaced out of the average plane of the prosthetic group with
values ranging from 0.76 to 1.50 A (minimum value for Fe(in) low spin and
maximum value for Fe(i1) high spin respectively). In this conformation, the Schiff
base provides with 4 coordinating atoms and both N of His20 and O of Glu24
complete the octahedral structures. These optimized structures are in very good
agreement with their experimental counterparts with values generally closer to
Fe(i) high spin system; the expected populated state in the experimental conditions
(Table S27).

All optimized geometries of the model A2 leads to Fe(Schiff base)- HO complexes
with square pyramidal geometries (Fig. 6b and Table S27). The Schiff base provides
with the equatorial N20O2 environment and the N, of the histidine 20 represents the
proximal ligand. The conformation of the macrocycle is generally more planar for
low spin than high spin systems and the metal lays closer to the average plane of
the Schiff base in the low spin (0.3 A) than in the high spin species (0.56 A) The
glutamate remains out of the coordination sphere of the metal with distances
between the metal and the O, of Glu24 depending on the oxidation state of the
metal. While Fe-O, distances in optimized Fe(i1) high spln and low spin systems
are 4.7 and 6.0 A respectively, they are 4.1 and 4.4 A in optimized Fe(rm) high
spin and low spin respectively. This shows that, despite not being coordinated to
the metal, the glutamate gets closer to the metal in the structures with the iron
in the oxidation state +III. The higher electrostatic interaction between Fe(u) and
the glutamate tends to attract the negatively charged residue to the immediate envi-
ronment of the metal.

Beyond the distortion of the cofactor and the change of coordination of the metal,
the comparison between the models Al and A2 provides other pieces of molecular
information. First, for Fe(i) species, the pentacoordinated systems show shorter
coordination bonds that the hexacoordinated ones (1.93 versus 2.01 A and 2.07
versus 2.17 A for Fe(ir) low spm and high spin respectively). Such behaviour is
not observed for the Fe(ir) species; the change of the first coordination sphere is
almost null in this case (1.99 versus 1.96 A for Fe(ir) low spin species and 2.07 versus
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Fig. 6 Structures of the B3LYP/AMBER optimized systems of the Fe(Schiff base)-cdHO
complex for (a) binding mode Al, (b) binding mode A2, (c) binding mode B1, and (d) binding
mode B2.

2.08 A for Fe(mr) low spin). Such differences between both oxidation states can be
due to the electronic nature of the systems but undoubtedly has some relation
with the stronger electrostatic interaction between the Glutamate 24 and Fe(i).
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Table 2 QM, MM and QM/MM energies of ONIOM B3LYP/AMBER minimized structures
of models Al, A2, B1 and B2 in different electronic configurations. Energies are given in kJ
mol~!

Model AEgm N AEqmmim
Fe() LS Hexacoordinate Al 0.0 0.0 0.0
Pentacoordinate A2 -107.0 70.3 —36.7
Hexacoordinate Bl X X X
Pentacoordinate B2 —24.8 613.8 588.9
Fe(r) HS Hexacoordinate Al 0.0 0.0 0.0
Pentacoordinate A2 -25.1 35.9 10.9
Hexacoordinate Bl 11.2 632.5 643.7
Pentacoordinate B2 57.5 725.9 783.4
Fe(ur) LS Hexacoordinate Al 0.0 0.0 0.0
Pentacoordinate A2 92.4 454 137.8
Hexacoordinate Bl 85.0 626.2 711.2
Hexacoordinate B2 167.1 802.7 969.8
Fe(un)HS Hexacoordinate Al 0.0 0.0 0.0
Pentacoordinate A2 45.6 —433 2.3
Hexacoordinate Bl 70.3 519.6 589.9
Pentacoordinate B2 —18.2 735.4 717.3

Another interesting phenomenon appears in the change of the conformation of the
receptor in function of the configuration of the metal. Indeed, the relative position of
the aA helix is substantially closer to the cofactor in the hexacoordinated state than
in the pentacoordinated one. This motion is actually consistent with the structural
differences observed between heme-HO and Fe(Schiff base)-HO complexes. This
shows that our calculations are able to reproduce a fine tuning between the change
of coordination of the metal, the shape of the overall cofactor and the conformation
of the macromolecule (Fig. 7).

For the model Bl, the optimized geometries obtained with our QM/MM
approach are very variable. The minimization of both Fe(mr) and Fe(m) high spin
systems leads to an octahedral configuration of the iron while the Fe(ir) low spin
system presents a square pyramidal one (Table S21). Unfortunately, we were not

Fig. 7 Metal induced deformation of the helix «A observed between B3LYP/AMBER opti-
mized hexacoordinated (model Al in grey) and pentacoordinated species (model A2 in yellow)
of Fe(Schiff base)-cdHO. The overlap has been performed on the Ca of the entire molecular
system.
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able to find a stable minimum for the Bl model in the Fe(ir) low spin configuration.
With regard to the high spin systems, the structural tendencies of the close environ-
ment of the metal are similar to those observed in the optimized structures of the
model Al: the iron is bound to the four ligands provided by the Schiff base, the
N, of the Histidine 20 and the O, of the Glutamate 24. All bond lengths of the first
coordination sphere of the metal are about 2.0 A. Importantly, added to a distortion
of the cofactor similar to those observed for the model A1, the Fe(Schiff base) also
presents a large deviation of the central aromatic ring of Schiff base out the average
plane (Fig. 6¢c). The resulting deformation is never observed either in gas phase mini-
mized structures of the Fe(Schiff base) compound or in the structural database of
small molecules or proteins. It is most likely that such deformation represents an
important additional constraint on the cofactor. A displacement of helix aA is
also observed for these species and is more important than those obtained in the cor-
responding minimized structures of the model Al. Finally, for the Fe(i1) low spin
system, the initial hexacoordinated configuration is not maintained during the mini-
mization and the final structure presents a pentacoordinated environment with the
side chain of the Glu24 out of the coordination sphere of the metal (Fig. 6d). It is
most likely that the constraints suffered by the cofactor as described earlier added
to the general tendency of low spin systems to adopt a planar conformation provoke
the removal of the sixth ligand for the first coordination sphere of the metal and the
subsequent change in geometry. Interestingly, the structural features of the species
are actually similar to those of the model B2. Precisely, the optimized structures
of the model B2 present a square pyramidal conformation with the same coordina-
tion environment than reported for the model A2. The distances are about 2.0 A for
the first sphere of coordination and, in this conformation, the Glutamate 24 presents
its side chain pointing towards the solvent. Like for the optimized geometries of the
model B1, the minimized structures of the model B2 presents severe distortions of
the cofactor. In this case though, this deformation corresponds to the out-of-plan
bending of the central aromatic ring. The differences observed between models Bl
and B2, are due to the exclusion of the side chain of the Glutamate 24 from the
vicinity of the iron that allows a slight displacement of the cofactor in B1 towards
the solvent but increases the contacts on the central aromatic moiety with the aG
and oH helices.

The apparently unfavourable distortions observed in all the optimized structures
resulting from the binding mode B are consistent with the calculated QM/MM ener-
gies (Table 2). Both models B1 and B2 present differences in energy higher than 650
kJ mol~" when comparing with the less stable optimized structures obtained for the
binding mode A. The main contribution in such energetic differences is associated to
the MM part of the system. This sustains that the large distortions of both the helix
and the aromatic ring of the Schiff base have a destabilizing impact on the system.
Importantly, this high difference in energy allows us to discard binding orientation B
as a relevant candidate for the prediction of the binding of the Fe(Schiff base) to
¢dHO and let the optimized structures of binding mode A be unique possible candi-
dates for the formation of the complex; a result in agreement with the experimental
knowledge.

Regarding binding mode A, the differences in energy between the hexacoordi-
nated (A1) and pentacoordinated (A2) models are generally subtle and do not over-
come 132 kJ mol™"'. Since comparing different spin and oxidation states of the iron
by density functional theory remains a complex question, we prefer to discuss the
relative stability of the different conformations for a given spin state. For the
Fe(m) low spin systems, one can see that the pentacoordinated square pyramidal
conformation (A2) is preferred to the hexacoordinated one (Al) by 36.7 kJ mol~!
(Table 2). Most of the difference is provided by the quantum mechanical part of
the system showing that the electronic properties dominate in this stabilization. In
Fe(11) high spin systems, the hexacoordinated configuration is slightly more stable
by 10.9 kJ mol~! but this low difference in energy suggests a readily conversion
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between both configurations in solvent condition. A similar behaviour should be ex-
pected for Fe(ur) high spin systems because the difference in QM/MM energy is
lower than 2.5 kJ mol~'. However, such conversion is most likely impossible for
the low spin Fe(i) since the pentacoordinated system is 137.8 kJ mol~' less stable
than its hexacoordinated counterpart. Interestingly, this state corresponds to the ex-
pected electronic configuration of the crystallographic species. Based on the ener-
getic trends obtained from our QM/MM calculations, transition between
pentacoordinated and hexacoordinated structures in solution are most likely to
occur for other electronic configurations that the high spin Fe(u).

From a more fundamental point of view, we stress that, with the exception of the
Fe(m) low spin, the energetic tendencies obtained in the QM region are largely coun-
terbalanced by those of the MM region (i.e. respectively —25.1 and 35.9 kJ mol~! for
Fe(11) high spin systems). This clearly highlights the importance of finding a method
which is able to accurately reproduce the fine electronic effects of the accurate
predictions of transition metal-protein interactions, including the real size system.

The QM/MM calculations performed on the different models generated by refine-
ment of the docking solutions of the models A and B of the Fe(Schiff base)-cdHO
provide key molecular information. First, such calculations allow discarding models
B1 and B2 as possible binding orientations based on energetic and structural consid-
erations. QM/MM calculations are also able to provide with three dimensional
models of the hexacoordinated Fe(Schiff base)-cdHO systems in very good agree-
ment with the experiment. This result clearly highlights the good predictive ability
that the kind of integrative protocol presented here can offer. Interestingly, our
calculations also provide three dimensional models of pentacoordinated species of
the Fe(Schiff base)- cdHO and sustain the idea that these conformations should be
accessible in experimental conditions; the transition between penta- and hexacoordi-
nated configurations should be dependent on the electronic configuration of the
metal. But what is the real significance of these pentacoordinated structures? Could
they have chemical sense or even provide molecular insight on the design, redesign or
optimization of artificial cofactors?

Computational insights on Fe(Schiff-base)- HO binding mechanism

The Fe(Schiff-base)- HO composite designed by Ueno et al.® represents a major step
forward in the design of synthetic metalloenzymes. The possibility that this
composite gains its activity via an electron transfer with the natural partner of
¢dHO represents a new conceptual framework for applications in biomedicine and
electronics. This composite is also one of the few with a resolved crystallographic
structure and represents an excellent model system for testing the prediction of
the interaction of inorganic complexes with a protein host by computational means.

From our simulations, the distorted conformation of the cofactor appears as
the results of several molecular variables. The lack of a “fourth quadrant” of the
Fe(Schiff base) cofactor with respect to the heme means one equatorial side of the
metal is more accessible to the environment than for the natural substrate of
c¢dHO. The local flexibility of Glutamate 24, the global flexibility of aA helix and
the positive charge of the iron stabilize the entrance of the glutamate in the first coor-
dination sphere of the metal. The flexibility of the Schiff base on its part allows the
sufficient displacement of the iron out-of-the-plane of the cofactor so that the Gluta-
mate 24 can bind the metal at the remaining equatorial positions of the octahedron.
The unexpected conformation of the cofactor is therefore the result of the relative
energetic costs between the distortion of the Schiff base, the formation of a new
coordination bond and the displacement of the helix.

Our calculations also show that the conversion from a hexacoordinated system
with His20 and Glu24 as coordinating amino acids of the iron to a pentacoordinated
system with the His20 as the unique protein ligand should be accessible in experi-
mental conditions. This provides interesting information on a quite struggling piece
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of molecular event. Indeed, Fe(Schiff-base)- HO systems activate oxygen from O, to
O~,. This process is related to the change of oxidation state of the iron and the tran-
sition from Fe(1n) to Fe(m); the latest corresponds to the electronic state that allows
the fixation of the oxygen. Intriguingly, the octahedral configuration of the iron, as
observed in the experimental structures, appears quite inadequate for performing
such fixation. Indeed, the iron atom has its first coordination sphere crowded and
no room is available for oxygen binding. The calculation of the accessible volume
around the iron in the experimental system shows that very little room is available
at this site (about 6.1 A?) (Fig. 8a). Therefore, one wonders how the oxygen could
bind onto this hexacoordinated structure.

The analysis of the optimized pentacoordinated complexes for Fe(i) high spin
shows that a wider space is accessible on the top of the iron (about 70 A% with
a volume similar to the one observed in crystallographic complexes of HO bound
with oxy-heme (66 A%) (Fig. 8b). As one would expect, the formation of the penta-
coordinated structure should initiate the catalytic process of this artificial enzyme.
Therefore, the 3 dimensional model of the pentaccordinated systems, and in partic-
ular the high spin one, could provide interesting information for the catalytic

Fig. 8 Comparison of the available space above the iron moiety in (a) the experimental struc-
ture of the Fe(Schiff base)- HO composite (octahedral configuration) and (b) the theoretical
Fe(Schiff base)- HO system obtained with the ONIOM B3LYP/AMBER calculations (square
pyramidal configuration).
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properties of this family of artificial enzymes. However, the study of this particular
part of the design goes further than the scope of the actual discussion.

Computational techniques for predicting the interactions of inorganic species with
biological systems

The structure of the first composite obtained by the insertion of a Fe(Schiff base)
into the binding site of the heme oxygenase of Corynebacterium diphtheriae repre-
sents one of the most challenging systems to predict by molecular modelling tech-
niques. This is mainly due to the number of bioinorganic variables that are to be
taken in account for an accurate prediction of the interaction between the inorganic
compound and its host: plasticity of the first coordination sphere of the metal, elec-
trostatic interactions between both partners, changes in oxidation and spin states,
flexibility of the macrocyclic inorganic moiety, plasticity of the receptor, etc. In
fact, these different aspects could be summarised into one of the fundamental ques-
tions in the recognition process of bioinorganic systems: how the metallic species
induces conformational changes on the protein and how the protein scaffold controls
the coordination sphere of the metal. Nowadays, no unique molecular modelling
technique is able to deal accurately with these two aspects. Developments of more
accurate empirical functions able to deal with fine electronic effects of transition
metals or the development of faster ab initio or DFT codes will undoubtedly lead
to major improvements and breakthroughs in this field. To date, however, only
protocols that combine several techniques together represent reliable alternatives
to study the binding of metallic species to biological macromolecules.

In this study, an initial integrative computational protocol is applied to a unique
system with major implications for the design of artificial enzymes. The possibility of
determining several energetically relevant coordination states of a metal when inter-
acting with its host as well as the characterization of the impact of metal binding on
the structure of the receptor opens new avenues in bio-inorganic chemistry. Indeed,
very similar approaches that combine Quantum Mechanical steps (for an accurate
representation of the metal environment) with approximated computational
approaches (for an extensive search on the conformational space of the entire molec-
ular system) should substantially help the prediction of the native structures of met-
alloproteins. For example, these approaches should allow the generation of three
dimensional models of structures of metalloproteins bound to their natural cofactor
when only the apo-structure of the protein is available (being the apo-structure from
experimental nature or provided by homology modelling calculations). These tools
should particularly useful since the release of the structure apo-structures of metal-
loproteins in the Protein Data Bank is frequent and this phenomenon is likely to
increase because of the growing number of structural genomic projects. Several
ways of developments can be imagined for upgrading the general framework of
homology modelling procedures by quantum mechanical extensions and its is to
expect that they would lead to more realistic structural and energetic properties of
the resulting three dimensional models. Another possible application would be the
integration of QM steps for the ab initio simulations of the folding process of
proteins, peptides or DNA upon the binding of metallic species. In this case,
quantum mechanical based approaches should be coupled with Molecular
Dynamics methodologies. Such approaches can potentially bring major steps
forward in biomedicine and more particularly in neurodegenerative diseases like
Alzheimer or Parkinson.

Conclusion

“What could bring molecular modelling techniques into the design of artificial metal
containing cofactor?” is a vast question. The present study shows that individual
computational chemistry techniques could provide some molecular insights in this
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field but that a protocol integrating several of them can be highly predictive. In
particular, this work shows that standard protein-ligand dockings already provide
relevant orientations of the cofactor into the host cavity when adequate receptor
structures are selected for the process, but lack the necessary accuracy for the first
coordination sphere of the metal in order to discriminate between all possible solu-
tions. Statistical treatment and structural modelling on the docking results allows
the correct characterization of those residues that could bind to the metal and to
generate a first series of structural models. QM/MM calculations thanks to an accu-
rate representation of the metal and its environment allow discriminating between
hypothetic binding modes and stable coordination states. The integrative approach
presented here leads to structural models in an extremely good agreement with the
challenging Fe(Schiff base)-HO structure of the composite designed by Ueno
et al’> and shows a very interesting degree of predictiveness. Moreover, for this
particular system, our calculations also predict that the transition between square
pyramidal and octahedral configurations of the iron should have a reduced energetic
cost, partially explaining the activation step of the system. Although substantial
improvements are still required, this study clearly demonstrates that integrative
computational approaches are good predictive tools for the determination of low
energy metal-cofactor-protein complexes. Natural extensions of the present work
outside the artificial metalloenzymes framework includes the improvement of
homology modelling techniques for the prediction of native structures of metallo-
proteins bound to their natural metallic cofactor or the prediction of metal induced
folding of proteins and peptides. We are currently exploring several of these aspects.
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In the organism, cisplatin binds to numerous proteins. These interactions can ultimately lead to the emergence of
resistance and side effects. Little is known on these recognition processes with only few crystallographic struc-
tures of cisplatinated proteins released so far. Some of them, like the monoadduct of cisplatin with the hen egg
white lysozyme, display unexpected structural features. Instead of the usual square planar configuration of the
metal, an apparent T-shaped geometry is observed. This tri-coordinated structure could be a consequence of
some crystallographic limitations. However, the increasing reports of tri-coordinated Pt(Il) organometallic com-
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Molecular modelling plexes questions whether it could also have some physiological relevance. Here, we present a computational
Cisplatin study allying pure quantum mechanical and hybrid quantum mechanical/molecular mechanics methodologies

to shed light on this particular question. Calculations on monoadducts of cis-diamminediaquo-platinum(II)
with protein models show that square planar geometries are, as expected, the most stable ones. Dehydrations
leading to trigonal geometries have Gibbs energies ranging from 8 to 31 kcal/mol and indicate that some of
them may be possible in a proteic environment. Nonetheless, we also observed that such conditions are not
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afforded in the hen egg white lysozyme adduct.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Cisplatin (cis-[Pt(NH3),Cl,]) represents a major success in anti-
cancer therapy as well as a cornerstone in the fields of bioinorganics
and metallodrug design [1]. Its therapeutic action is now well known
and stands on a direct interaction with DNA strands. Despite some
preferences to form 1,2 guanine intra-strands adducts, cisplatin is too
unspecific to afford selective therapies. In the organism, the drug also
interacts with many biomolecules and participates to a cascade of
molecular events that ultimately lead to side effects and the emergence
of resistance [2].

Cisplatin interacts with a broad range of extra and intracellular
proteins with approximately 65 to 98% of the drug already bound to
plasma proteins short after administration [3]. The list of cisplatin
targets is constantly increasing and includes, for instance, transferrin
[4], serum albumin [5-7], haemoglobin [3] or apo lipoproteins [7],
ubiquitin [8] or metathioneins [9] or copper transport proteins [10].
Today, cisplatin-protein interactions are widely characterized by
spectroscopic techniques (i.e. mass spectrometry) that allow to iden-
tify the binding site(s) of the drug but remain often ambiguous to
describe its exact mode of coordination.
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Only few X-ray structures of cisplatin-protein adducts have been
released so far. Despite representing fundamental three dimensional
models for further developments of platinum derivatives, some of them
show unexpected geometries from an inorganic chemistry point of
view. In particular, the complexes of cisplatin with the hen egg white
lysozyme [11] (pdb code 2I6Z with a resolution of 1.90 A) or with the
bovine Cu, Zn superoxide dismutase [12] (pdb code 2AEO with a resolu-
tion of 1.80 A) reveal unusual tri-coordinated coordination modes of the
metal. In both cases, the drug binds at the surface of the protein via a
Pt(I)-histidine coordination bond but the lack [11] or weak density
[12] at the fourth coordination site of the metal is consistent with a
T-shape geometry. Technical limitations could obviously be the origin of
the lack of density of a fourth ligand (most likely a water molecule). None-
theless, reasonable doubts exist on whether tri-coordinated species could
be native.

The viability of trigonal planar Pt(Il) systems are generally a cen-
tre of debate.! These 14-electron complexes have been shown to be
primary actors in the catalytic cycles of homogeneous catalysts
[13,14] and have been suggested to participate in an dissociative
binding mechanism of cisplatin to DNA [15]. Today, a general consen-
sus exists in which these species are considered unstable and only

! Note that we refer to trigonal planar systems those in which one central atom is
bound to three others in the same plane. T-shaped and Y-shaped geometries represent
particular cases of this geometry [63].



transitory in nature. Nonetheless, tri-coordinated Pt(II) organometallic
complexes have been increasingly reported in the recent years [16-
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22]. Most of them adopt a T-shaped geometry that is stabilized by a
weak agostic interaction between one of the ligand and the vacant
site of the metal. When the ligands are hindered enough, Y-shaped
geometries can also be observed [23]. All these tri-coordinated systems
suggest that under an adequate second coordination sphere of the
metal, trigonal planar geometries of Pt(Il) complexes could be reached.
Therefore, one could fairly wonder if such conditions are fulfilled for cis-
platin-protein adducts in physiological conditions.

Theoretical works on the molecular mechanism of cisplatin are
profuse. Most are centred on its interaction with DNA [24-26]. Only
a reduced, but enlightening, amount of work has been dedicated to
its binding to proteins. All of them have been carried out using pure
quantum mechanical approaches on models that mimic the first coor-
dination sphere of the metal. These studies have shed light on the
molecular factors that allow the drug to reach its final target [27],
explored the mechanism of hydration of the drug under physiological
media [28] considering pH and chloride concentration [29] or provid-
ed with rationale of the kinetics over thermodynamics grounds for
the selectivity of the drugs towards sulphur containing amino acids
(cysteine and methionine) against N- and O-amino acid donors [30,
31]. Regarding tri-coordinated complexes, calculations have also
discarded them as intermediates in water exchange processes in
tetraaquo paladium(Il) and platinum(Il) complexes [32], the activa-
tion of cisplatinum in water [33] and identified steric contributions
in their stabilization against dimeric or square planar forms [34]. To
our knowledge though, attempts to understand their role in the inter-
action of cisplatin with proteins have not been made.

Here, we report an analysis of cisplatin monoadducts with protein
models in trigonal planar configurations. Calculations were carried out
with pure quantum mechanical (QM) calculations on cluster models
as well as with hybrid quantum mechanics/molecular mechanics
(QM/MM) on the cisplatinated hen egg white lysozyme. After charac-
terizing the geometries of [Pt(I)(NH3),X]™?" adducts (where X
stands for water and 8 different amino acid models and water)
using pure density functional theory (DFT) calculations, we analysed
three different variables that could be crucial in defining the mode of
binding of the drug with proteins in a tri-coordinated mode: 1) the
energy of the Pt-X bond, 2) the cost of the transition from square pla-
nar monoaquo [Pt(II)(H,0)(NH5),X] 2™ to its trigonal counterpart
and 3) the impact of the bulk solvent on this transition. The role of
the anisotropic environment created by the protein on the metal and
the accessibility of discrete water molecules in its neighbourhood
were finally investigated with the ONIOM (DFT:AMBER) scheme on
the X-ray system.

2. Methods
2.1. Cluster models

First, calculations were carried out on structures derived from
cis-diamminediaquo-platinum(II) interacting with proteins as well
as the initial diaquo complex. They correspond to the trigonal planar
[Pt(I1)(NH3),X] /2 Tand square planar [Pt(II)(H,0)(NH5),X] /2 *sys-
tems where X is water (1), histidine (2), lysine (3), cysteine (4),
cysteinate (5), methionine (6), tyrosine (7), tyrosinate (8), threonine
(9) and glutamate (10) (Scheme 1). Geometry optimizations and
Gibbs energy calculations were performed with the Gaussian09 pack-
age [35] at the DFT B3LYP level [36,37]. Calculations were carried out
with a mixed basis set combining the effective core potential
LANL2DZ [38] for Pt and the 6-31+G* [39] for the main group ele-
ments. Energy minimizations were performed in gas phase. These en-
ergies were improved by means of single point calculations increasing
the size of the basis set for the main group elements to 6-311+G* [40].
In the case of the metal, increasing the size of the effective core
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Scheme 1. Labelling and two dimensional representations of the model systems
[Pt(NH3),(H,0)X] /2 and [Pt(NHs),X]*/*2 used in this study with X an amino acid model.

potential to a LANL2TZ did not result in any significant changes of the
energy. Frequency calculations were performed in order to calculate
the Gibbs energy at standard conditions (at 298.15 K and 1 atm of
pressure).

Solvation effects were computed on the optimized structures with
the conductor-like screening model (COSMO [41-43]) as implemented
in ADF 12.0 package [44]. Defining the exact dielectric constant for a
proteic environment is a complex process [45,46] and as a general con-
sensus four dielectric constants (g) were used to simulate different
media: water (¢ =78.4), blood plasma (¢ =58.0) [47], and protein envi-
ronment with high (i.e. surface or relatively accessible sites) (¢ =9.0) or
low (i.e. deep anchored in the protein matrix) (& =2.0) dielectric con-
stants [48-50].

Two corrections were further applied. One corresponds to the
change of Gibbs energies from standard state of gas (1 atm) to liquid
(M). Assuming an ideal gas behaviour, this correction is:

AG = AnRT1n(24.46)

where An refers to the change of the number of species in the reac-
tion. The second corresponds to the Gibbs energy change associated
to n moles of water from 1 to 55.34 M (its concentration in pure lig-
uid water) [51-53]:

AG = nRT1n(55.34).

To study the strength of the coordination bond between the metal
and individual amino acids energy decomposition analysis (EDA) was
performed as implemented in the ADF 12.0 package [54-56]. EDA
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calculates the bond energy (—Bag) among two fragments A and B fol-
lowing the next formula:

_BAE = AEint + AEprep

where AE;,; corresponds to the sum of the classical electrostatic inter-
action between both fragments (AVeys), the Pauli repulsion (AEpau;)
and the associated orbital interaction energy (AE;)[44]:

AEint = Avelst + AEpauli + AEoi-

Additionally, the term AEp, is the total energy that is necessary
to distort and electronically excite all fragments to the state which
A and B are in the molecule AB [57].

2.2. QM/MM calculations

In the last part of this work, QM/MM calculations were undertak-
en using the ONIOM [58] scheme implemented in Gaussian09 on the
cisplatinated hen egg white lysozyme adduct [11]. The QM part of the
system was modelled with the B3LYP functional while the MM part
was treated with the AMBER force field [59]. The total number of
atoms of the system is 2548 with 32 described in the QM part and
the rest in the MM region. 160 water molecules were added to solvate
the entire protein. Atoms in a sphere of 5 A around the metal were
allowed full flexibility while the rest (1825 atoms) was frozen. To
avoid artefacts between QM and MM representation of water mole-
cules, those in the nearby region of the drug (4 in total) were comput-
ed at the quantum mechanical level. The boundary between QM and
MM was described with the link-atom scheme.

3. Results and discussion
3.1. Trigonal planar geometries of [Pt(Il)(NH3).X] 2 " models

This part of the study aims at characterizing the geometry of trigo-
nal planar geometries of cisplatin adducts with amino acids. Geome-
try optimizations of [Pt(II)(NHs)-X] 2" with X being models of
amino acids (water (1), histidine (2), lysine (3), cysteine (4),
cysteinate (5), methionine (6), tyrosine (7), tyrosinate (8), threonine
(9) and glutamate (10)) were carried out with Gaussian 09 consider-
ing usual standard protonation states or those, less frequent, that
have been attributed to metal binding (i.e. tyrosinate) (Scheme 1).

For each [Pt(II)(NH5),X] 2" systems, reasonable metal-ligand
bond lengths were obtained with Pt-NHj3 distances between 2.0 and
2.2 A and Pt-X distances from 1.9 to 2.4 A (Table 1). For the latest,
shorter distances were observed for nitrogen and oxygen donors
over sulphur containing ones and negatively charged residues over
their neutral counterparts. Bond lengths of the first coordination
sphere of the metal were found to be similar to those obtained for
square planar geometries (with differences lower than 0.1 A, see
Table S1 in Supporting information) and suggest that the removal of
the water molecule from the system has little structural impact on
the M-L bond. Only the cysteinate containing complexes displays a

noticeable difference of 0.16 A between its tri-coordinated and
tetra-coordinated configurations.

The N,-Pt-X angle ranges from 137.3 to 177.4° (Table 1) that
shows that most of calculated complexes are T-shaped in nature
(Table 1 and Fig. 1). For water (1), histidine (2), lysine (3), cysteine
(4), tyrosine (7), and threonine (9) deviations from a perfect
T-shaped geometry do not exceed 13°. A very good agreement is
obtained between complex 2 and the experimental structure of the
histidine bound cisplatinated hen egg white lysozyme [11]. The devi-
ation is slightly more pronounced for the tri-coordinated complexes
with methionine (6) and tyrosinate (8) (No-Pt-X of 159.5 and
158.7° respectively) reaching to an almost ideal trigonal planar situa-
tion for the cysteinate (5) (No—Pt-X of 137.3°).

Two minima were characterized for [Pt(II)(NH3)»(Glu)]* (10 and
10’) that mainly differ in the interaction of the metal with the carbox-
ylic group. In 10, the amino acid binds the metal in a monodentate
fashion with the remaining carboxyl oxygen hydrogen bonded to
the 3 amino group (a hydrogen bond already present in the square
planar geometry as shown in Fig. S1). In 10/, the carboxylate acts as
a bidentate ligand and leads to a slightly distorted square planar ge-
ometry (Now -Pt-X=167.1°). This complex was computed to be ca.
25 kcal/mol more stable than its monodentate counterpart. To our
knowledge, these distinctive mono- and bidentate binding modes of
the glutamate with cisplatin have not been reported so far. It might
have though some implications in the distinctive binding profiles ex-
perimentally observed for cisplatin interaction with oxygen, nitrogen
and sulphur donors [7,8,31] and should be further investigated.

Until now, our results indicate that for most amino acids, including
histidine, stable trigonal planar geometries with T-shaped configuration
exist as minima on the gas phase potential energy surface. With the
exception of the monodentate complex [Pt(I)(NHs),(Glu)]*, no inter-
action of the second coordination sphere is required for the formation of
this tri-coordinated species. Only one Y-shaped structure has been
characterized and corresponds to the binding of the deprotonated
cysteine to the drug.

3.2. Strength of the cisplatin-X bond

The M-X bond energy was studied for complexes 1 to 10’ (Scheme 2).
Calculations were carried out using the energy decomposition analysis
implemented in ADF 12.0 (Table 2). This scheme provides with the total
bond energy as well as discrete energetic terms associated with chemical-
ly meaningful concepts such as orbital interactions, Pauli repulsion and
electrostatic energies.

Regarding the total bond energies, lower values were obtained for
cysteinate, tyrosinate and glutamate (about — 300 kcal/mol in aver-
age for 5, 8 and 10 respectively) followed by histidine, lysine and
methionine (in a range of —120 to — 100 kcal/mol for 2, 3 and 6).
Finally, threonine, cysteine and tyrosine present the weaker bonds
though still substantially stronger than the one obtained for a water
molecule (—78.4, —89.4 and —81.2 respectively in front of —
59.2 kcal/mol). Although the EDA analysis does not point towards a
unique energetic component to account for the differences observed,
it first shows that electrostatic interactions are dominant in this trend

Table 1
Relevant geometric parameters for tri-coordinated Pt(Il) complexes 1 to 10’. Distances are in A and angles in degrees.
1 2 3 4 5 6 7 8 9 10 10’
H,0 His Lys Cys Cys- Met Tyr Tyr- Thr Glu Glu
Pt-Noa 2.06 213 213 2.14 2.15 2.15 2.09 2.15 2.09 213 2.10
Pt-Np 2.02 2.03 2.04 2.03 2.15 2.05 2.09 213 2.03 2,01 2.10
Pt-X 2.11 2.01 2.09 2.38 217 2.28 2.09 1.93 2.05 1.97 2.07
No-Pt-X 1774 1731 173.5 176.3 137.3 159.5 167.1 158.7 169.0 169.8 167.1
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Fig. 1. Representative geometries of optimized [Pt(NH3),X]*/*+?2

yellow/sulphur.

being up to 4 times higher for negatively charged residues than for
neutral ligands (Table 2). For neutral species, smaller bond energies
for threonine, tyrosine and cysteine versus methionine, lysine and
histidine are due to weaker electrostatic and/or orbital interactions.

Not surprisingly, the bond energy associated to the glutamate
containing systems 10 and 10’ are the greatest of the series (ca.
—300 kcal/mol). Moreover, its bidentate mode is favoured by
30 kcal/mol over the monodentate one. The EDA shows that this is re-
lated to a better orbital interaction in the former. This is mainly due to
the additional Pt-O bond formed in 10 with respect to 10". Interestingly,
the Pt-cysteinate bond energy in 5 is of the same order of magnitude
than the Pt-glutamate one in 10’ despite presenting monodentate coor-
dination mode. Natural bond orbital analysis shows that a om bonding
between the sulphur atom and the metal occurs in this system. The
additional m orbital results from the combination of the 3py of the
sulphur and a mixture of 7py, 6dy, and 6d,, of the metal. This double
bond is responsible for the shorter M-X distance observed in 5 as well
as the deviation of the system towards a Y-shaped geometry.

When comparing trigonal and square planar geometries, one can
see that the overall trend of bond energies between amino acids is
preserved (Table S1 and Lau et al. [50]). Nonetheless, bond energies
are systematically stronger for trigonal than square planar systems
from about 15 (1, 2, 3), 20 (4, 10, 6) or even 40 (5) kcal/mol. The

N H; NgH;
AEinl + X
H;Ng——Pt—H,0 —  1)Ng—Pt—H0
X
Complex Fragment 1 Fragment 2

Scheme 2. Schematic representation of the meaning of EDA calculations taking square
planar complex as an example.

systems. Atom colouring code: blue/nitrogen, red/oxygen, white, hydrogen, grey/carbon, light grey/platinum,

lack of a fourth ligand is naturally compensated by stronger M-X
interactions.

This part of the study only focuses on the nature of the metal-hetero-
atom bond and does not consider other potentially relevant variables of
the binding process (including entropic contributions, solvation or
anisotropic effects of a protein matrix). This has been the objective of
the following sections.

3.3. Energetic cost of the transition from square to trigonal
planar geometries

Taking aquocisplatin as a study system, the transition from square
planar [Pt(I1)(NH5)»(H,0)X] ™2+ to trigonal planar geometries [Pt(1I)
(NHs),X] 27 consists in the removal of one water molecule from the
first coordination sphere of the metal (Scheme 3). In order to better
evaluate the contribution of tri-coordinated geometries in the bind-
ing mechanism of cisplatin to proteins, the Gibbs energies of dehydra-
tion of the monoaquo square planar adducts, AG, were calculated.
Since solvation effects could have impact on these results, calcula-
tions were carried out using continuum solvent models. We used
dielectric constants to simulate pure water (€ =78.8), plasma (¢ =58),
relatively solvent exposed region of proteins or protein with relatively
high permissivity (¢=9) or regions deeply anchored in the proteic
matrix environment (¢ =2) (Table 3).

For all the systems considered in this study, the Gibbs energies of
dehydration were found to be positive. The removal of the aqueous
ligand from the square planar complexes is predicted not to be sponta-
neous. Different orders of magnitude of AG are observed though. For
continuum models that mimic strong to limited solvent exposed envi-
ronments (dielectric constant from 78.8 to 9) three subsets can be de-
fined. The subset 1 contains systems 8 (tyrosinate), 5 (cysteinate) and
7 (tyrosine) for which AG varies from about 8 to 14.5 kcal/mol. The sub-
set 2 contains systems 1-4 (containing a second water molecule, histi-
dine, lysine and a cysteine), 6 (methionine) and 9 (threonine) with
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Gas-phase binding energies of amino acid models to cisplatin in trigonal and square planar geometries obtained from energy decomposition analysis [51,52] as implemented in ADF

12 [44]. Energies are reported in kcal/mol.

1 2 3 4 5 6 7 8 9 10 10/
H,0 His Lys Cys Cys- Met Tyr Tyr- Thr Glu Glu
— By (trigonal) —59.2 —11938 —99.2 —894 —3316 —1025 —81.2 —304.5 —784 —306.0 —3356
Electrostatic energy —735 —164.6 —1343 —103.1 —414.1 —1202 —726 —304.1 —954 —3348 —368.6
Pauli repulsion 58.2 1373 116.4 1063 2495 126.0 64.1 147.8 80.5 149.1 1742
Orbital interaction —45.1 —98.0 —85.7 —95.7 —1753 —1144 —789 —157.1 —703 —1246 —147.7
AE preparation 1.13 5.4 4.5 3.1 83 6.0 6.1 79 6.74 43 5.6
— Bag (square planar) —49.5 —103.2 —84.6 —76.1 —292.2 —83.6 —64.5 —2731 —64.7 —276.6 —276.6
Electrostatic energy —67.0 —151.2 —1306 —98.7 —360.6 —108.6 —73.1 —286.5 —826 —3166 —3166
Pauli repulsion 55.3 126.9 117.8 100.9 1822 108.1 66.5 1204 69.7 13322 133.2
Orbital interaction —39.1 —8324 —785 —81.64 —1255 —90.8 —64.0 -119.3 —56.3 —104.8 —104.8
AE preparation 14 437 6.7 33 117 7.7 6.1 124 45 116 11.6
-~ T favourable processes is observed. Moreover, the variation of the di-
Lk L electric constant from 78.8 to 9 does not alter the Gibbs energy
AG more than 2 kcal/mol for each complexes. However, when reaching
INg—Pt—H,0 ——=  HiNg Pt + N0 £=2 AG increases from 6 to 12 kcal/mol. Apparently, the removal of
fourth ligand is less likely to occur in highly hydrophobic media (like
X X a deep protein core) than in more solvated environments (i.e. the

Scheme 3. Schematic representation of the dehydration mechanism considered in this
study.

values from about 17.0 to 21.5 kcal/mol. The latest subset only accounts
for the glutamate bound cisplatin in monodentate (10) and bidentate
(10’) modes.

The lower endoergonicities of the dehydration process of subset 1
over subset 2 are due to different factors. In the cysteinate containing
system (5), the presence of an additional bond is the major compo-
nent of the small AG value as it leads to a smaller gap between trigo-
nal and square planar complexes. For tyrosine containing complexes,
small AG values are obtained because of weaker desolvation penal-
ties. This result is to consider with caution since 7 and 8 are substan-
tially larger than the other systems of the series. The comparison of
the solvation energy of systems with different charges and size still
remains a challenge in computational chemistry and represents a lim-
itation of cluster models [60].

Interestingly, the Gibbs energy of dehydration varies drastically
between 10 and 10’ (— 55 and 16 kcal/mol respectively). In fact, the
removal of the water to form a bidentate adduct is the only spontane-
ous process observed in this study. This suggests that this binding
mode could be substantially favoured in the binding of cisplatin
with a protein.

Whatever the dielectric constant, the general trend of dehydration
energies is maintained. Only inversion between the dehydration of
[Pt(I)(NHs5)5(Cys-)]" (5) and [Pt(I)(NH3),(Tyr-)] " (8) as the most

Table 3

bulk solvent, a protein with a low dielectric constant or at the interface
between the protein and the water media). This is consistent with the
experimental T-shaped structures where the drug interacts with at
the surface of the hen egg white lysozyme. Surprisingly, the dehydra-
tion energies of [Pt(II)(NH3),(Cys-)]" (5) and [Pt(II)(NH;3),Glu]™
(10’) are not affected by the change of the continuum conditions.

The comparison between the Gibbs energy of dehydration of com-
plexes 2 to 10’ with the one calculated for the initial diaquo system
(1) allows one to study how the amino acids affect the binding of the
fourth ligand. For complexes of subset 2, the differences range from 1
to 3 kcal/mol which represents a weak alteration of the Pt-OH, interac-
tion. For those of the subset 1 differences are from 8 to 10 kcal/mol. In
these systems, the binding of cisplatin to the protein should noticeably
weaken the interaction with the remaining water molecule. Finally, in
the formation of the bidentate adduct with glutamate (10’), the impact
on the Pt-OH; raises up to 86 kcal/mol. These tendencies remain most-
ly unchanged for dielectric constants from 78.8 to 9 but are more pro-
nounced for €=2. However, for the cysteinate containing system 5
the Pt(II)-OH, interaction is substantially weakened independently of
dielectric properties of the medium. These results suggest that such
tri-coordinated adducts may equally occur in different media.

The results of this part of the study provide some clues on the cost of
the removal of the water molecule from square planar monoadducts of
cisplatin with amino acids. They remain though partial regarding the
hen egg white lysozyme adduct. The cluster models show that histidine
can form a T-shaped adduct with a good Pt-N bond energy and slightly
increases the weakness of the leaving water. However, the dehydration

Energy terms associated to the dehydration of cis-[Pt(II)(NH3),(H,0)X]*/2*. AE, is the difference in potential energy, AZPE the zero point energy correction, AEror the sum of the
two previous term, AGs,, the solvation energy calculated with the COSMO model and AG the total Gibbs energy of dehydration. Energies are reported in kcal/mol.

1 2 3 4 5 6 7 8 9 10 10’

H,0 His Lys Cys Cys- Met Tyr Tyr- Thr Glu Glu
AE, 52.7 453 47.7 473 25.5 443 279 34.0 48.4 12.2 378
AZPE —32 —35 —33 —35 —33 —34 —35 —338 —3.5 —26 —36
AEror —2.8 -3.0 —3.0 -3.0 —2.8 —3.0 -31 -3.0 —31 —23 —33
AGsolv(e=78.8) —24.1 —182 —20.6 —19.1 —5.1 —143 —2.6 —14.8 —196 —12.7 —3.7
AGsolv(e=58) —22.8 —-179 —204 —189 —48 —14.1 —24 —13.8 —194 —126 —34
AGsolv(e=09) —203 —15.7 —18.0 —16.6 —4.1 —122 —23 —10.7 —17.2 —109 —29
AGsolv(e=2) —109 —7.7 —-9.1 —84 —21 —5.8 —1.6 —32 —87 —5.0 —14
AG(e=78.8) 20.0 17.3 18.1 189 112 203 126 8.2 19.7 16.0 —57.1
AG(e=58) 213 176 18.2 19.1 115 20.5 13.1 9.3 19.6 16.1 —56.7
AG(e=9) 215 176 18.4 19.1 9.8 20.1 144 10.0 19.7 15.5 —585
AG(e=2) 30.9 255 273 273 11.9 26.5 264 17.5 28.2 214 —56.9
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Table 4
Structural parameters of the experimental and calculated cisplatinated adduct of hen
lysozyme. Distances are in A and angles in degrees.

Experimental. Calculated.
Pt-No 2.02 2.02
Pt-N 2.02 2.02
Pt-OH, - 213
Pt-N(His15) 213 2.08
Ng-Pt-Ng 89.7 89.9
Np-Pt-OH, - 173.7
Np-Pt-N;(His15) 94.2 91.5

process is predicted to be ca. 17 kcal/mol and casts doubts on the possibil-
ity of this process to occur spontaneously. How the protein environment
could impact on the stabilization of the tri-coordinated adduct was there-
fore further analysed.

3.4. QM/MM calculations on cisplatin-hen egg white lysozyme adduct

To test the possibility of the protein environment to stabilize tri-
coordinated geometries, QM/MM calculations with the ONIOM scheme
were carried out on the experimental structure of the cisplatinated hen
egg white lysozyme. Because of the number of water molecules present
in the crystal structure is limited in the neighbourhood of the metal, the
system has been previously solvated with the AmberTools[61]
implemented in UCSF chimera [62]. To avoid possible inconsistencies
between the quantum mechanical region of the system and the molec-
ular mechanical one, all the water molecules at 5 A of the metal were
included in the QM region.

The QM/MM optimized structure leads to an excellent agreement
with its experimental counterpart. Both the amino groups of the drug
and the histidine remain in similar positions. The structural differences
between calculated and experimental structures do not overcome 0.05
A and 3° for the first coordination sphere of the metal (Table 4). Howev-
er, their coordination numbers are different since the optimized struc-
ture presents a clear square planar geometry and the experimental

N \

structure a T-shaped one. During the optimization process, one of the
solvent molecules in the quantum mechanical part of the QM/MM
partition reaches the metal and binds on its vacant site (Fig. 2). Despite
multiple attempts, no true minimum structure was characterized with a
T-shaped geometry. This result conditioned that no dehydration energy
could be calculated.

These calculations show that no local constraints, steric or electro-
static, in the vicinity of the metallodrug prevent the binding of an ad-
ditional water molecule to the metal. As the authors of the crystal
structure suggest, the experimental tri-coordinated geometry likely
results from technical difficulties in identifying the water molecules
in the surrounding of the drug. The origin of the lack of density at
the fourth site is not quantifiable from our calculations.

4. Conclusion

This work is based on the reasonable doubts that recent crystallo-
graphic data offer on the stability of tri-coordinated cisplatin-protein
adducts. Calculations on cluster models show that trigonal planar
geometries exist on the potential energy surface in gas phase. Most are
T-shaped with little structural differences with respect to their corre-
sponding square planar complexes. Stronger bond energies between
the metal and the protein models are predicted to compensate the loss
of the fourth ligand. However, for all amino acids, the Gibbs energies
of dehydration are systematically endergonic. The calculations suggest
that the formation of trigonal planar complexes is not spontaneous and
is increasingly prohibitive as the drug deepens in the protein scaffold.
They also highlight interesting features on the binding of cisplatin to
cysteinate, which apparently leads to low energy Y-shaped geometries,
and to glutamate, which provides with a strong bidentate adduct.
Regarding the crystal structure of cisplatinated hen egg white lysozyme,
this study shows that a T-shaped geometry of the cisplatin-histidine
adduct exists on the potential energy surface in gas phase. Its dehydration
cost is though, quite prohibitive and QM/MM calculations show that no
interaction of the drug with the nearby atoms of the proteins prevents
the formation of a square planar adduct. In agreement with the authors

Fig. 2. Three dimensional representations of the ONIOM (B3LYP/AMBER) optimized geometry of the histidine bound cisplatin hen egg white lysozyme. [11].
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of the crystal structure, the T-shaped configuration observed in the ex-
perimental system is likely to be due to crystallographic limitations in
identifying the fourth ligand of the metal. The true physiological adduct
is most likely square planar in this case.

Taken together this study provides insights on the nature of
cisplatinated adducts with proteins and the energetic requirement
necessary to stabilize tri-coordinated complexes. Nonetheless, only the
diaquo form of the drug has been considered in this study and other spe-
cies (i.e. dichloro ones) have not been considered. Dynamical consider-
ations could also help in quantifying the life time of tri-coordinated
configurations of Pt(Il) systems and its transition to square planar
ones. Expanding the number of cisplatinated precursors as well as
performing quantum based molecular dynamics calculations should be
taken into account in future works.
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Assessing Protein-Ligand Docking for the Binding of
Organometallic Compounds to Proteins

Elisabeth Ortega-Carrasco, Agusti Lledds, and Jean-Didier Maréchal*

Organometallic compounds are increasingly used as molecular
scaffolds in drug development projects; their structural and
electronic properties offering novel opportunities in protein—
ligand complementarities. Interestingly, while protein-ligand
dockings have long become a spearhead in computer assisted
drug design, no benchmarking nor optimization have been
done for their use with organometallic compounds. Pursuing
our efforts to model metal mediated recognition processes,
we herein present a systematic study of the capabilities of the
program GOLD to predict the interactions of protein with
organometallic compounds. The study focuses on inert sys-

Introduction

Since the early success of cisplatin in anticancer therapies,
organometallic compounds have been increasingly involved in
drug design' and elements like ruthenium, rhodium, and
gold are now part of the toolbox of metal based medicine.!”
Several properties of transition metals are interesting for
medicinal applications but the most important one is the pos-
sibility to access structural arrangements that are unreachable
in pure organic architectures (i.e., square planar or octahedral).
These geometries substantially increase the chemical space
available for molecular design and can optimize the comple-
mentarity of a drug with its biological target.

Metallodrugs can interact with their target in two major
modes of action; by involving an exchange of ligands between
the drug and the receptor, in which case the interaction is
mainly driven the first coordination sphere of the metal, or by
remaining completely inert upon binding, in which case the
protein-ligand interaction takes only place throughout the
second coordination sphere of the metal. In the recent years, a
major focus of attention has been given to this latest kind of
systems. Numerous groups have obtained encouraging results
including Sadler and Melchart® in their investigations on
ruthenium half-sandwich complexes or Metzler-Nolte and
coworkers™ in their work with Fe and Ru complexes as inhibi-
tors of protein kinases. In this field, the work of Meggers and
coworkers is particularly interesting as it both leads to highly
specific candidates for kinases involved in cancer as well as
provides with numerous X-ray structures of the resulting
complexes.”!

Protein-ligand dockings have long gained a central position
in drug design projects. Despite being based on the simplistic
estimation of the energy of interaction, their predictiveness
is now well recognized. To date, the most commonly used

Journal of Computational Chemistry 2014, 35, 192-198

tems for which no alteration of the first coordination sphere
of the metal occurs upon binding. Several scaffolds are used
as test systems with different docking schemes and scoring
functions. We conclude that ChemScore is the most robust
scoring function with ASP and ChemPLP providing with good
results too and GoldScore slightly underperforming. This study
shows that current state-of-the-art protein-ligand docking
techniques are reliable for the docking of inert organometallic
compounds binding to protein. © 2013 Wiley Periodicals, Inc.

DOI: 10.1002/jcc.23472

docking software like GOLD,® Glide,” or Flexx'® offer some
optimized parameters to deal with metals. Nonetheless, these
parameters have been developed for systems where the metal
is part of the receptor. Little has been done to benchmark
how they actually work when the metal is part of the ligand; a
variable far more difficult to model because of the structural
and electronic properties of the system. We recently showed
that protein-ligand docking coupled with quantum mechani-
cal/molecular mechanics (QM/MM) allows faithful predictions
of the binding of organometallic compounds to protein for
cases in which a ligand exchange occurs.”! In these systems,
an accurate calculation of the electronic properties of the tran-
sition metal is necessary to reproduce metal induced effects.
However, for compounds with inert scaffold like the ones we
are interested here, the metal mainly has a structural role and
does not coordinate to the target. It is to expect that such
precise treatment of electronics is not necessary and that
standard protein-ligand docking methodologies could already
provide with good predictions.

The aim of this study is to assess the quality of one of the
most successful docking program, GOLD (version 5.1), to pre-
dict the interaction of inert organometallic metallodrugs with
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proteins. Because the number of crystal structures of proteins
bounds to this kind of metallodrugs is relatively small and
lower again are those for which binding constants have been
reported, this benchmark has been performed on the systems
designed at Meggers’ laboratory.

Material and Methods

Docking calculations have been performed on 16 complexes
released by Meggers’ laboratory and corresponding to 15 half-
sandwich compounds (14 ruthenium and 1 osmium containing
systems) and one which corresponds to an iron schiff base
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bound to different drug targets. The Protein Data Bank (PDB)
reference of each system and their associated reference code
used in this work (in parenthesis) are 2JLD (1), 2vAK (2),""
3FXZ (3)'% 3¢ST (@), 3Q4C (5)," 2BzI (6)'? 3BWF (7),"”
2BZH (8), 2wl (9)"® 3CSF (10),"* 2BZJ (11), 3M1S (12)"”
3FY0 (13),1'% 3PUP (14),1'" 2014 (15),1"® and 1G3C (16)!'” (Table
1). A total of eight different kinases were considered (PIM-1,
PIM-2, PI3K,GSK-3, BRAF, DAPK1, PAK1) as well as Beta Trypsin.
Calculations have been performed using four different pro-
tocols that diverge on which initial structure of the ligand has
been used and which amount of flexibility of the receptor has
been allowed. Regarding the ligand, dockings have been

Table 1. Structures of the organometallic ligands of this study.
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carried out with the geometry of their corresponding crystallo-
graphic structure or with an optimized geometry obtained
after minimization with the density functional theory (DFT)
B3LYP2>2" For the receptor, calculations have been under-
taken first with a rigid scaffold as it stands in the PDB and sec-
ond with most of the residues of the binding site flexible.
Finally, docking experiments have been carried out using the
four built-in scoring functions available in GOLD: Chem-
Score,[22'23] GoIdScore,[z‘” ChemPLP,[ZSI and ASPP® |n total, 16
protein-ligand docking series have been carried out. Perform-
ing the calculations under these distinctive schemes was
expected to allow the assessment three key players in docking
accuracy: the quality of the scoring functions, the impact of
predocking process of a ligand by QM minimization (some-
thing particularly relevant for screening exercises) and the
impact of the flexibility of the receptor in predicting the inter-
action of metallodrugs with proteins. Docking results have
been compared with the experimental systems in structural
and energetic terms.

The same protein-ligand dockings have been performed
with the GOLD5.1 suite of programs. GOLD is based on an
optimized genetic algorithm that provides with extensive
search of the protein-ligand conformational space and allow
the characterization of low energy complexes on the potential
energy surface. As most docking algorithms, GOLD allied its
conformational exploration with simplified but accurate
enough estimation of the binding energy. These scoring func-
tions are built on a series of energetic components for which
individual interactions between ligand and protein atoms have
been accurately benchmarked. GOLD accounts with 4 built-in
scoring functions including the well-known ChemScore [eq.
(M1.2% Each of them have shown to be adequate than others
in function of the systems under investigation.

ChemScore= AGpinding + Pclash T Cinternal Pinteral M
AGbir\c!ing = AGg+AGhpond + AGmetal +AGIipo +AGiot ()

Where ChemScore is the final score and AGpinding the esti-
mated free energy of binding corrected by weighted (C) pen-
alty contributions (P) like those accounting for bad contacts
and unfavorable internal conformations of the ligand. AGpinging
is obtained by linear combination of each physical compo-
nents that participate to the binding energy like hydrogen
bonds  (AGhpond), lipophilicity (AGiipo), coordination bonds
(AGmetal) Or entropic loss due to rotational restrictions upon
binding(AGiet) [eq. (2)].

To test our hypothesis that the metal center has a limited
role in the interaction of the metalodrug with its receptor, its
parameters in GOLD were not optimized. To satisfy GOLD
requirements although, the metal was dealt like a dummy
atom and the connectivity with its coordinating neighbors was
specified leadings to a rigid region of the first coordination
sphere during docking. Concretely, standard single bonds
between the metal and all its coordinating atoms were added.
In the case of aromatic coordination groups (i.e., Cp in systems
like 1 to 13—Table 1), individual bonds were also assigned

Journal of Computational Chemistry 2014, 35, 192-198
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between the metal and each atoms of the aromatic system.
All  remaining rotational bonds have been allowed free
flexibility.

For each system, 20 docking solutions have been generated.
Calculations have been performed using a cavity consistent
with the location of the ligand in the experimental structure
and involving a 20 A radius sphere radius centered on an
atom close to the center of mass of the binding site. For calcu-
lations performed with a flexible receptor, 5 to 8 residues of
the cavity were allowed to rotate accordingly to the library of
rotamer available in the GOLD5.1 suite. These residues corre-
spond to those that show at least one of their atoms located
below 5 A of the ligand. The list of flexible residues for each
system is reported in the Supporting Information (Supporting
Information Table S1).

Optimized geometries of the drugs have been obtained by
the DFT B3LYP2°?Y approach as implemented in Gaus-
sian09.%” Calculations were carried out using a mixed basis
set with 6-31G*?® for the main group elements and the
LANL2DZ'?*" one for transition metal. The pseudopotential
associated to this basis set was also applied to this atom.

Results and Discussions
Predocking considerations: Structure of the ligand

A common aspect in protein-ligand dockings is the prepro-
cessing of the receptor and the ligands. For the latest, a
geometry optimization is generally carried out. For pure
organic compounds, calculations are performed via force field
or low cost QM approaches. However, in the case of transition
metal complexes, high level QM calculations (and more partic-
ularly DFT) appear more adequate.

In this study, DFT/B3LYP optimizations of all the metallo-
drugs have been carried out and the minimized structures
have been compared with their X-ray counterparts. In general
terms, the rmsd values between optimized and experimental
conformations are lower than 0.9 A (Supporting Information
Table S2). The only exception is observed for compound 4
that displays a deviation of 3.2 A (Fig. 1). This low match is
due to a different conformation of a di-tert-butyl-hydroxylated
moiety of the Cp substituent. Nonetheless, this difference is
expected to have little impact on the posterior dockings since
this group is flexible and its conformation optimized during
these calculations.

When only the atoms of the first coordination sphere of the
metal is considered, experimental and theoretical structures
are in very good agreement. The overall rmsd values generally
drops below 0.2 A (see Supporting Information Table S2).
Moreover, the analysis of the distances and angles of the first
coordination sphere of the metalodrugs show discrepancies
that rarely exceed 0.2 A and 5°, respectively, between experi-
ment and theory. Two exceptions are remarkable though. On
one side, the metalodrug of system 2 (pdb code 2YAK)
presents a distance between the metal and the sulphur of its
coordinated heterocycle 0.4 A larger in the optimized geome-
try (2.39 vs. 1.97 A). On the other, the metalodrug of system 5
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Figure 1. Best possible overlap between theoretical (black) and experimen-
tal (grey) structure of the isolated ligand of 2BZI (6) (left) and 3CST (4)
(right).

(pdb code 3Q4C) shows discrepancies in the angles of the first
coordination sphere of the metal that are substantially higher
than for the other systems (in particular the relative position
of the Cp substituent changes of about 20°—see Supporting
Information Table S3). Although these structural differences
are not dramatic, they may be linked to the relatively packed
geometries of the drugs in the binding site of their receptors;
an amount of pressure absent in the gas phase condition of
the DFT calculations.

This initial part of the study shows that a DFT minimization
of the organometallic ligands is apparently convenient for
their predocking process since no major changes of the geom-
etry of the metalodrugs are observed. It also highlights that
the first coordination sphere of the transition metal is mostly
unaffected by the protein environment and suggests that our
working hypothesis should be valid. The prediction of protein-
ligand complexes may be more sensitive on the initial struc-
ture of the metalodrug in two cases.

Structural considerations of the docked complexes

A total of 16 different docking experiments with different pro-
tocols have been carried out with the suite of programs Gold
5.1. They differ on the geometry of the ligand (extracted from
the X-ray structures of the metalodrug-receptor complex or
obtained after optimization with the B3LYP functional), the
degree of flexibility of the receptor (retaining the geometry of
the receptor as in the X-ray structure or allowing full flexibility
of the residues of binding site) and the scoring function
(ChemScore, ASP, GoldScore, and ChemPLP) selected for the
calculations. The structural quality of these 16 experiments
was assessed calculating the root mean square deviations of
the heavy atoms of the metalodrugs between the calculated
binding orientations and their experimental counterparts.
Rmsd values have been reported for the lowest energy solu-
tion as well as the one of the 20 generated solutions that
presents the best match. A cut-off of 2.5 A has been estab-
lished to differentiate structures with good and bad overlap.
Calculations are herein discussed based on three major behav-
jors: (1) the lowest energy solutions produce rmsd values
below 2.5 A (Fig. 2A), (2) one of the 20 predicted binding
modes matches the crystal structure below this cut-off (Fig.
2B) or (3) none the calculated complexes matches the X-ray
structure (Fig. 2C). Individual results of each docking calcula-
tions are reported in Supporting Information Tables S4-S7 and
their overall summary in Table 2. General tendencies are first
discussed and followed by more detailed comparisons.
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In general terms, experiments performed with ChemScore,
ASP, and ChemPLP have a success rate of about 75% (3 to 4
misfits) for the lowest energy solutions to reproduce the X-ray
structure below a rmsd of 2.5 A (Table 2). These values are
often even lower than 1.5 A and in these cases, almost perfect
overlaps between calculated and experimental structures can
be predicted (Fig. 2A). Such accuracy fits in the average suc-
cess rate of GOLD to predict protein-ligand binding poses and
shows that, overall, dockings can behave adequately when the
ligands are metalodrugs interacting with their receptor
throughout their second coordination sphere.*” In general,
the structural quality of the predictions worsens when the cal-
culations are performed with GoldScore or when introducing
flexibility to the receptor.

The systems for which the predictions are the less reliable
are 4, 5, 10, and 13. In these cases, the combination of a high
exposure of the binding site to the solvent, a low number of
hydrogen bonds between the ligand and the protein and the
presence of major Van der Waals contacts (Supporting Infor-
mation Table S8) lead to a drug candidate slightly displaced
outside of the binding site of their target or to partially fills
different subpockets of the binding site (Fig. 2C).

When considering the ensemble of 20 solutions generated
in each docking experiment, the rate of success to find a solu-
tion below the cut-off reaches 82 to 94% for ASP, ChemPLP,
and ChemScore; an impressive result considering that no opti-
mization has been done to deal with the metal (Table 2 and
Fig. 2B). Some improvement is also obtained for GoldScore
although it still outperforms in front of the other scoring func-
tions (4 incorrect poses). Interestingly, the best matching ori-
entations rarely have a score higher than 2 units from the
lowest energy one (Supporting Information Tables S4-S7). This
suggests that the scoring functions or the way the first coordi-
nation sphere of the metal is dealt during the docking are just
slightly underperforming.

Even considering the entire set of 20 docking solutions gen-
erated during the calculations, systems 4, 5, 10, and 13 (pdb
codes 3CST, 3Q4C, 3CSF, and 3FYO, respectively) still present the
less reliable predictions. Nonetheless, some experiments punctu-
ally lead to good predictions for 4, 10, and 13 which means
that the docking scheme may have some impact on finding
correct solutions in these struggling systems (i.e, calculations
with the X-ray structure of system 4 in a flexible binding site—
Supporting Information Table S6). However, calculations on sys-
tem 5 (pdb code 3g4c) systematically fail (Supporting Informa-
tion Tables S4-S7). It is interesting to note that this metalodrug
is precisely the one for which the DFT geometry differs the
most from its experimental counterpart. However, the failure of
all the docking schemes even those considering the receptor
and the metalodrug in their experimental conformations sug-
gests that the first coordination sphere of the metal is not
responsible of those discrepancies (Fig. 2C).

Detailed analysis of the success rates of the different dock-
ing strategies are also revealing (see Supporting Information
Tables S4-S7). Considering only the experiments performed
with a rigid conformation of the receptor, our results show no
major impact of the optimization of the metalodrug to predict
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Figure 2. Structural comparison between the X-ray (in pink) and calculated structures of three illus-
trative cases. Panel A. Calculations on the system 12 (PDB code 3M1S) present a lowest energy solu-
tion (yellow) in very good agreement with the experiment. Only one significant cluster of solutions
is encountered over the 20 calculated poses which also contain the best matching orientation
(green). Panel B. Calculations on system 4 (PDB code 3CSF) present two major clusters of docking
solutions. The one containing the lowest energy solution presents orientations inverted regarding
the experimental structure (yellow). The second one contains the best matching solution that repro-
duces well the experimental system. Panel C. Calculations on system 5 (PDB code 3Q4C) presents
two major clusters of solutions. The lowest energy one (yellow) only partially matches the aromatic
region of the metalodrugs. The second one presents a similar orientation but bind deeper in the

binding site cavity.

binding orientations (Fig. 3A). Calculations performed with the
experimental geometry of the metalodrugs improve the rmsd
values by only few decimals with respect to those performed
with the optimized geometry (Supporting Information Tables
S4 and S5). Major geometrical differences are only observed
sporadically. For example, calculations on the complex 3CST
(4) performed with ChemScore improves the quality of lowest
energy solution when using the DFT geometry (from 7.6 A to
3.7 A for experimental and optimized geometries, respectively)
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but not the quality of the best matching
one (1.5 to 33 A for experimental and
optimized geometries, respectively) (Sup-
porting Information Tables S4 and S5 and
Fig. 3B). The preprocessing of metalo-
drugs with DFT methodologies appears,
therefore, as a valid solution for protein—
ligand dockings and valuable for presyn-
thetic screening experiments.

Providing the receptor with flexibility
impacts at different degrees on the qual-
ity of the dockings. When calculations are
performed with the ligand in its experi-
mental conformation, the predictiveness
is essentially of the same level of quality
than those performed with a rigid recep-
tor. It improves (ChemScore) or worsens
(ASP and ChemPLP) by one only unit
(Table 2, experiment A and C). This tend-
ency is actually observed both for lowest
energy and best matching solutions.
However, Golscore is apparently more
sensible than the other scoring functions
and reaches up to prediction errors of
the lowest solutions of eight systems.

When calculations are performed with
DFT optimized geometries of the ligand,
the influence of the flexibility of the
receptor is more accentuated. The num-
ber of lowest energy solutions correctly
predicted is only preserved with Chem-
Score while incorrect predictions with
ASP and ChemPLP rise to 7 and 6, respec-
tively (vs. 4-5 for the other experiments). GoldScore maintains
seven wrongly predicted structures (Table 2, experiments B
and D). Interestingly, the number of best matching solutions is
not alter when performing the docking with optimized geo-
metries of the metalodrug and is only affected by one unit in
this case.

These results show that from a structural point of view the
cumulative effect of a flexible receptor and a relaxed structure
of the ligand by QM techniques decrease the possibility of the

Table 2. Number of predicted binding modes with RMSD values higher than 2.5 A between calculated and experimental structures.

ChemScore ASP

ChemPLP GoldScore

Lowest energy Best matching Lowest energy

Best matching

Lowest energy Best matching Lowest energy ~ Best matching

solution solution solution solution solution solution solution solution
A 4 2 4 1 3 2 5 4
B 4 2 4 2 4 3 5 4
C 3 2 5 2 4 2 8 4
D 4 3 7 2 6 3 7 3

Results are reported considering the lowest energy solution obtained by the docking and those that display the lowest RMSD value. Experiment A cor-
responds to calculation with a rigid binding site and the geometry of the organometallic ligand provided from the X-ray structure, B corresponds to
calculations with a rigid binding site and the B3LYP optimized structure of the ligand, C to calculations with a flexible binding site and the geometry of
the organometallic ligand provided from the X-ray structure, and D to calculations with a flexible binding site and the geometry of the organometallic
ligand provided from the B3LYP optimized structure of the ligand.
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docking to find the lowest energy solution close to the native
structure (at least under a run of 20 solutions). However, this
barely affects the number of best hits when considering the
entire set of 20 solutions generated in a docking experiment.
Calculations performed with ASP, ChemScore, and ChemPLP
have a good rate of success in reproducing the geometry of
an organometallic compound bound to its receptor. Chem-
Score appears as the most robust scoring function with ASP
and ChemPLP only slightly more sensitive. These three func-
tions, behave equally well when providing at least one of the
solutions below 2.5 A of the experimental complexes. Gold-
Score appears as the worse scoring function for the objective
of this work. As a general trend of structural prediction of
organometallic compounds binding to a protein, the order of
predictiveness is ChemScore>ASP =ChemPLP>>GoldScore.

Energetic considerations

Only a reduced set of metallodrugs bound to its receptor is
available in the PDB. Less again are those for which the binding
constant has been released for the same complex. Of the 16 sys-
tems studied so far, only 7 have their ICso reported and corre-
spond to systems 1-7 (Table 1). In this section, these seven
complexes were used as a training set to test the energetic pre-
dictiveness of GOLD. The quality of the docking prediction has
been assessed by comparing the predicted binding affinity
(score) with the experimental 1Cso. To do so, only the score of
lowest energy binding pose has been considered. The correla-
tion between experimental and theoretical binding constants
has been fitted through linear regression between the score and
the logarithm of 1Csq (Figs. 4 and Supporting Information S1-S7).

Scare
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20
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10 R?=0,45
o
4 -2 0 2 4 6 8

In{ICss)

Figure 4. ASP versus In(ICso) for optimized (black) and experimental confor-
mation (grey) of the ligand and under a rigid conformation of the receptor.
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Figure 3. Comparison between docking solutions obtained with geometries of a metalodrug
extracted from the X-ray structure and the optimized geometry obtained after B3LYP minimization.
A. Lowest energy solutions of experimental (purple) and optimized (dark gray) geometries of the
system 3 (PDB code 3FXZ). B. Best matching solution of the system 4 (PDB code 3CST) obtained
with experimental (green) and optimized (orange) geometries of the metalodrug.
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The quality of the regressions is very
variable and goes from the absence (R> =
0.03) to a very good (R*> = 0.84) correla-
tion between experiment and theory. The
reduced dimension of the set is likely to
be responsible for this variation; only few
outliers are able to drastically impact on
the regression trend. Based on this
reduced amount of experimental binding
affinities, only an estimation on how the
docking schemes and scoring functions
perform can be drawn.

First, the calculations undertaken with
the structure of the organometallic moieties as they stand in
the X-ray complexes perform better that those with the geom-
etry previously optimized with DFT calculations. With the
experimental geometry of the metalodrug, predictions are
generally good with ASP (R*> = 0.77), reasonable with
ChemPLP (R*> = 0.51), and poor with ChemScore (R*> = 0.28).
With the optimized structure of the metalodrug, the R? values
drop drastically with 0.45 for ASP, 0.23 for ChemPLP, and 0.03
for ChemScore. This clearly highlights that despite the good
structural overlaps observed between the calculated and
experimental structures of the isolated metalodrugs and the
protein—-drug complexes, the structural rearrangements the
metadrugs undergone during the DFT optimization process is
still sufficient to alter the energetic predictiveness of the
dockings.

As generally observed in docking experiments, the correlation
between calculated and experimental binding energies system-
atically improved when calculations are performed with a flexi-
ble binding site. This is particularly obvious for dockings with
ASP and ChemPLP scoring functions that both reach R? values
of 0.5 to 0.8 depending on whether the structure of the ligand
has been minimized or not. These results are surprising since
these functions have a lower rate of success in the structural
prediction of the 16 complexes than ChemScore. However, sys-
tems with the lower structural overlap obtained with ASP and
ChemPLP have not their binding constants released and are
not, therefore, present in this energetic training set.

Focusing on the quality of the scoring functions, the differ-
ent scoring functions available in Gold clearly perform differ-
ently. In particular, predictions with GoldScore are those that
display the worst correlations (highest value of R? = 0.49) and
better regressions are generally obtained for the three other
scoring functions. This agrees with the general knowledge
that GoldScore performs better for the prediction of binding
poses rather than binding affinities.*" As a general tendency,
we would expect the accuracy of the docking to follow the
order: ASP >ChemPLP>ChemScore>GoldScore.

Conclusions

The development of metallodrugs is an increasing field of
research. Although modeling tools can be an interesting ally,
the dynamics of the first coordination sphere of the metal dur-
ing the binding process represent of the most challenging
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phenomenon protein-ligands docking have to deal with.
Nonetheless, a large number of metallodrugs remain inert
upon protein interactions. It means that little changes in the
first coordination sphere of the metal are expected. This study
shows that current state-of-the-art scoring functions and dock-
ing schemes, as those implemented in Gold, are efficient for
predicting most of the structural features of the binding of
organometallic compounds to proteins. Using the systems
developed by Meggers and coworkers as a training set, dock-
ing calculations appear highly predictive from a structural
point of view with a success between 75 and 94% in repro-
ducing the correct orientation of the organometallic species in
the binding site of their receptor. Despite the small set of
experimental structures with binding energies reported nowa-
days, the scores obtained in the docking calculations are of
good quality. The best energetic correlations between experi-
ment and theory reach R® up to 0.8 and correspond to calcula-
tions performed with ASP, ChemPLP, and ChemScore. Of the
scoring functions available in Gold, ChemScore appears as the
most robust one both for structural and energetic prediction
with ASP and ChemPLP closely following and being in certain
circumstances more efficient. GoldScore presents the results
with the poorest quality. Systematic errors in several systems
are observed. In these cases, it is likely that the improvement
of how dockings can explore the conformational changes
related to the first coordination sphere of the metal would
represent a major step forward. However, this study is, to our
knowledge, the first extensive analysis on how the interaction
of organometallic compounds can be predicted through dock-
ing approaches.

Keywords: protein-ligand dockings - metalodrugs - computa-
tional bioinorganics - kinase inhibition - drug design
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Unravelling novel synergies between
organometallic and biological partners: a
quantum mechanics/molecular mechanics
study of an artificial metalloenzyme

Elisabeth Ortega-Carrasco, Aqusti Lledds and Jean-Didier Maréchal

Departament de Quimica, Universitat Autonoma de Barcelona, Bellaterra 08193, Spain

In recent years, the design of artificial metalloenzymes obtained by the insertion
of homogeneous catalysts into biological macromolecules has become a major
field of research. These hybrids, and the corresponding X-ray structures of
several of them, are offering opportunities to better understand the synergy
between organometallic and biological subsystems. In this work, we
investigate the resting state and activation process of a hybrid inspired by an oxi-
dative haemoenzyme but presenting an unexpected reactivity and structural
features. An extensive series of quantum mechanics/molecular mechanics cal-
culations show that the resting state and the activation processes of the novel
enzyme differ from naturally occurring haemoenzymes in terms of the elec-
tronic state of the metal, participation of the first coordination sphere of the
metal and the dynamic process. This study presents novel insights into the sen-
sitivity of the association between organometallic and biological partners and
illustrates the molecular challenge that represents the design of efficient
enzymes based on this strategy.

1. Introduction

The interaction of organometallic compounds with biological macromolecules
has become a major focus of attention in several areas of chemistry and its inter-
faces [1]. One of them is the design of artificial metalloenzymes obtained by the
insertion of homogeneous catalysts into protein cavities; an approach with a tre-
mendous potential in biocatalysis [2—4]. Numerous systems built on this concept
have already been reported that include enzymes able to perform Diels—Alder
reactions [5—6], transfer hydrogenation [7,8], sulfoxidation [9-11] and hydration
[12] among others. In these hybrids, the molecular partnership between homo-
geneous and biological subsystems is reminiscent of those happening in
natural haemoenzymes: the organometallic group affords the catalytic function-
ality, whereas the biomolecular one mainly dictates the substrate specificity and
controls catalytic features such as enantioselectivity and/or regiospecificity [13].

Nowadays, the engineering of natural metalloenzymes is a widespread strat-
egy. It mainly stands on the genetic alterations of the metal-binding site by a
reduced number of amino acid substitutions, which leads to the modulation of
their catalytic profiles [14-16]. However, the control of the structural and elec-
tronic properties of the metal centre using non-natural cofactors is more
challenging because it involves a different chemobiological space from the one
provided by the natural framework of evolution [1,17,18]. Unprecedented com-
plementarities between organometallic and proteic moieties can be observed
which could lead to binding and catalytic features different from the objectives
pursued by enzyme designers. In other words, each partner may suffer molecular
stresses which are absent in their conventional media such as unusual electronic
states of the metal, metal-ligand exchanges upon binding of the catalyst to its
receptor or even metal-mediated conformational changes.

One of the few artificial metalloenzymes for which the structure is reported
in the Protein Data Bank (PDB code 1WZD) clearly illustrates the previous

© 2014 The Author(s) Published by the Royal Society. Al rights reserved.
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Scheme 1. Initiation of the catalytic process for the artificial enzyme. (Online version in colour.)
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Figure 1. Representation of the crystallographic structures of the Fe(lll) Schiff base - c?HO (a) and the haem-bound form (b).

statement. This system, developed by Ueno et al. [19], was
obtained by the substitution of haem by a Fe(Schiff base) (salo-
phen) in the Corynebacterium diphtheriae haem oxygenase
(cdHO). Natural and artificial systems share important aspects
of their catalytic mechanisms, i.e. both proceed throughout an
oxido-reduction mechanism with the cytochrome P450
reductase as a partner, leading to the reduction of the iron
atom of the cofactor from Fe(Ill) to Fe(Il) and the subsequent
coordination of a molecule of dioxygen (scheme 1). However,
the natural system performs an entire oxidative process ending
at the cleavage of the haem, whereas the artificial enzyme
stops at the activation of the oxygen to form superoxide ions.
No subsequent oxidation of the cofactor or any external substrate
proceeds. This superoxidase activity differs drastically from the
natural function of cdHO; a surprising result considering the
high chemical similarity between salophen Schiff bases and
porphyrinic cofactors in terms of structure and reactivity.

The X-ray structure of the system provides some molecular
hints on those differences. In this structure, the Fe(Schiff base) is
highly distorted and has two residues of the receptor, His20 and
Glu24, coordinating the metal (figure 1). Hypothesized as the
resting state of the system, the iron atom is afforded a +3 oxi-
dation state of unknown spin state and presents a distorted
octahedral configuration with no room for the binding of the
oxygen. This structure highly differs from those known for
natural haemoenzymes including holo-cdHO. Indeed, these
species generally display resting states with either a square pyr-
amidal high-spin (i.e. catalase [20]) or an octahedral low-spin
configuration (i.e. peroxidases [21], cytochromes P450 [22] or
haem oxygenase [23]) with only one residue of their apo-protein
bound to the metal in the axial position and, eventually, one
labile water molecule coordinated on the distal site of the
haem to complete the octahedral configuration of the metal
(figure 1). The strength of the coordination of this water mol-
ecule can be influenced by its environment and, in turn,
conditions the transition from hexacoordinated resting states
to active pentacoordinated species [24].

The experimental geometry of Fe(Schiff base)-cdHO
therefore suggests that both the resting state and the acti-
vation process could be different from those of naturally
occurring Fe(III) haemoenzymes. Its divergence from the rest-
ing states of natural ones also questions the possibility of a
crystallographic artefact; the known flexibility of apo-HO
and salophens could be accentuated in the crystallographic
media. A better understanding of the complementarities
between the organometallic and the proteic moieties in
Fe(Schiff base) - cdHO could represent a major step forward
in bioinorganics and further help in the design of artificial
metalloenzymes and other bioinorganic architectures.

Computational chemistry is now widely used for the study
of metalloenzymes. Most of its application focuses on unravel-
ling the molecular grounds of their catalytic mechanisms [25].
Little has yet been done to decode the relative contributions of
inorganic and biological partners and less still for enzyme
design. This is due to the complexity of dealing with the bind-
ing of metal-containing systems to proteins by standard
approaches [26]. Simulations involving large conformational
samplings as well as accurate representation of the metallic
environment are indeed necessary. We recently showed that
a combination of structural bioinformatics, quantum-based
methods (quantum mechanics (QM) and quantum mech-
anics/molecular mechanics (QM/MM)) and protein-ligand
dockings represents an interesting solution in characterizing
low-energy complexes of organometallic systems bound to
proteins [27,28]. Here, we further investigate the molecular
complementarity between artificial organometallic cofactors
and proteic partners by performing an extensive QM/MM
study on the experimental Fe(Schiff base)-cdHO system,
focusing on (i) the nature of its Fe(III) resting state, its compari-
son with those of natural haemoenzymes and its possible
artefactual nature, (ii) the activation process, with the simu-
lation of the full transition occurring between hexa- and
pentacoordinated forms and considering the reduction of the
metal centre, and (iii) the relative contributions of the inorganic
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and biological parts to the structural and energetic properties
of the biocomposite. Additionally, this study illustrates the
potential of QM/MM approaches to understand novel
chemobiological processes.

2. Material and methods

Calculations have been performed on the entire Fe(Schiff base) -
cdHO system using the QM/MM ONIOM (DFT:AMBER)
method implemented in Gaussian 09 [29]. The charges and pro-
tonation states of all titrable amino acids were automatically
assigned using the interface provided by the UCSF Chimera
package [30] with the exception of the iron-chelating histidine
His20, which was manually set to be consistent with the coordi-
nation rules of the metal. Visual inspection was subsequently
performed. The total charge of the system is —8 or —7 depending
on the oxidation state of the iron. It can be divided by —10 for the
isolated protein and +2 or +3 for the inorganic complex. The QM
part in the QM/MM partition has a charge +1 in the Fe(Il)
species and +2 for the Fe(III) ones.

One of the main objectives of this work is to determine
whether the experimental structure corresponds to a plausible
electronic structure of the metal centre in a resting state configur-
ation or not. Thus, we are interested in keeping the initial
structure for our study as close as possible to the crystallographic
one. With this purpose in mind, and considering that the absence
of optimum force field parameters of the iron in the different
coordination spheres of the salophen under consideration may
lead molecular dynamics towards less realistic equilibrium struc-
tures, no such experiments were performed on the initial X-ray
structure [31]. Moreover, as we were also interested in analysing
the transition between hexa- and pentacoordinated forms of the
Fe(Schiff base) - cdHO complex, an accurate electronic represen-
tation of the first and second coordination spheres of the metal
was mandatory, and QM/MM calculations were chosen as the
best method for this purpose.

For the hexacoordinated system, calculations were carried
out on the original crystallographic X-ray coordinates corre-
sponding to this state (referred to as 6, PDB reference: 1WZD).
The equatorial environment of the metal results from an N>O
chelation provided by the Schiff base and the Oy of the Glu24
of the host; the remaining axial positions are occupied by the
second oxygen of the cofactor on the distal side and the Ne of
residue His20 on the proximal one (figure 1). For the pentacoor-
dinated systems with or without an axial water (referred to as 5’
and 5, respectively), the equatorial environment is entirely pro-
vided by the cofactor bound in an N,O, fashion, and the axial
proximal position is occupied by the His20. In these structures,
the side chain of Glu24 has been removed from the first coordi-
nation sphere of the metal and moved towards the most
probable rotameric state for this residue using the Dunbrack rota-
mer library of the UCSF Chimera package [32]. A fourth system,
referred to as 6/, was built to allow energetic comparison with 5'.
It consists of a similar system to 6 but with a water molecule
added inside the binding site of the biocomposite in the nearest
hole in the vicinity of the cofactor (between Lys13 and His25). In
all these systems, the cofactor remains in a hydrophobic environ-
ment and packed between helices A and F of apo-cdHO. The
water molecules that could interfere with the mechanism
would therefore be on the superficial region of the protein
and would tremendously reorganize during the simulation of
transition between penta- and hexacoordinated structures. This
would lead to a highly unsmoothed potential energy landscape
that is difficult to study and with relatively little improvement
in the description of the chemical process at the metal site. There-
fore, other molecules than those involved in the binding of the
iron were removed from the calculations [31].

Two QM/MM partitions were used. The larger partition
includes the metal, the side chain of the coordinating residues
His20 and Glu24 up to their Ca atoms and the entire aromatic
part of the Schiff base (electronic supplementary material,
scheme S1). The second partition contains the metal, the same
coordinating residues of the protein up to the Ca and a model
of the first coordination sphere provided by the salophen where
the aromatic moieties are replaced by simpler ethylenic groups
(electronic supplementary material, scheme S2). In both cases,
the rest of the cofactor was included in the MM part of the
system and treated using the AMBER force field [33] for the
amino acids and the GAFF [34] one for the atoms of the cofactor.
In the first partition, 55 of the 3347 total atoms are included in the
QM region, and in the second one, only 37. The smaller partition
was used in the post-analysis and focused on the contribution of
the first coordination sphere of the metal to the mechanism of
the enzyme. To maintain the geometry of the system close to the
experimental system, only atoms (QM and MM) within a sphere
of about 15 A from the iron where allowed to relax during the
optimization process with the entire helix A included in this flex-
ible scheme. In both partitions, the number of flexible atoms was
192 atoms and the rest remained fixed.

For each structure, QM /MM minimizations were undertaken
for low-, intermediate- and high-spin Fe(II) (multiplicity values:
1, 3 and 5) and Fe(Ill) (multiplicity values: 2, 4 and 6) species.
Optimizations have been performed with the B3LYP functional
[35,36] using the 6-311+g* basis set [37,38] for the main group
elements and the aug-cc-VTZ [39,40] one for the iron. Single
point calculations on the optimized structures have been per-
formed with the MO6L [41], PBE [42] and B97D [43] functionals
to identify possible drawbacks on the relative stability between
different spin states [44—46]. For the same reason, calculations
using electronic embedding have been also tested.

3. Results and discussion
3.1. Analysis of the Fe(lll)(Schiff base)-HO resting state

Calculations have been carried out on the crystallographic
system (referred to as 6) and on configurations generally
observed in natural haemoenzymes. The latter correspond to,
on one side, the structure obtained by the removal of the glu-
tamate from the first coordination sphere of the metal (leading
to five coordinated iron and referred to as 5) and, on the other,
to the configuration obtained when substituting the glutamate
by a water molecule (leading to an alternative six coordinated
iron and referred to as 5') (scheme 2). All the optimizations
were performed with the larger QM/MM partition described
in the previous section.

Independently of their spin states, all optimized structures
of the ferric systems 6 are in good agreement with their crystal-
lographic counterpart (electronic supplementary material,
table S1). The iron remains in an octahedral configuration
with a distorted cofactor and coordinated to the protein by
His20 and Glu24 (figure 2; electronic supplementary material,
figures S1 and S2). In all cases, bond lengths and angles of the
first coordination sphere of the metal are in good agreement
between theory and experiment, but closer values are obtained
for the Fe(II) high-spin system (generally lower by 0.1 A with
the exception of interaction Fe—Oygy,, which increases by 0.2 A
for distances and 0.3° for angle values).

When removing the glutamate from the first coordination
sphere (5), the system adopts a square pyramidal geometry
(electronic supplementary material, table S1). The cofactor
becomes more planar than in the experimental system with
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Scheme 2. Representation of the experimentally observed and alternative resting states of the Fe(Schiff base)-HO considered in this part of the study. From left to

right systems are referred to as 6, 5 and 5'.

Figure 2. Superposition of haem-bound haem oxigenase (PDB code: 1IV))
(orange) and the structure under study (green).

deviations from an ideal plane (OOP Fe values in the electronic
supplementary material, table S1) of 0.2, 0.4 and 0.6 A for
low, intermediate and high spin, respectively, instead of the
0.7 A observed for the experimental system. Overall, the same
tendencies are also obtained for the substitution of the
glutamate by a water molecule, being the cofactor slightly
more planar in 5. Nonetheless, it must be noted that the
Fe—(Oyater) bond is almost cleaved in the intermediate- and
high-spin complexes, which is consistent with previous obser-
vations in cytochromes P450 (electronic supplementary
material, figure S2 and table S2) [47].

In addition to the general changes in the first coordination
sphere of the metal and the reorganization of the cofactor, the
removal of the glutamate is also correlated with a reorganization
of helix A. Optimized structures of 5 and 5’ show the Ci.; end of
the helix pointing towards the solvent in a conformation similar
to those observed in the haem-bound haem oxygenase structure
[48]. This contrasts with the structures of haem-bound systems in
which the macrocyclic nature of the cofactor prevents the Glu24
from getting close enough to the Fe(III).

Relative stabilities between the different optimized
geometries of the Fe(IIT)(Schiff base) - c/dHO show a clear prefer-
ence for the experimental configuration (6) with respect to the
ferric 5 and 5’ structures (figure 4; electronic supplementary
material, figure S7). Moreover, calculations performed with
the (B3LYP: AMBER)-mechanical embedding (ME), (B3LYP:
AMBER)-electronic embedding (EE), (MO6L: AMBER)-ME
and (B97D: AMBER)-ME level are consistent in predicting 6
to be about 5-10 kcalmol ' more stable in its high-spin
configuration. Only the (PBE: AMBER)-ME scheme diverges,
giving isoenergetic low- and high-spin wave functions in the
case of configurations 6 and 5, a behaviour that has been
associated with the weakness of this approach to discriminate
between spin states of different multiplicity [49]. Finally, the
differences in energy between 6 and 5 is comparable to those
observed between 6 and 5 but larger for the spin state of
higher multiplicity. This has been associated with the weaken-
ing of the Fe—(Oyater) bond that could lead to a dissociation
(electronic supplementary material, figure S2).

To further investigate the ferric system, the full transition
paths between configurations 6 and 5 have been simulated.
Because the use of electronic embedding does not present
major improvement and taking into account previous
considerations regarding the quality of the different func-
tionals, the following part of the work was carried out
under the (B3LYP : AMBER)-ME scheme.

The transition state structures have been characterized at
Fe-QOgy, distances of 3.01, 2.55 and 3.37 A for the low-, inter-
mediate- and high-spin species, respectively (see figure 3 and
electronic supplementary material, table S3, for more details).
No major differences are observed in the overall structures
of the different transition states and a unique negative
vibrational mode has been identified. In the first coordination
sphere of the metal, this mode shows major components in the
breaking of the Fe—Glu24 bond as well as in the displacement
of the His20 towards a perpendicular position relative to the
cofactor and passing through the metal and the displacement
of the glutamate towards the solvent (figure 3). Major
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Schiff base

Figure 3. Representation of the negative vibrational mode of the transition
state along the displacement from 6 to 5 configurations.

contributions are also observed for the cofactor, which bends
to get close to planarity, as well as for helix A, whose N,
region gets closer to the Schiff base and whose Ci. region
gets more exposed to the solvent. This result clearly shows
how the distortion of the cofactor, the modification of the
first coordination sphere of the metal and the rearrangement
of the structure of the receptor are intrinsically correlated
and not individual phenomena.

The energy of the transition state is 20.7, 9.8 and
18.6 kcal mol ™!, above the absolute minimum of the system,
for low-, intermediate- and high-spin systems, respectively
(figure 4). They are sufficiently large to discard the possibility
that the atomic motions at room temperature naturally allow
the transition from glutamate bound (6) to glutamate unbound
configurations (5 and 5'). Interestingly, the energetic break-
down in QM and MM contributions of the total QM/MM
energy shows that the electronic (QM) term dominates in the
relative stability of 6, 5 and 5 (electronic supplementary
material, figure S3). Therefore, the changes in the structure of
the receptor at helix A and the conformation of the salophen
are mainly driven by electronic and geometric properties of
the first coordination sphere of the metal.

Our calculations on this part of the study support that the
experimental configuration of the Fe(Schiff base)-cdHO
observed in the crystallographic structure is the real resting
state of the enzyme and that its electronic state corresponds
to a high-spin configuration. The large differences in energy
between the experimental configuration and other possible
resting state geometries imply that dynamical equilibrium
between them does not naturally take place in solution. In
this, the constraint on the system is manly associated with
the first coordination sphere of the metal.

As, in this configuration, neither labile ligand nor suffi-
cient room is available on the top of the iron to coordinate
the oxygen, the activation process of the enzyme most
likely would be triggered by the reduction of the metal and
would differ from the chemistry of haemoenzymes.

3.2. Electronic transition and activation mechanism
The previous part of the study reveals that the transition from
glutamate bound (6) to glutamate unbound (5 and 5’) metal is

unreachable for Fe(IIl) species. In this configuration, the
oxygen cannot reach the iron and bind to it because of the
absence of room in the upper position of the cavity placed
in the axial position of the salophen. Therefore, the reduction
of iron is necessary for the system to be activated and the
reaction to proceed (scheme 1). To understand the activation
mechanism of the enzyme, the entire transition paths from 6
to 5 have been simulated for Fe(II). The impact of the solvent
molecule (5') has only been estimated on the minima.

Optimizations of the Fe(Il) systems lead to stable 6 and 5
conformations for all spin states. The general structural pro-
files of these species are similar to those observed in the
ferric structures. Metal ligand distances of the first coordi-
nation sphere are slightly longer for the ferrous system.
The position of the glutamate with respect to the metal is
particularly affected, being approximately 0.1 A closer for
Fe(Ill) than Fe(Il) systems at identical spin states. This is
consistent with stronger electrostatic interactions in the
former. Importantly, for 5, the water molecule remains
coordinated to the iron in the axial position in the low-
spin state Fe(I) only (see electronic supplementary material,
table S3). For intermediate- and high-spin species, the water
molecule leaves the first coordination sphere of the metal
and lies at 3.33 and 3.56 A, respectively. Such spontaneous
removal of the solvent molecule is compatible with the cre-
ation of a vacant site on the top of the iron, as observed in
haemoenzyme systems [36]. Therefore, simulation of tran-
sitions from 6 to 5 should be indicative enough of the
activation mechanism.

For (B3LYP: AMBER)-ME calculations, the transition
between 6 and 5 is exothermic for intermediate and high
spin and slightly endothermic for the low spin (figure 5;
electronic supplementary material, figure S6). The high-spin
state is substantially more stable than the two others, which
suggests that the process should take place entirely in this
spin state. These results are qualitatively supported by
(MO6L : AMBER)-ME, (B97D:AMBER)-ME and (B3LYP:
AMBER)-EE (electronic supplementary material, figure S7).
The (PBE : AMBER)-ME approach slightly diverges from the
other functional by suggesting possible spin crossing
between low- and intermediate-spin wave functions. Prob-
ably due to the weakness of this functional in dealing with
the difference in energy between spin states, these results
still have no significant impact on the chemistry of the
system. For the transition from 6 to 5, the high-spin wave
function remains the most probable spin state for the tran-
sition but the differences in energy observed are lower than
for the transition between 6 and 5 (electronic supplementary
material, figure S6). This is probably due to the presence of a
water molecule in 5 that can stabilize the system. Taken
together, the stable geometries of penta- and hexacoordinated
structures of the ferrous systems show that a conformation
adequate for the binding of the oxygen is favoured after
reduction of the iron and produce a stable high-spin configur-
ation. This is strongly different from what is known of
naturally occurring haemoenzymes. For example, in cyto-
chromes P450, the entrance of the substrate in the binding
site leads to the removal of the labile water ligand and the
electron transfer to generate the ferrous species.

The transition path was therefore investigated. As the
water chelating the iron in 5 is dissociated in the high- and
intermediate-spin function, further calculations were carried
out only on the transition between 6 and 5. Transition states
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between these two structures occur at Fe-Oy, distances at
3.44, 2.73 and 3.02 A for low-, intermediate- and high-spin
species, respectively. The general features of the lowest
vibrational mode are similar to those of the ferric system as
reported in the previous section. Additionally, the transition
states for these different species are located at 13.4, 2.5 and
10.1 kcal mol ™! above the reactant structure for low, inter-
mediate and high spin, respectively. For the high-spin
species, which represents the ground state of the system, this
means a diminution of about 8 kcal mol ' and a value rela-
tively accessible in standard conditions. It appears therefore
that, when the system has been reduced, the transition
between 6 and 5 has a low enough barrier to take place.

Enthalpic and kinetic considerations confirm that, once the
electron has been transferred to the ferric ion, the removal of
the glutamate from the first coordination sphere of the metal
becomes favourable. The mechanism should take place via a
high-spin state throughout the process and lead to stable
square pyramidal structures compatible with oxygen binding
at the vacant site of the metal. This would take place through
a transition mechanism where a mixed contribution of the con-
formational change of the cofactor, the rearrangement of helix
A and the change in coordination state of the metal occurs.
Which of these features dominates in the process is yet to be
determined but is fundamental to decoding the real extent of
non-natural bioinorganic complementarities.
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3.3. First coordination sphere of metal versus protein—
cofactor complementarities

The final question we aim to answer is to identify the molecu-
lar variables that condition the unexpected geometrical features
of the Fe(Schiff base) - cdHO system and so shed light on what
are the energetic contributions that dominate in the formation
of bio-organometallic systems. We therefore embarked on ana-
lysing the relative energy of the system, partitioning it in terms
of (i) first coordination sphere of the metal versus the rest of the
system and (ii) ligand versus protein (electronic supplementary
material, scheme S2). To do so, we performed additional
calculations where the QM /MM partition was constructed in
such a way that the first coordination sphere of the metal
was modelled in the quantum mechanics region, while the
rest of the system was included in the MM one (electornic sup-
plementary material, scheme S3). We first benchmark this
novel partition by carrying on calculations on the transition
from 6 to 5 and comparing these results with the larger one.
Despite slight geometric and energetic nuances, the overall
profiles are very similar (figure 6; electronic supplementary
material, figure S4) and further analyses were therefore
performed on these calculations.

Decomposition between QM and MM terms of the total
QM/MM energy unambiguously shows that the QM term
dictates the shape of the overall profile in all oxidation and
spin states. The QM curves are only a few kcalmol !
higher than the QM/MM ones and both of them can
almost overlap. The MM terms have a minor role and only
modulate the shape of the QM/MM profile. However, it is
still interesting to note that, in most cases, this part of the
system remains almost unaffected (Fe(II) cases) or even stabil-
ized (Fe(Ill) cases) for Fe~Ogy, going from reactant to a few
steps after the transition state. From then on, a destabilization
of the system is observed, reaching up to ca 15 kcal mol
(electronic supplementary material, figure S4). Structural
analysis showed us that the first part of the transition implies
a slight relaxation of helix A while the glutamate is removed.
However, at longer distances some clashes at the hinge
between the flexible region of our partition and the rigid
one are observed, hence leading to higher energies. Therefore,
our partition does not allow us to deal with the full extent of
the molecular flexibility engendered by the relaxation of the
first coordination sphere of the metal; something that
definitely represents a major tour de force in molecular
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Figure 7. Example of the relative contributions of the ligand and protein sys-
tems in the total QM/MM energy associated with the transition path between 6
and 5 for the Fe(ll) high-spin system.

modelling. However, our results are still quite indicative.
Once the Glu24 goes out of the first coordination sphere of
the metal, the rearrangement of helix A can be energetically
meaningful.

The larger partition allows us to consider the relative con-
tribution of the cofactor and receptor in the total energy of the
complex. In this case, a clear different pattern is observed. For
all spin and oxidation states, the energy of both isolated
cofactor and receptor decrease as a function of the distance
between the glutamate and the metal (figure 7; electronic
supplementary material, figure S5). The protein tends
to stabilize to ca 10kcalmol ' and the cofactor up to
14 kcal mol . This means that a planar conformation of
the Fe(Schiff base), the presence of the glutamate out of the
first coordination sphere of the metal as well as a confor-
mation of helix A with its C, end pointing towards the
solvent would be preferred by considering the energetic prop-
erties of both individual species. All these statements are
consistent with current knowledge on porphyrinic, salen and
salophen moieties [36] as well as the crystallographic structure
of haem-bound haem oxygenase [37].

This part of the study clearly shows that the structure
observed experimentally corresponds to a stable Fe(IlI)
distorted conformation of the cofactor with the Glu24 coordi-
nating the metal. This structure can only be understood if
considering that the coordination rules of the metal drive the
tuning between the inorganic and proteic moieties. The
Fe(IIT)Schiff base moiety, by being smaller and more flexible
than the haem in the natural system, affords an additional
coordination site that can be reached by a residue acting as a
Lewis basis. Hence, it appears that all possible conformational
changes in the cofactor or the proteic receptor that could
satisfy the best coordination of the metal would take place
even if both chemical and proteic systems should be penalized.

4. Conclusion

In this study, we embarked on the analysis of a novel resting
state and investigated the nature of the activation process of
a haemoenzyme to finally discuss the results in terms of phy-
sico-chemical properties governing the interaction between
inorganic moieties and proteins. This study clearly shows
that, despite the structural similarity of the artificial cofactor
to the naturally occurring haem, the structure reported by
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Ueno et al. represents indeed the conformation of the resting
state of the enzyme and corresponds to a high-spin system.
Despite the well-known tendency of salophen to adopt
planar geometries and the apo-HO system to coordinate the
haem through a unique histidine, the molecular rules that
govern the structure of the resting state of the novel enzyme
and its activation process are imposed by the first coordination
sphere of the metal. The removal of the side chain of the Glu24
needs though a synergic mechanism driven by the first coordi-
nation sphere of the metal but implying an overall structural
change in the relative position of the proximal helix and the
conformation of the cofactor. These results show that foresee-
ing the degree of conformational variability of the inorganic

189

cofactor and the proteic receptor and any possible ligand
exchange that could take place in the coordination sphere of
the metal is a significant variable for the design of novel bio-
metallic hybrids. This work sheds light on the major impact
of the metal in dictating the structure of bioinorganic compo-
sites and provides key information for the rational design of
novel members of this family of catalysts.
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A flexible and versatile synthetic approach for the construction of
water-stable DNA-binding chiral peptide helicates based on the
solid phase peptide synthesis (SPPS) methodology is reported.

The development of non-natural agents that can reproduce the
DNA recognition properties of natural transcription factors
remains a major goal in biological chemistry,' as they might
have a great impact on fundamental and applied biological
research, and even lead to the development of gene-targeted
therapies.” Most of the efforts in this area have been directed
towards the development of small organic binders, but in the
past few years there has been growing interest in the use of
coordination and metallo-supramolecular compounds with
unique structural and spectroscopic properties.’®

Helicates have shown promising and unusual DNA-binding
properties,* including major groove binding,” and recognition
of DNA three-way junctions.® However, nearly 20 years after the
pioneering studies by Prof. Jean-Marie Lehn,” helicates are still
not viable alternatives to traditional DNA-binding agents. The
slow development in the biological chemistry of metal helicates
ultimately derives from the lack of efficient and versatile
methodologies for their enantioselective synthesis,® which
usually results in mixtures of isomers difficult to separate,’
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insoluble or unstable species in water,'® and above all, lack of
versatility for structural and functional optimization.'* Prof.
Scott recently proposed a new synthetic approach to obtain
DNA-binding helicates based on the self-assembly of aldehydes and
amines in the presence of M(u) ions that allows the formation of
water-stable and optically pure helicates.'” Although this method
represents a great improvement over the traditional routes, it does
not guarantee the straightforward access to structural variants to
efficiently study the chemical and functional space.

Given our experience in the study of DNA recognition
agents,"® DNA-binding peptides,'* metallopeptides,'® and helicates,"
we decided to investigate this problem by developing an alternative
approach to synthesize DNA-binding chiral helicates. Herein we
report our proposal that potentially combines the biocompatibility,
modularity and structural control of peptides with the synthetic
flexibility and versatility of solid-phase peptide synthesis (SPPS)
methodology, which allows the straightforward construction and
modification of the helicates and, therefore, the easy optimization
of their biophysical properties.

2,2'-Bipyridine (Bpy) is a privileged chelator that leads to
stable complexes with many metal ions that have been extensively
used in coordination and supramolecular chemistry.'® Thus, we
decided to synthesize a Bpy analog appropriately modified for its
application in SPPS as the basic component of our peptide helicates.
Hence, the Bpy unit was derivatized with 5-amino-3-oxapentanoic
acid (O1Pen) as a Fmoc-protected achiral amino acid (Fmoc-
O1PenBpy-OH (1); Scheme 1 and ESI,} Scheme 51)."

Following the synthesis of the amino acid building block, we
designed a peptidic ligand capable of folding into a single-stranded
dinuclear hairpin helicate; the selected peptide sequence contains
six O1PenBpy units, which satisfy the coordination requirements of
two octahedral metal centers, arranged in three sets (or substrands)
of two consecutive Bpy residues connected through two
short loops. The loops, whose structures have been previously
optimized,'*” are key components of this design, as they include
a p-turn promoting -[(p/L)-Pro]-Gly- sequence that pre-organizes
the ligand and induces the folding of the peptidic chain into
discrete dinuclear species, thus avoiding the formation of higher
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Scheme 1 Solid-phase synthesis of the peptide ligands L.-H and pp-H.
The L-Pro or p-Pro residues in the loops select a particular supramolecular
chirality in the final helicates (AA - or AA -, respectively). Below,
molecular representation of the most stable AA-[Fe,(-H)** helicate
highlighting the interaction of the ammonium group of the N-terminal
end with the C-terminal loop.

order and polymeric complexes in the presence of metal ions
(Scheme 1).

In order to gain some information about the structural
viability of our design, molecular modeling was performed on the
Fe(n) helicate derived from the peptide ligand 1i-H (Scheme 1)."”
The system was optimized following a hierarchical protocol that
consists of: (1) molecular dynamics simulation on the loops of an
initial structure of the metallopeptide candidate; (2) clustering of
the resulting MD, and (3) refinement by QM/MM geometry
minimization of the most populated cluster representatives
(see ESLf{ Fig. S1). The final calculation was performed with
solvent and electronic embedding effects. The lowest energy
model presents a helical geometry (Scheme 1) with both Fe(u) ions
in octahedral configurations and the six bipyridine rings ordered
around the metal centers. The first coordination sphere of the
metal ions is barely constrained by the entire peptide framework,
indicating that an excellent complementarity between organic and
inorganic moieties is achieved in this design.

Supported by the computational results, we synthesized two
enantiomeric peptide ligands, each of them equipped with two
L-Pro (u-H) or p-Pro residues (pp-H) in their loops (Scheme 1).
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Both peptidic strands were obtained following standard Fmoc/tBu
solid-phase protocols,'® and purified by reverse-phase HPLC (see
ESIT). Incubation of ~4.0 uM solutions of wi-H and pp-H in PBS
buffer (pH = 7.4, 298 K) with increasing concentrations of Fe(u)
resulted in a bathochromic shift of the bipyridine absorption band
from 304 to 322 nm, as well as in the appearance of a new band
centered at 545 nm, typical of octahedral trisbipyridine Fe(u)
complexes (see ESLi Fig. S2 and S4a).'® The increase in the
absorption intensity of the d-d band was used to calculate the
binding constants, which were the same within the experimental
error for both 1i-H and pp-H,?° thus for the first association
p11(-H) = By 4(op-H) ~ 12.9 pM, and the overall formation
constants f, 1(ti-H) & f,,(pp-H) ~ 18.9 pM.>"** The successful
assembly of the helicate, which can be considered as quantita-
tive, was further confirmed by MALDI-TOF mass spectrometry
showing a major peak at 2337.9 (see ESIT). To our knowledge,
SPPS has never been used for the preparation of helicates.
Moreover, fully-peptide ligands have not been used before as
precursors of metal helicates, and there are only a handful of
examples of organic strands equipped with oligopeptides as
spacers or functional appendages.>?

As expected, Li-H and its enantiomer pp-H give rise to mirror
image CD spectra with two bands of opposite signs at approximately
290 and 324 nm (Fig. 1, and ESIY). The intensity of these bands
decreases upon addition of Fe(u), while at the same time they display
a bathochromic shift to 302 and 333 nm, respectively. The sign of the
Cotton effect of the helicates is consistent with a A-configuration
on each metal center for the i-H derivative (AA{Fe,(ui-H)]""), and a
A-configuration for the pp-H analog (AA{Fe,(bp-H)]*").** These data
confirm that the enantiomeric peptide ligands give rise to the chiral
helicates.” This means that the chiral proline residues do not only
direct the folding of the peptide chain into a discrete dinuclear
helicate, but also encode its chirality, which is selected under
thermodynamic control at room temperature in water media upon
incubation with Fe(n) ions. Controlling the metal center configu-
ration in helicates usually requires demanding synthetic procedures
for obtaining chiral organic ligands,?® which complicates the access

(6] / mdeg cm?/dmol x 10"
&
o

T T T T T T T T
250 300 350 400 450 500 550 600 650
A/ nm

Fig. 1 CD spectra of the LL-H and pp-H peptide ligands (50 pM) and their
helicates. LL-H before (black dashed line) and after (black solid line,
AA-[Fe,(LL-H)1**) addition of 2 eq. of Fe(i) and bp-H before (red dashed
line) and after (red solid line, AA-[Fe,(op-H)I**) addition of 2 eq. of Fe(n).
All measurements were made in PBS buffer pH = 7.4, 298 K.

This journal is © The Royal Society of Chemistry 2014
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to multiple structural variants that are required for the systematic
studies involved in the optimization of their biological properties. In
our approach, however, the chirality of the peptide helicates arises
naturally from two single Pro residues located in the loops
connecting the three bisBpy substrands (Scheme 1).

The chiral peptide helicates are very stable in water at room
temperature, and no degradation or racemization was detected
even after several weeks. Additionally, thermal denaturation
experiments produced sigmoidal melting profiles for both
helicates that were consistent with cooperative transitions in the
decomplexation of the Fe(u) ions (see ESILT Table S1, Fig. S5-57).
Both melting curves were qualitatively similar, with a Ty, tempera-
ture of ~80.5 °C. Van’t Hoff analysis showed that the unfolding
process displays a positive entropic variation (AS ~ 447.1 J mol %),
consistent with the increase in molecular disorder resulting from
the disassembly of the complexes; the unfolding process is also
highly endothermic (AH ~ 157.9 k] mol "), in agreement with the
large association constants obtained in the UV/Vis titrations and
reported studies of related supramolecular metal complexes.””
Alternatively, global analysis of the unfolding process using the
Gibbs-Helmholtz equation provided qualitatively similar results.*®

Having at hand the methodology for the efficient assembly
of water-stable and chiral peptide helicates, we decided to
explore the DNA binding properties of these species. In particular,
we were interested in studying the affinity and chiral selectivity of
their binding to the three-way DNA junction,*° data that remain
unknown until now.

Towards this end, we synthesized the N-terminal rhodamine
labeled derivatives of the previously described ri-H and pp-H
peptide ligands. In short, once the core peptide sequences were
fully assembled, and still attached to the solid support, their
N-terminal amines were reacted with 5-(and 6)-carboxy-X-
rhodamine succinimidyl ester to yield the fluorescent peptidic
ligands vi-RhH and pp-RhH, which were then cleaved from the
resin and purified as described before, and incubated with 2 eq.
of Fe(n) to form the corresponding fluorescent helicates
AA-Fe,(1-RhH)]*" and AA-[Fe,(pp-RhH)]*" (Scheme 2).

Incubation of 1 uM solutions of the rhodamine-labeled
helicates with increasing concentrations of the DNA three-way junc-
tion Y,Y,Y5* (see ESIT) produced a concentration-dependent increase
in the fluorescence anisotropy that could be fitted to a modified 1:1
binding mode, including higher order aggregates resulting from non-
specific interactions (Fig. 2)."* The AA{Fe,(L-RhH)]*" peptide helicate
displayed significantly higher affinity—almost 150 fold—for the
Y,Y,Y; DNA junction than the enantiomeric AA{Fe,(pp-RhH)]*, with
apparent dissociation constants for the 1:1 complexes of 0.25 +
0.04 uM and 37.6 + 1.0 uM, respectively.>>**

The structure of the peptide helicate obtained by molecular
modeling is comparable to that of the simpler helicates previously
described by Hannon et al. Specifically, the three-fold symmetry of
the peptide strands folding around the metal ions creates a
compact structure with the right diameter for insertion into the
cavity at the center of the three-way junction. These similarities,
together with the tight binding constants observed in the fluores-
cence titrations, support a similar binding model with the DNA
junction (see ESLt Fig. 59).°

This journal is © The Royal Society of Chemistry 2014
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Scheme 2 Synthesis of the rhodamine-labeled peptide ligands L.-RhH
and pp-RhH by solid phase modification of the core peptides, and their
corresponding helicates (AA-[Fe,(L.-RhH)I*"  or AA-[Fe,(pb-RhH)**
respectively). See Scheme 1 for complete sequences of LL.-H and pp-H.
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Fig. 2 Fluorescence anisotropy titrations of 1 puM solutions of peptide
helicates with a DNA three-way junction (Y;Y,Y3) in 10 mM PBS buffer, NaCl
10 mM; pH: 7.3, 20 °C. AA-[Fe,(LL-RhH)I** (left) and AA-[Fe,(op-RhH)** (right).
Lines represent the best fit to 1: 1 binding models including the contribution of
nonspecific complexes. DNA oligo sequences: Yq: 5'-CAC CGC TCT GGT CCT
C-3"; Y,: 5'-CAG GCT GTG AGC GGT G-3'; Y3: 5'-GAG GAC CAA CAG CCT
G-3.

Once we characterized the basic properties of the peptide
helicates, we decided to exploit the presence of the fluorescent
rhodamine dye to study their cell-internalization. Thus, we
incubated Vero cells with AA-[Fe,(ti-RhH)|** for 12 h, washed
them with PBS, and observed the preparations without fixation.
Gratifyingly, we found that the compound was efficiently inter-
nalized into the cells, concentrating in endocytic vesicles in the
cytoplasm, which is consistent with the internalization pathway
observed for other metal complexes,** and luminescent helicates
(see ESI,t Fig. S10).*

In summary, we present a simple and versatile methodology
for the enantioselective assembly of water-stable DNA-binding
helicates. This novel approach relies on the modularity and
synthetic flexibility of SPPS and on the preorganization of the
peptide ligands provided by two single proline residues, which also
encode the chirality of the helicates formed under thermodynamic
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control. We demonstrated the potential of this approach by
synthesizing fluorescently-labeled helicates that show chiral
discrimination and high selectivity for three-way DNA junctions
and promising cell-internalization properties.
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ABSTRACT: We have applied solid-phase synthesis methods for the construction of tris(bipyridyl) peptidic ligands that coordinate
Fe(II) ions with high affinity and fold into stable mononuclear metallopeptides. The main factors influencing the folding pathway
and chiral control of the peptidic ligands around the metal ions has been studied both by experimental techniques (CD, UV-vis and

NMR) and molecular modeling tools.

INTRODUCTION

Understanding the way in which peptides and proteins fold
into functional architectures in an autonomously-guided
mechanism defined by the amino acid sequence, that is, the
protein_folding problem, has been a formidable scientific challenge
since its identification more than 50 years ago. 12 Moreover,
despite the increasing success in the prediction of the three
dimensional structures of small proteins and peptides,? the
study of metallopeptides—how they fold and misfold,* aggre-
gate,® or interact with other molecules—is still in its infancy.67
These studies are of great relevance, given the role of metal
ions in the folding/misfolding of metalloproteins and also in
relevant pathological processes, such as the induction of amy-
loid aggregation and precipitation in neurodegenerative dis-
eases.® One of the main reasons for this underdevelopment is
that the breakdown of the different energies involved in the
folding of metallopeptides is very difficult to establish with
peptides coded by the 20 natural amino acids, because too
many physicochemical variables are involved when the donor
atoms suitable for coordination are located in the side chains
of the peptide sequence. In contrast, artificial metallopeptides,
in which the metal-binding units are part of the main chain of
the amino acid structure, represent excellent model systems for
the study of metallopeptide folding, as they can be described
with far less variables and offer much better coupling between
the conformational preferences of the peptide chain and the
coordinating properties of the metal ions.%10.11 Herein, we
present a computational and experimental study of the folding
and chiral control of a family of octahedral mononuclear met-
allopeptides containing metal-coordinating bipyridyl units as
integral part of the peptide backbone.

RESULTS

2,2’-bipyridine (Bpy) is a privileged metal chelator and, as
such, has been extensively used in coordination and supramo-

lecular chemistry.!2 We synthesized a Bpy analog appropriate-
ly modified for its application in solid phase peptide synthesis
(SPPS) in which the Bpy unit was derivatized as a Fmoc-
protected amino acid with 5-amino-3-oxapentanoic acid
(Fmoc-O1PenBpy-OH, 1, Scheme 1). Following the synthesis
of the amino acid building block, we designed a set of six pep-
tide ligands featuring three metal-binding bipyridine units
connected by two short loops (LL-P, DD-P, GD-P, GL-P, DL-P
and LD-P, Schemel). The loops include a f-turn promoting
sequence (Pro-Gly) that directs the folding of the peptide
chains into discrete mononuclear species and encodes the
chirality of their resulting complexes; ¢ the N-terminal loop
may contain a chiral proline (~Gly-(L)Pro-Gly— or —Gly-
(D)Pro-Gly—), or an achiral sequence (—Gly-Gly-Gly—), while
the C-terminal loop contains in all cases a chiral proline resi-
due (~Gly-(L)Pro-Gly— or —Gly-(D)Pro-Gly-).13 All the peptides
were obtained using standard Fmoc/tBu solid-phase proto-
cols,'* and the final products were purified by reverse-phase
HPLC and identified by MS (see ESI).

Following the synthesis of the peptide ligands, we first stud-
ied the thermodynamic stability of their metal complexes.
Thus, incubation of low pM solutions of the peptide ligands
LL-P (featuring homochiral Pro loops), GL-P (one chiral loop),
and DL-P (heterochiral loops) at 298 K with Fe(Il) ions result-
ed in qualitatively similar changes, most notably a clear batho-
chromic shift of the Bpy absorption band from 308 to approx-
imately 316 nm due to the complexation processes (See ESI,
Figures S1-S3). The binding constants derived from the
UV/vis titrations indicate that all the complexes are very
stable, so that the values of the formation constants are f;; = 8
for LL-P and GL-P, and f,; = 9 for the more stable heterochi-
ral peptide complex with DL-P (ESI, Figures S4-6 and Table
S1).15 The assembly of the discrete mononuclear octahedral
complexes was further confirmed by MALDI-TOF mass spec-
trometry (See ESI).16
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Scheme 1. Solid phase peptide synthesis of the tris(bipyridyl) peptide
ligands LL-P, DD-P, LD-P, DL-P, GL-P and GD-P, as well as their corre-
sponding Fe(II) mononuclear octahedral complexes.

As expected, the enantiomeric LL-P and DD-P ligands give
rise to mirror image CD spectra characterized by two bands of
opposite sign at 300 and 329 nm with a crossover at 314 nm,
so that LL-P displays a positive couplet and DD-P a negative
couplet. It is worth recalling that a CD couplet is defined a
sequence of two bands of approximately equal amplitude and
opposite signs, with crossover point close to the absorption
maximum; the couplet is defined positive/negative according
to the sign of its long-wavelength component. The intensity of
these bands increases upon addition of 1 equivalent of Fe(II)
ions and their increase is also accompanied by bathochromic
shifts of both couplet components, respectively. Furthermore,
upon iron chelation we observe the appearance of another
broad bisignate feature allied to a charge transfer transitions
around 550 nm. As observed in other cases before, this pair of
bands in the vis-region have opposite sign sequence with re-
spect to the UV-couplet.17 The sign of the UV-couplet is con-
sistent with a A configuration in the metal centre for [Fe(LL-
P)]2* and with the opposite A configuration for [Fe(DD-P)|2+
(Figure 1).18 Interestingly, the CD spectra of the LL-P, LD-P
and DD-P systems indicate that a single Pro residue in the
sequence (namely, the N-terminal Pro) encodes the dominat-
ing chirality of the resulting metallopeptide. Thus, the CD
spectra of LD-P and LL-P, as well as those of their correspond-
ing Fe(Il) complexes, [Fe(LD-P)]2+ and [Fe(LL-P)]2+ display a
positive UV-couplet around 300 nm, and correspondingly a
negative/positive sequence long-wavelength bands around 550
(Figure 1 and ESI, Figures S7-9). The presence of the UV
couplet before complexation and the conservation of its sign
(although with a significant increase in amplitude) after metal
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binding suggests that the bipyridyl moieties in the free peptides
are to some extent preorganized to host the metal.

—8

[6] / mdeg cmZ/dmol x 10

250 300 350 400 450 500 550 600 650
Alnm
Figure 1. a) CD spectra of [Fe(LL-P)]?* (black line), [Fe(LD-P)|** (red
line), and [Fe(DD-P)]?>* (dashed line). CD spectra were measured at 293
K, 10 mM PBS buffer, pH = 5.0.

While conducting these CD studies we became aware that
the assembly of the Fe(II) metallopeptides is a kinetically slow
process, and therefore we decided to monitor the folding of the
peptide ligands in presence of Fe(Il) ions. The homochiral
ligands (LL-P and DD-P) displayed a monoexponential de-
crease (or increase) of their 332 nm CD signal at 40 °C upon
addition of Fe(Il), reaching a plateau after approximately 25
min (Figure 2a), consistent with a two-state process in which
the unfolded peptides reach thermodynamic equilibrium as
folded Fe(Il)-metallopeptides (U @ F). The simple two-state
process is also confirmed by the existence of a isodichroic
point.19 In contrast with this, the intensity of the CD signal at
332 nm of the peptides containing two proline residues with
opposite chirality (DL-P and LD-P) displays a biphasic profile
at 40 °C, and lacks the isodichroic point, so that a rapid in-
crease (or decrease) in the CD intensity is followed by a slower
exponential decay (or increase) (Figure 2b). In this case, the
folding process cannot be simply described by the direct transi-
tion between an unfolded and a folded state (U 2 F), but re-
quires the consideration of an intermediate complex (U 2 I 2
F). Moreover, lowering the temperature from 40 °C to 20 °C
resulted in an increase of the CD signal, but more importantly,
it also induced a change in the kinetic profiles of the homochi-
ral peptides, which become biphasic at 20 °C, thus suggesting
the accumulation at this temperature of an intermediate com-
plex similar to that observed for the mixed chirality peptides
also at higher temperatures. In contrast with this, the mixed
chirality peptide, DL-P as well as those with a single Pro resi-
due, GL-P and GD-P, maintain their folding profiles, albeit
with at significantly slower rate (see ESI for the kinetic con-
stants, Table S2).

In all cases the observed changes in the CD only affect the
intensity of the bands, but not their position, and these varia-
tions are not observed in the absorption spectra (ESI, Figures
S13-21). This suggests that the variations in the CD intensity
arise from changes in the relative position of the Bpy chromo-
phores around the metal center as they rearrange to their most
stable geometry through non-dissociative mechanisms, such as
the Bailar or the Ray—Dutt twists isomerizations.20
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Figure 2. Evolution of the circular dichroism signal at 332 nm of LL-P
(a), and DL-P (b) upon addition ot Fe(Il) at various temperatures. LL-P
Shows monoexponential decays at 40 and 30 °C, and the biphasic profiles
only appear at lower temperatures. DL-P shows slower kinetics (note the
timescale of the plots) with biphasic profiles at all temperatures.

At this point, we decided to further investigate the folding
process of the metallopeptide assembly by experimental and
theoretical tools. Surprisingly, HPLC analysis of the DL-P
heterochiral peptide ligand in the presence of Fe(II) ions shows
four peaks (ESI, Figure S22), suggesting the presence of four
major isomers in solution. Moreover, these four complexes are
in equilibrium, as evidenced by the observation of the same
four peaks when each of the isolated peaks is injected back into
the HPLC after a short equilibration time. LL-P and GL-P
Fe(Il) metallopeptides also show the same behavior. Moreover,
the solution 'H-NMR spectrum of [Fe(LL-P)|2+ shows a set of
resonances compatible with four distinct isomers (ESI, Figures
523-28). We tried to assess whether these isomers are in chem-
ical exchange equilibrium by variable temperature NMR in
the 5-45 °C range (ESI, Figure S29), but no sign of chemical
exchange was evident in this range. This is compatible with a
slow rate of interconversion between the four isomers at the
NMR timescale in the thermodynamic equilibrium suggested
by the observations made by HPLC.

Molecular modeling and QM/MM optimization provided
3D models of the possible Fe(Il) isomers derived from the DL~
P ligand. These studies show that several (10) isomeric metal-
lopeptide configurations differing in the folding of the peptidic
chain around the metal center are energetically accessible
(Figure 3 and ESI, Figures S30). It is worth noting that, for all
isomers the lowest energy structures contain two cis prolines,
which suggests that during the metallopeptide assembly pro-
cess these residues isomerize from their more stable trans con-
formation in solution to satisfy the conformational require-
ments for metal coordination (see ESI Figure S31-33).21 The
energetic breakdown of the total QM/MM energy does not
show major constraints on the first coordination sphere of the
Fe(Il) ion, and the fold of the rest of the peptide is mainly
function of the energy of the loops (see ESI Figure S34). How-
ever, when considering the complete set of physical variables
taken into account in our calculations, we observe that the
major factor influencing the relative stability of the different
isomers is the desolvation of the peptide chain that favors the
more compact structures.22

C-(L)-Pro
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Figure 3. QM/MM relative energies of the possible Fe(Il) complexes
formed with the DL-P peptide ligand A isomers are shown in black, and A
in light grey. The isomer labeled as A4, with the lowest energy of all the
complexes is also represented on the right (bipyridines in darker shade of
grey).

As we have seen, the CD spectra of the mixtures of isomers
(Figure 1 and ESI, Figures S7-9) indicate an overall chiral
selection governed by the chirality of the N-terminal Pro resi-
due. In agreement with the experimental data, computation
on the three metallopeptide systems (LL-P/DD-P, GD-P/GL-P,
DL-P/LD-P) shows that the most stable geometry is independ-
ent of the chirality of the Pro residue in the C-terminal loop
(ESI, Figures S31-33). We hypothesized that the relative posi-
tion of the Pro residues (N-Pro or C-Pro) with respect to the
central Bpy group (M-Bpy), as well as the asymmetry of the
peptide ligands could be responsible of the dominance of the
N-Pro residue in the selection of the overall chirality. An addi-
tional set of calculations was therefore performed with a Ins
MD of DD-P and LL-P. The analysis of the MD shows that the
C-terminal Bpy unit (C-Bpy) is more flexible, and conforma-
tionally less defined than the N-Bpy group (Scheme 1), and
also that the N-Bpy/M-Bpy pair is more preorganized than
the M-Bpy/C-Bpy (ESI, Figure S35 and S36).

The ECD spectra for the 10 structures discussed above for
the DL-P system (Figure 3; ESI, Figures S37-40) were simulat-
ed by means of time dependent DFT calculations (TD-DFT).
To this end, we pruned the chromophores by replacing the
chains at the sides of the amide groups with H-atoms. All the
hydrogen atoms were reoptimized with standard DFT (CAM-
B3LYP//SVP), clamping all the remaining atoms in their
original positions. This truncation simplified the calculations,
which otherwise would be excessively demanding, and it was
justified by the fact that the chains connecting the bipyridyl
amides provide only weak spectroscopic contributions.
TDDFT at the same level used for geometry optimizations
(CAM-B3LYP/SVP) provided the ECD spectra for the indi-
vidual conformations shown in Figures S38 and S39. The
proximity and dissymmetric orientation of the three chromo-
phores is responsible for the typical exciton couplet structure,
with D and L forms yielding positive and negative couplets,
respectively.
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These theoretical predictions could be useful to explain the
observations made during the CD »s time experiments above
described. In fact, the timescale of the kinetic profiles suggests
that the #rans — cis isomerization of the proline residues is the
underlying process promoting the reorganization of the pep-
tide ligands around the metal ions.23 This is in agreement with
the known preference of Pro residues to present a #rans con-
formation in short peptides in solution, and the molecular
modeling studies showing that the M-Bpy/N-Bpy pair is signif-
icantly structured (and thus stabilizing an otherwise unstable
cis proline in the N-loop). Moreover, Pro isomerization has
also been proposed as the slow step in the denatura-
tion/folding pathway of small proteins.24 The folding of these
Fe(II) trisbipyridyl metallopeptides could be explained as fol-
lows (Figure 4, left). In the initial state the free peptide ligands
are poorly structured (particularly their C-terminal end), and
have their Pro residues in frans configuration; the addition of
Fe(Il) ions to the solution of the peptide ligands gives rise to a
number of isomeric metallopeptides in equilibrium, which
progressively collapse into the observed set of four isomers
with their Pro residues in the ¢is conformation. Interestingly,
the position of the equilibrium between the selected isomers
can be shifted by changes in the temperature. Thus for exam-
ple, varying the temperature of a [Fe(LL-P)|2* solution be-
tween 30 and 40 °C results in measurable changes in the CD
spectrum, which can be reversibly switched between two ex-
treme values (Figure 4, right).

CONCLUSIONS

In summary, we describe the folding process of a family of
trisbipyridyl Fe(II) mononuclear metallopeptides. The two-step
folding process involves a rapid coordination of the ligand
peptides to the Fe(Il) ions and the formation of a number of
isomers (up to 10 possible species can be formed); this mixture
collapses into four well-defined isomers. Based on high-level
theoretical calculations and kinetic data, we suggest that the
key factor that drives the folding pathway is a trans — cis
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isomerization of the Pro residues located in the loops of the
peptides connecting the three coordinating bipyridine units.
Moreover, we have also observed that the position of the equi-
librium between the four isomers can be reversibility switched
by varying the temperature of the solution mixture. Finally, we
have shown that there is an overall chiral selection in the mix-
ture of isomers in the equilibrium, and that it is programmed
by the chirality of the N-terminal Pro residue in the peptide
ligand. We believe that these studies could help to improve the
scarce knowledge about the folding mechanism in metallopep-
tides and metalloproteins.
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Abstract The reactivity of the [Pt(dmba)(aza-
N1)(dmso)] complex 1, (a potential antitumoral drug
with lower ICs, than cisplatin in several tumoral cell
lines) with different proteins and oligonucleotides is
investigated by means of mass spectrometry (ESI-TOF
MS). The results obtained show a particular binding
behaviour of this platinum(II) complex. The interaction
of 1 with the assayed proteins apparently takes place by
Pt-binding to the most accessible coordinating amino
acids, presumably at the surface of the protein -this
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avoiding protein denaturation or degradation- with the
subsequent release of one or two ligands of 1. The
specific reactivity of 1 with distinct proteins allows to
conclude that the substituted initial ligand (dmso or
azaindolate) is indicative of the nature of the protein
donor atom finally bound to the platinum(II) centre, i.e.
N- or S-donor amino acid. Molecular modeling calcu-
lations suggest that the release of the azaindolate ligand
is promoted by a proton transfer to the non-coordinating
N present in the azaindolate ring, while the release of
the dmso ligand is mainly favoured by the binding of a
deprotonated Cys. The interaction of complex 1 with
DNA takes always place through the release of the
azaindolate ligand. Interestingly, the interaction of 1
with DNA only proceeds when the oligonucleotides are
annealed forming a double strand. Complex 1 is also
capable to displace ethidium bromide from DNA and it
also weakly binds to DNA at the minor groove, as
shown by Hoechst 33258 displacement experiments.
Furthermore, complex 1 is also a good inhibitor of
cathepsin B (an enzyme implicated in a number of
cancer related events). Therefore, although compound 1
is definitely able to bind proteins that can hamper its
arrival to the nuclear target, it should be taken into
consideration as a putative anticancer drug due to its
strong interaction with oligonucleotides and its effec-
tive inhibition of cat B.

Keywords Antitumoral compound - Platinum -

DNA interaction - Protein interaction - Mass
spectrometry
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Abbreviations
aza 7-Azaindolate

cat B Cathepsin B

Cyt C  Cytochrome C

Dmba N,N-dimethylbenzylamine-xN,xC
Dmso Dimethylsulfoxide

DS Double strand oligonucleotide

EB Ethidium bromide

HSA  Human serum albumin

MT1  Zn;-MT complex of the recombinant mouse
metallothionein isoform 1

Myo  Myoglobin

SS Single strand oligonucleotide
Tf Transferrin
Introduction

Since the end of the 70 s, platinum-based complexes,
such as cisplatin, carboplatin and oxaliplatin have
resulted the most effective treatments against cancer
(Lippert 1999; Jakupec et al. 2008; Harper et al. 2010).
Their clinical success has promoted the design of
further generations of Pt drugs aiming at overcoming
several drawbacks (Barnes and Lippard 2004), like
severe side-effects, the intrinsic resistance of some
tumors, and the development of resistance induced
after initial treatment (Jakupec et al. 2008). The
mechanism of platinum-anticancer drugs involves
their binding to DNA (Jamieson and Lippard 1999),
which induces structural modifications on the double
helix leading to apoptosis (Lippert 1999). The natural
ability of cells to prevent toxicity promotes several
responses: changes in the intracellular accumulation
of the drug; increased production of intracellular
thiols; increased capability of cells to repair platinum-
induced DNA damage; and failure to initiate apoptosis
in the presence of platinated DNA (Paolicchi et al.
2002). Due to the strong reactivity of platinum
compounds toward S-donor molecules, which leads
to the formation of very stable Pt'thiolate bonds,
various kinds of intracellular thiol-rich molecules, as
metallothioneins, account for conferring resistance to
antitumor platinum drugs through their competition
with DNA (Knipp et al. 2007). Also the interaction of
the platinum drugs with other proteins may play
crucial roles in their uptake and biodistribution

@ Springer

processes, as well as in determining their toxicity
profile, as they are the first potential interaction
partners in the blood stream after intravenous admin-
istration (Barnes and Lippard 2004).

Therefore, decoding how platinum(II) complexes
interact with proteins is key for designing new
effective drugs. The contribution of electrospray
ionization mass spectrometry (ESI-MS) to monitor
such interaction has been proven to be extremely
valuable when using, either nano-ESI sources, which
are common in the study of the interaction of platinum
drugs with proteins (Egger et al. 2008; Montero et al.
2007), or conventional ESI sources (Samper et al.
2012 and others), which, unlike the nano-ESI sources,
allow to work under a wide set of experimental
conditions.

The synthesis and X-ray crystal structure of a
dmba-based platinum complex 1, [Pt(dmba)(aza-N1)
(dmso)], (dmba = N,N-dimethylbenzylamine-xN,
«kC; aza-N1 = 7-azaindolato-kN1; dmso = dimethyl-
sulfoxide-kS), have been reported (Ruiz et al. 2010).
Complex 1 not only contains a chelating ligand
forming a very stable C—Pt bond (which accounts for
the integrity of the Pt moiety), but also shows sub-
micromolar activity both in A2780 and T47D cell lines
(IC50 = 0.34 uM and 0.53 uM, respectively). Addi-
tionally, it exhibits very low resistance factors in the
A2780 cell line, which has acquired resistance to
cisplatin. Finally, the formation of adducts of this
platinum(I) complex 1 with calf thymus DNA,
followed by circular dichroism, has suggested impor-
tant and promising modifications in the secondary
structure of DNA, which point out the putative interest
of this complex as an anticancer drug (Ruiz et al.
2010).

In this work we have studied the interaction of
complex 1 with several proteins (albumin, transfer-
rin, myoglobin -as a model for haemoglobin-,
cytochrome C, and metallothionein -mammalian
MT1) that can easily interact with metallic drugs
after its administration in the blood stream and
before their arrival to the putative target (i.e. the
cellular nucleus). These interactions have been
monitored by an ESI-TOF MS instrument equipped
with a conventional ESI source and with a high
resolution TOF analyzer. ESI-MS has also been
used to monitor the interaction of complex 1 with a
designed double-stranded oligonucleotide containing
the GG Pt-binding site motif. To further investigate
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the binding mode between complex 1 and DNA,
fluorescence competition experiments with ethidium
bromide (EB) and Hoechst 33258 were carried out.
The particular behaviour observed in the interaction
of complex 1 with both kinds of biomolecules,
proteins and oligonucleotides, made necessary the
use of theoretical calculations in order to better
rationalize the origin of its reactivity. The specific
interaction of 1 with MT1 -a common target for Pt"
compounds- has also been further investigated by
optical spectroscopy. Finally, the inhibitory effect of
complex 1 on cathepsin B (cat B) -an abundant and
ubiquitously expressed cysteine peptidase whose
increased expression and secretion have been related
to tumoral cell migration and invasion capacity
(Fernandez et al. 2001)- has been evaluated.

Experimental section
Synthesis and characterization of the Pt complex 1

The synthesis and full characterization of the
[Pt(dmba)(aza-N1)(dmso)] complex used in this work,
hereafter denoted as 1, was already described (Ruiz
et al. 2010). The 3D structure determined by X-ray
diffraction allowed to prove the coordination environ-
ment of the Pt"" centre shown in Fig. 1.

Due to the neutral nature of 1, which is responsible
of its relatively low solubility in water, the complex
was dissolved in dimethylsulfoxide (dmso).

% CHj

\\S<CH

o

N/ \N
HSC/ \CH \

\_/

Fig. 1 Schematic representation of the [Pt(dmba)(aza-
N1)(dmso)] complex used in this work, based on X-ray
diffraction (from ref. (Castillo-Busto et al. 2009))

C5Hp3N;0SPt

MW: 524.54 g/mol

Sample preparation and incubation previous
to mass spectrometry analysis

Most of the proteins used in this work were purchased
from Sigma-Aldrich: human serum albumin (A8763),
transferrin (T3309), myoglobin (M6036) and cyto-
chrome C (C3484). Mammalian metallothionein
(mouse MTT1 isoform) was recombinantly produced
as a Zn-complex in E. coli, and fully characterized as
previously reported (Cols et al. 1997). Several 1-mM
solutions of each protein (except for MT1) were
prepared in water by weighting the corresponding
lyophilized protein. The purified recombinant prepa-
rations of MT1 consisted on Zn;-MT1 complexes in a
50 mM Tris-HCIO, solution at pH 7.0, and of a
0.275 mM protein concentration. Additionally, a
5-mM solution of 1 in dmso was prepared.

From all these starting solutions, 100-pL samples of
100-uM protein solutions were prepared by mixing the
appropriate volume of each protein solution with the
dmso solution of 1 to render preparations at the desired
protein:Pt molar ratios (1:1, 1:5, 1:10) in 25 mM
ammonium bicarbonate buffer at pH 7. The final
solutions contained a 2 % concentration of dmso to
keep the complex soluble Afterwards, the incubation
of these mixtures was performed at 37 °C for 24 or
48 h in a stirring water bath.

The complementary single strand (SS) oligonucle-
otides used in this work, OP1 and OP2 (Table 1), were
purchased from Eurofins MWG Synthesis GmbH
(Ebersberg, Germany). In order to obtain the corre-
sponding double-stranded (DS) oligonucleotide, equi-
molar quantities of each oligonucleotide (50 uM
solutions in 25 mM ammonium bicarbonate buffer at
pH 7.0) were incubated at 70 °C for 2 h and allowed to
cool at room temperature overnight.

The SS and DS oligonucleotides were analyzed by
ESI-TOF MS in negative mode as already described
(Samper et al. 2012). These measurements confirmed
the purity and identity of the single-stranded OP1 and
OP2 oligonucleotides (Table 1), and allowed to
observe the formation of the double-stranded oligo-
nucleotide, which has been proved to be stable under
the ESI-MS conditions assayed. The mass spectra
obtained after incubation of equimolar amounts of the
complementary OP1 and OP2 oligonucleotides
showed a peak corresponding to the DS with similar
intensity to those related to the single oligonucleo-
tides, which suggested an efficiency of 50 % in their
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Table 1 Sequences and experimental molecular weight (MW) of the single (SS) and double (DS) stranded oligonucleotides
determined by ESI-MS (Casini et al. 2008). The experimental error was always lower than 0.1 %

Name Sequence Experimental MW (Da) Theoretical MW (Da)
SS OP1 5'-CACTTCCGCT-3' 2,938.6 2,938.97

OP2 5'-AGCGGAAGTG-3’ 3,116.6 3,117.10
DS 6,055.2 6,056.07

annealing reaction (Samper et al. 2012). This result
was also confirmed by size exclusion-HPLC-UV.

Following an analogous procedure to that described
above for the proteins, 100-pL samples, containing the
appropriate amounts of the DS obtained and complex
1, in order to reach a 20 UM concentration of DS and
the desired DS:Pt molar ratios (1:1, 1:5, 1:10) were
prepared. The mixtures were afterwards incubated at
37 °C for 24 or 48 h in a stirring water bath.

For the mass measurements, all the oligonucleo-
tides-containing preparations were adequately diluted
in order to reach the best S/N ratio in the mass spectra,
at the chosen working conditions.

Mass spectrometry conditions

Molecular mass determinations were performed by
electrospray ionization mass spectrometry equipped
with a time-of-flight analyzer (ESI-TOF MS) using a
Micro Tof-Q Instrument (Bruker Daltonics GmbH,
Bremen, Germany) calibrated with ESI-L. Low Con-
centration Tuning Mix (Agilent Technologies), inter-
faced with a Series 1100 HPLC pump (Agilent
Technologies) equipped with an autosampler, both
controlled by the Compass Software.

The interaction of the platinum(II) complex 1 with
proteins was analyzed in positive mode under the
following experimental conditions: 20 pL. of the
sample were injected at 40 pL min~'; the capillary-
counterelectrode voltage was 4.5 kV; the desolvation
temperature was 100 °C; dry gas at 6 L min~'.
Spectra were collected throughout a m/z range from
800 to 2500. The liquid carrier was a 85:15 mixture of
15 mM ammonium acetate and acetonitrile, pH 7.0.

The interaction of the platinum(II) complex 1 with
the OP1, OP2 and DS oligonucleotides was analyzed
in negative mode under the following experimental
conditions: 10 pL. of the sample were injected at
40 pL min~'; the capillary-counterelectrode voltage
was 3.9 kV; the desolvation temperature was 100 °C;
dry gas at 6 L min~'. Spectra were collected

@ Springer

throughout a m/z range from 800 to 2500. The liquid
carrier was a 90:10 mixture of 15 mM ammonium
acetate and acetonitrile, pH 7.0.

All samples were injected at least in duplicate to
ensure reproducibility.

HPLC separation

HPLC was performed with a Series 1200 HPLC
pump (Agilent Technologies, Santa Clara, CA,
USA) equipped with an autosampler and a diode
array detector, all controlled by the Compass
Software. 100-puL aliquots of the samples were
injected into a Superdex Peptide column (GE
Healthcare, Fairfield, CT, USA) and eluted with
50 mM ammonium bicarbonate buffer at pH 7.5, at
a flow rate of 550 uL min~'. At the exit of the
column, the absorbance was recorded at 210, 254,
and 280 nm. Each of the peaks detected (due to DS,
OP1, and OP2) were separately collected and all the
fractions corresponding to a same peak were pooled
and the sample homogenized before incubation with
the Pt" complex.

Optical spectroscopy

Circular dichroism (CD) spectroscopy was performed
using a model J-715 spectropolarimeter (JASCO,
Gross-Umstadt, Germany) equipped with a computer
(J-700 software, JASCO). Measurements were carried
out at a constant temperature of 25 °C maintained by a
Peltier PTC-351 S apparatus (TE Technology Inc.,
Traverse City, MI, USA). Electronic absorption was
measured on an HP-8453 diode-array UV-vis spec-
trophotometer (GMI Inc., Ramsey, MN, USA), using
1-cm capped quartz cuvettes, and correcting for the
dilution effects by means of the GRAMS 32 software
(Thermo Fisher Scientific Inc., Waltham, MA, USA).
Fluorescence measurements were carried out with a
Perkin-Elmer LS 55 50 Hz Fluorescence Spectrometer
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under different working conditions, depending on the
experiment carried out.

Ethidium bromide and Hoechst 33258
displacement experiments

In the ethidium bromide (EB) fluorescence displace-
ment experiment, a 3-mL solution containing 10 pM
calf thymus DNA (ct-DNA) and 0.33 uM EB (satu-
rated binding levels (Barton et al. 1986)) in 50 mM
Tris—HCI at pH 7.4 buffer was titrated with aliquots of
a concentrated solution of complex 1, thus producing
solutions with varied molar ratios of 1 to ct-DNA.
After each addition the solution was stirred at the
appropriate temperature during 5 min before mea-
surement. The fluorescence spectra of the solution
were obtained by exciting at 520 nm and measuring
the emission spectra at the 530-700 nm range, using
5 nm slits. The procedure was the same for the
Hoechst 33258 reactions, using the following condi-
tions: working solutions were 20 pM ct-DNA and
2 UM Hoechst 33258; Ao = 338 nm and A, =
400-550 nm (with Ay, = 464 nm).

Cathepsin B inhibition assay

Crude bovine spleen cathepsin B (cat B) was pur-
chased from Sigma and used without further purifica-
tion. The colorimetric cat B assay was performed in a
solution containing 20 mM sodium acetate, and I mM
EDTA at pH 5.1, using Z-L-Lys-ONp hydrochloride
(Sigma) as the chromogenic substrate. In order for the
enzyme to be catalytically functional, the cysteine
residue present in the active site needs to be in a
reduced form. Therefore, before using it, cat B was
pre-reduced with dithiothreitol (DTT) to ensure that
the majority of the enzyme is in a catalytically active
form.

IC5¢ determinations were performed in duplicate
using a fixed enzyme concentration of 0.1 pM, and a
fixed substrate concentration of 0.1 mM. Inhibitor
concentrations ranged from 0.25 to 75 uM. The
enzyme and inhibitor were co-incubated at 25 °C
over a period of 24 h prior to the addition of substrate.
Activity was measured over 1 min at 327 nm.

Cysteine reactivation was evaluated using an
inhibitor concentration corresponding to 2 x ICs.
The enzyme was treated with an excess of DTT
(Sigma D0632). After the activation, the enzyme and

compound 1 were incubated at 25 °C for 24 h. Then,
1 mM L-cysteine was added and incubated at differ-
ent times 1, 2, 3, 4, 6 and 24 h at 25 °C. Following
incubation, the substrate was added and activity was
assessed.

Molecular modeling calculations

Quantum Mechanical (QM) optimizations have been
performed on complex 1 and on several derivatives
resulting from the substitution of the dmso or the
azaindolate ligands with distinct models of amino
acids. Calculations have been carried out with Gauss-
ian 09 (2009) at the density functional theory (DFT)
level using the B3LYP (Becke 1993; Lee et al. 1988);
functional. The basis set used account for the
6-31 + G* (Hehre et al. 1972; Hariharan and Pople
1973; Spitznagel et al. 1982; Clark et al. 1983) for the
main group elements and LANL2DZ (Hay and Wadt
1985) for Pt. LANL2DZ pseudopotential was also
applied to the metal.

The strength of the interaction between the metal
and its ligands has been evaluated using the energy
decomposition analysis (EDA) as implemented in the
ADF 2010 package (te Velde et al. 2001; Guerra
et al. 1998; ADF 2010). Here, also calculations at
DFT level have been performed with the becke
(Becke 1988) and pw9lc (Perdew et al. 1992) (for
the correlation and exchange terms respectively)
mixed functional. The basis set used in this part of
the theoretical work was a TZP with a small frozen
core for all the atoms, and ZORA formalism (van
Lenthe et al. 1999) for the relativistic effects of the
platinum centre.

Results and discussion

The previous characterization of the platinum(II)
complex 1 showed its activity in several tumoral cell
lines as well as modifications in the secondary
structure of DNA (Ruiz et al. 2010), but no further
data were reported regarding this interaction. To
advance in the identification of the species formed in
the process, the number of Pt atoms attached to distinct
proteins to which complex 1 could bind before
reaching its target, and the nature of its possible
interactions with proteins and DNA were investigated.
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Fig. 2 Mass spectra recorded after incubation (24 h at 37 °C) of
complex 1 with a transferrin (Tf), b albumin (HSA), ¢ myoglobin
(Myo), d cytochrome C (Cyt C) and e mammalian MT1 at a 1:10
(Protein:Pt) molar ratios. The numbers preceded by the “+” symbol
in the boxes denote the charge state of the peaks. The notation
“n compl” denotes a mass increase corresponding to the addition of
“n” whole complexes 1 (524.5 mass units at the corresponding
charge state) to the protein. The notation “#'V¥” indicates a mass
increase corresponding to the addition of “n” molecules of complex

Moreover, the capabilities of the complex to inhibit
cathepsin B have also been determined in order to
check its possible role in the control of tumor
progression.
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1 to the protein after the elimination of the initially bound azaindolate
ligand (C7HsN,) (524.5-117.1 mass units at the corresponding
charge state); the notation “n@®” indicates a mass increase
corresponding to the addition of “n” molecules of complex 1 after
elimination of the initially bound dmso (524.5-78.1 mass units at the
corresponding charge state); and the notation “nM” indicates a mass
increase corresponding to the addition of “»” molecules of complex
1 after elimination of both initial ligands, azaindolate and dmso
(524.5-195.2 mass units at the corresponding charge state)

Characterization of the proteins by ESI-MS

The proteins used in this work were previously
analyzed by ESI-TOF MS in our labs by following a
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reported procedure (Samper et al. 2012) in order to
determine their experimental molecular weight under
our working conditions (Table S1). The analysis of
each protein solution lead to the observation of several
ionization states in the described m/z working range,
allowing a very precise determination of each indi-
vidual MW. The spectra recorded for most of the
protein preparations showed single species, except for
albumin and transferrin, which exhibited several
peaks, frequently associated to acetylated or distinct
glycosylated forms (Castillo-Busto et al. 2009). The
experimental MW recorded for myoglobin
(17567 Da), 615 Da higher than that expected for
the apoprotein, confirms the presence of the haem
group (616.45 Da).

Interaction of the platinum(II) complex
with the proteins

Complex 1 was incubated, at several molar ratios, with
each of the chosen proteins (Tf, Myo, Cyt C, HSA and
MT1). The whole set of mass spectra obtained allows
to state that, despite complex 1 is able to react with all
the assayed proteins, it does not show the same
reactivity with all of them. For the sake of clarity,
Table S2 contains all the information obtained (the
species formed after the interaction with each protein
and the relative intensity of their mass peaks), while
Fig. 2 only shows the mass spectra recorded after
incubation of 1 at the 1:10 protein-to-Pt molar ratios.

The ESI-MS data reveal that the species formed
depend on two main factors: the nature of the protein
and the assayed protein:Pt ratio. In the case of
transferrin and albumin, a high amount of broad
peaks, in low resolution spectra, were obtained
(Figs. 2a, b respectively). However, within some
experimental error, the corresponding species could
be identified. Therefore, we can state that interaction
of transferrin with 1 takes place through the elimina-
tion of both ligands, dmso and azaindolate (as deduced
by the increase of multiples of 335 £ 7 mass units, i.e.
Tf + n (compl-aza-dmso), cf. Fig 2 caption), from the
coordination sphere of platinum (Fig. 2a). This is
consistent with the observation that the composition of
the distinct species was strongly dependent on the
assayed protein-to-Pt ratios, being 6 the maximum of
Pt moieties simultaneously attached to a single
protein. Interestingly, no presence of the initial free
transferrin was detected.

Very different are the results obtained with albu-
min, where the presence of peaks corresponding to the
intact protein as the major species (Fig. 2b) denotes a
poor interaction with 1. The mass of the other
observed peaks corresponds to the increase of multi-
ples of ca. 550 & 25 Da, suggesting that the Pt
complex remains unaltered after protein binding, with
a maximum ratio of two complexes per albumin
molecule.

When the Pt complex 1 interacts with myoglobin
(Fig. 2c) the main peaks observed inform about the
binding of complex 1 after elimination of the azaind-
olate ligand (i.e. releasing of the ligand from the
complex), although other minor peaks corresponding
to the simultaneous release of both (aza 4+ dmso)
ligands were also observed (see Table S2 for details).
Oppositely, when 1 interacts with cytochrome C, the
major peaks suggest the simultaneous elimination the
azaindolate and the dmso ligands (i.e. releasing of both
ligands), although minor peaks indicate the solely
displacement of the dmso ligand (Fig. 2d).

Contrasting with literature data on the interaction of
cisplatin with mammalian metallothioneins (Karotki
et al. 2008), the incubation of 1 with the Zn-loaded
form of MT1 rendered mainly the unreacted Zn,-MT1
initial complex, together with very minor Zn,Pt,-MT1
and Pts-MT1 species at the lowest Protein:Pt ratio
assayed (Table S2). The partial or total substitution of
the initially coordinated Zn*" ions can be understood
either considering the presence of small amounts of
impurities accompanying complex 1 or Pt-binding
mechanisms similar to those reported in the literature
where all ligands of cisplatin are displaced (Karotki
and Vasak 2008). Interestingly, at Pt-to-protein molar
ratios higher than 1:1, the main detected peak shows
the formation of a species containing 5 Pt complexes
in which 1 only releases the dmso ligand (Fig. 2e).

Thus, overall data led to the observation that
complex 1 can interact with the assayed proteins in
three different ways: (a) through elimination of the
azaindolate group (probably due to the trans effect of
the C—Pt bond); (b) through elimination of the dmso
molecule, mainly behaving as a monofunctional
complex in both cases; and (c) by release of both
ligands from the Pt coordination sphere, thus probably
behaving as a bifunctional complex. Interestingly, the
elimination of the ligand when binding to a certain
protein seems to depend on the precise nature of the
protein. Thus, the binding of the platinum moiety to
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proteins apparently presents wider molecular patterns
than expected.

In order to understand the basis of this differential
reactivity, we took into consideration the amino acid
sequences of the studied proteins, especially focusing
on the presence of His and Cys, both amino acids
normally associated to the coordination of Pt ions in
biomolecules (Ivanov et al. 1998). Myoglobin con-
tains 154 amino acids (11 His and 0 Cys), with some of
the His residues easily accessible on its surface (as
shown by the corresponding 3D structure, ref 3rgk in
the Protein Data Bank). Contrarily, MT1 has 62 amino
acids, among them 20 Cys and 0 His. On the one hand,
it can be considered that the interaction of complex 1
with myoglobin, probably binding by an N-donor
atom of a His residue, causes the removal of the
azaindolate ligand initially bound to the Pt(II) through
one of its N atoms. On the other hand, it can be
assumed that when 1 interacts with MT1, it binds to
the Cys amino acids through their S atoms, so that the
elimination of the dmso is compulsory to allow this
interaction. Hence, it appears that the kind of interac-
tion of complex 1 with proteins is directly related to
the type of amino acid side chains available as ligand
groups on the protein surface, i.e. N-donor or S-donor
residues. This assumption correlates well with the
observed reactivity of 1 with cytochrome C (3 His and
2 Cys over 105 total aa) and transferrin (22 His, 30
Cys, 622 total amino acid content), where the release
of the azaindolate and the dmso ligands at the same
time was observed, this indicating the participation of
both types of residues of the proteins as ligands.

Another interesting conclusion can be drawn when
analyzing the number of Pt atoms that result bound to
each protein at the different molar ratios assayed.
When comparing the species formed at the 1:10 molar
ratio, Fig. 2, it becomes evident that: (a) transferrin
can bind up to 6 Pt atoms; (b) myoglobin can bind up
to 4 Pt, although the major species detected binds only
1 Pt complex; (c) cytochrome C shows binding of up
to 4 Pt, but the main species contain only 1 Pt; and
(d) albumin showed the interaction with up to 2 Pt
complexes. If assuming that under our working
conditions (close to those of physiological environ-
ments), all the proteins maintain its functional folding,
the low number of Pt bound observed (in comparison
with the high number of putative coordination sites
available in the proteins) suggests that the groups
interacting with the Pt centre need to be easily
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accessible, presumably on the surface of the protein,
as already mentioned for myoglobin. The 3D struc-
tures available in the respective 3rgk Protein Data
Bank entry fully support this hypothesis. Hence, the
myoglobin fold places only 3 His, among 11, close to
the protein surface, while cytochrome C shows all
their His and Cys as solvent-exposed residues. In the
case of transferrin, its considerable size and its high
number of putative ligands complicate the assignment
of availability of its amino acid side chains. The case
of albumin must be considered apart from the rest of
proteins. Albumin is a huge protein, which also
contains an elevated number of His and Cys residues,
and which is devoted to the systemic transport of
several types of metabolites (small molecules, metal
ions, peptides, etc.). In fact, the mass peaks registered
when 1 reacts with albumin can be related to the
formation of adducts with the intact Pt complex, this
suggesting that the inclusion of complex 1 in any of
the existing cavities of the albumin globular structure
is more likely than the formation of covalent bonds,
contrarily to what probably happens with the rest of
the assayed proteins.

Altogether, we can consider that the interaction of
the Pt complex 1 with the proteins, except for MT1,
may not alter significantly their structure if the Pt
moiety ends bound to their surface or enclosed into the
special cavities available for transportation, and
consequently, proteins will keep all or part of their
functionality. However, the interaction of 1 with MT1
deserves a special consideration, as it has provided
significant unique results. The formation of a single
species containing 5 Pt complexes bound per MT
(where the dmso ligands have been released from the
complex) suggests an especial type of interaction,
probably due to a strong interaction of the Pt centre
with the Cys residues of MTI1. In order to better
understand the interaction of 1 with the functional
form Zn,;-MT1, we have monitored their reaction by
optical spectroscopy (UV-vis absorption and circular
dichroism, CD). Thus, to confirm that the single
species observed, [Pt(dmba)(aza-N1)]5-MT1, corre-
sponds to an especially favoured aggregate only
depending on the amount of 1 added to the protein,
and to discard the possibility of an artefact formed
when adding large quantities of 1, two further
experiments have been carried out. In the first one,
aliquots of the solution of 1 were consecutively added
toa 10 puM solution of Zn,-MT1 in such a way that 1, 3
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experiments (in blue as a result of the successive additions of 1,
3 and 5 molar equivalents of 1 and in red after adding 5 molar
equivalents of 1 at once). All spectra were recorded after the
incubation (1 h at 40 °C) of the samples

have 5 and 10 molar equivalents of 1 added toa 10 pM

solution of Zn;-MT1. After each addition of the
complex, the samples were incubated (1 h at 40 °C)
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before registering the optical and the mass spectra of
the resulting solution.

Addition of complex 1 to the Zn;-MT1 solution
implies the formation of new absorptions at ca.
290 nm (precisely an exciton coupling band in the
CD spectra and a wide absorption band in the UV—-vis
spectra, Fig. 3) that can be associated to the binding of
Pt to the protein. Interestingly, the spectra recorded
after the addition of 5 molar equivalents of 1 in the two
experiments, render practically identical spectra
(Fig. 3e, f), which suggests that the species formed
in both assays lead to a similar folding of the protein
about the metal centre. The mass spectra recorded at
each stage of each experiment (data not shown) yields
identical information to that previously obtained
(Fig. 2e and Table S2) and mass data collected after
adding 5 molar equivalents of 1 in both assays are also
practically coincident. Concluding, all our data rein-
forces the hypothesis that the species containing 5 Pt
complexes bound to MTI1, which is formed after
releasing the initially-coordinated Zn>" ions, results
especially favoured in structure and energy terms.

When searching analogous complexes in the litera-
ture, it is interesting to highlight that 1 is the unique
monomeric Pt-azaindolate complex reported. This
group recently reported the reactivity of a similar Pt
dmba complex (Samper et al. 2012), where triphenyl-
phosphine and aminoacridine were additional ligands.
While the results here presented show that complex 1
interacts with almost all the assayed proteins, it should
be taken into account that the previously reported Pt"-
dmba complex (Samper et al. 2012) exhibited a poor
interaction with the same proteins, and that the reactivity
of 1 is significantly lower than that reported for other Pt-
based complexes (Casini et al. 2007), —and especially
than those containing labile chloride ligands (Esteban-
Fernandez et al. 2010)- hence highlighting the impor-
tance of the whole set of ligands in the reactivity of these
platinum complexes.

Theoretical calculations

The Pt complex, 1, used in this work was specially
designed with a dmso molecule bound to the platinum
centre with the aim of facilitating its interaction with
other molecules by releasing this ligand from the
complex. Interestingly, experimental evidences show
that 1 interacts with proteins in a different way than
expected. Molecular Modeling was carried out to shed
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Fig. 4 Two dimensional representations of the fragments used
to model the binding energies at each binding site. The two fixed
binding atoms of the chelate ligand are denoted as N1 and C2.
The original ligands present in complex 1 are the azaindolate
(AZA) and the dimethylsulfoxide (DMSO) molecules. The
models employed to simulate the coordinating amino acids are:
1-ethylimidazole as histidine (HIS); methylmercaptan as
cysteine (CYS); and propylmethylthiol as methionine (MET)

light on the origin of such behaviour focusing, in a first
hypothesis, on pure bond energies.

DFT calculations with the B3LYP functional were
undertaken on compound 1 as well as on all the
complexes resulting from the ligand substitution at the
azaindolate site (site A) or the dmso site (site B) by
models of protein amino acids (Fig. 4). Amino acids
considered in this study are the most commonly
accepted platinum binding residues and correspond to
histidine (modelled by 1-ethylimidazole), cysteine
(modelled by a methylmercaptan) and methionine
(modelled by a propylmethylthiol). For His and Cys,
coordination has been considered for a neutral and
negatively charged residue. Calculations were also
undertaken with platinum bound throughout N, or Nj
atoms of the imidazole ring. Each system has been
optimized with the Gaussian 09 package of program
(Gaussian et al. 2009) with an extended basis set (see
Experimental Section). In order to discuss the relative
binding energies of the different residues to compound
1, Energy Decomposition Analysis (EDA) as imple-
mented in the ADF package (te Velde et al. 2001;
Guerra et al. 1998; ADF 2010) has been carried out.

The optimized geometries of the different systems
present square planar configurations about the metal
centre, with little deviations from the ideality (Table
S3 in Supplementary material). For sulfur containing
residues, a slight distortion is observed with a dihedral
angle, which is defined by the four coordinating atoms
(Bsite-Asite-N1-C») directly connected to the platinum
centre, of about 10°. Independently of the charge of the



216

Biometals (2014) 27:1159-1177

1169

ligand, Pt—S bonds exhibit the longest length observed
(about 2.4 A for methionine and cysteine, against the
2.2 A for other coordinating groups, including dmso),
thus suggesting weaker interactions of such species
with the platinum moiety. Predicted binding energies
of the dmso and the azaindolate ligands are estimated
to —41.74 and —130.72 kcal mol™"', respectively.
Energetic breakdowns show that these differences
mainly arise from electrostatic and steric contribu-
tions; something consistent with the anionic character
and larger size displayed by the latter. However, this
also suggests a weaker release of the azaindolate with
respect to dmso; a result apparently inconsistent with
the experimental evidences described above.

Detailed analysis of possible ligand exchange
between amino acids and the compound 1 (Table 2)
have been further analyzed by comparing their interac-
tion energy with the metallic system. Substitutions at the
dmso site (B) by residue fragments lead to stronger
binding energies than for dmso and range from approx-
imately 6 (for neutral residues) to 35 kcal mol ™! (for
negatively charged residues). Interestingly, indepen-
dently of the charge of the system, cysteine is always
predicted as the best ligand for dmso substitution with
about 1 to 6 kcal mol ™" higher predicted affinity than
histidine. Moreover, intermediate situations with a
water exchange prior to residue binding are unlikely
because of the weak binding of water at the B site
(—23.52 kcal mol™!). Substitutions at the azaindolate
site (A) lead to a wider spectrum of binding energies. For
neutral residues, sulfur containing chelates bind at about
—27 kcal mol™'; a result in the same range of values
than for water (—21 kcal mol™!) while histidine has a
slightly better interaction energy of approximately
—40 kcal mol™'. None of them would be predicted to
exchange with the original ligand in its anionic nature
because of the large difference in energy to overcome
(about 100 kcal mol ™). For anionic species, predicted
binding energies are in the same range, or even higher,
than for the azaindolate. In particular, coordination of
the cysteinate is close to 144 kcal mol™' (14 kcal
mol " stronger than the azaindolate) and coordination
of the histidinate through the & nitrogen is about
—195 kcal mol ™" (65 kcal mol ™" less than the azaind-
olate). This shows that substitution at the A site could
take place with the standard platinum binding residues
with a preference, again, for histidine.

At this point, the rationalization of the substitutions
experimentally observed at site A can only be obtained

Table 2 Main energetic contributions, steric and orbital, as
well as total interaction energy, of different ligands at the A
and B sites of complex 1

Ligand Interactions (kcal mol™") Total bonding
- - energy
Steric Orbital (kcal mol™")

Site A

AZA —58.39 —72.32 —130.72
CYS 15.37 —41.01 —25.64
HIS (Ny) 4.61 —45.76 —41.15
HIS (Ns) 7.34 —45.77 —38.42
MET 13.89 —42.07 —28.17
H,O 9.52 —30.89 —21.37
AZA + H 13.04 —36.31 —23.27
CYS —60.14 —84.29 —144.43
HIS™ (Ny) —53.36 —74.88 —128.24
HIS™ (Np) 19.79 —215.1 —195.31
Site B

dmso 31.68 —73.42 —41.74
CYS 2331 —71.38 —48.07
HIS (N,) 17.82 —64.91 —47.09
HIS (Ns) 19.37 —67.12 —47.75
MET 23.03 —69.06 —46.03
H,0 13.42 —36.95 —23.52
CYS™ 15.76 —99.58 —83.81
HIS™ (Ny) 12.76 —87.97 —75.21
HIS™ (Ng) 13.76 —88.07 —74.66

by considering a negatively charged His™ (Nj)
exchange with the azaindolate ligand. This suggests
that the protonation state of the azaindolate could have a
weight into the binding process. Therefore, an additional
calculation has been performed for which the azaind-
olate has been protonated, a situation possible consid-
ering the pKa values of the ligand. Such modification of
the nature of the ligand leads to an energy of interaction
of —23.27 kcal mol™". In this case, site A becomes far
more labile than site B as the resulting binding energy
shows that substitution by any residue can occur.
Interestingly, such substitution should take place pri-
marily with histidine. Although the dynamical consid-
erations and the full mechanism of exchange between
histidine and azaindolate are not taken into account at
this point, our calculations clearly point at the impor-
tance of changes in the nature of the protonation state of
the ligands to understand the experimental observations.
However, more calculations are needed to be carried out
to confirm the proposed mechanism.
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Fig. 5 Negative ESI-TOF MS spectra obtained after incubation
(24 h at 37 °C) of mixtures of the double-stranded chain (DS)
with increasing amounts of complex 1 ata 1:1,b 1:5and ¢ 1:10
DS:Pt molar ratios. The notation “n'¥” indicates a mass increase
corresponding to the addition of “n” molecules of complex 1
after the elimination of its initial azaindolate ligand (C;HsN»).
(117.1 mass units at the shown charge state, which is
m/z = 58.6). Other minor non-labelled peaks correlate with
species formed between 1 and the oligonucleotides after
elimination of both ligands, the azaindolate and the dmso

Interaction of the platinum(II) complex
with oligonucleotides

The oligonucleotides used in this work were designed
as single stranded (SS) and double stranded (DS) Pt-
binding probes. After preparation of the DS by mixing
the OP1 and OP2 SS oligonucleotides under optimal
experimental conditions (see Experimental section),
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this solution was incubated at 37 °C with 1 at different
molar ratios (DS:Pt ratios of 1:1, 1:5, and 1:10) during
ca. 24 h and was analyzed by ESI-MS spectrometry.

The results obtained (Fig. 5) show the presence of
several MS peaks mainly attributable to the binding of
1 (after release of the azaindolate ligand) to the single
stranded oligonucleotides. The number of peaks, and
thus of different species, significantly increases with
the increase of the Pt:oligonucleotide ratio, while
concomitantly decreases the intensity of the DS peak.
Even though the stoichiometry of the species formed
(i. e. the number of Pt atoms bound to each oligonu-
cleotide) directly depends on the amount of complex 1
added, at the 1:5 and 1:10 molar ratios the major peaks
observed correspond to the binding of only one Pt
complex to each SS oligonucleotide (OP1 + V;
OP2 + V).

Other minor peaks were detected in the mass
spectra: on the one hand, a single peak associated to
the direct binding of 1 to the DS after the release of the
azaindolate ligand (denoted as DS + V¥, with
m/z = 1614.3); and on the other hand, small peaks
that correlate with binding of the Pt complex 1 to the
single stranded oligonucleotides after elimination of
both the azaindolate and the dmso ligands, specially
observed at the highest Pt:protein ratio assayed.
Taking into consideration the previously studied (vide
supra) reactivity of 1 with proteins, these results
suggest that Pt preferentially binds to an N-donor
ligand present in the oligonucleotides, presumably
their nitrogenous bases. Several attempts to determine
the binding sites of the Pt-moiety were carried on by
MS/MS experiments at different Pt:DS molar ratios
but no results suggesting a preferential binding of 1 to
any specific single strand or nucleotide were obtained
(data not shown).

The results here presented also indicate that most of
the observed peaks correlate with the binding of 1 to a
single oligonucleotide (OP1 or OP2) rather than to DS
as only one DS + V¥ peak was identified. This can be
explained through two different hypotheses: (i) one
possibility is that the final scenario corresponds to the
interaction of complex 1 with the single stranded
molecules that remain in the solution after a partial
annealing process, and (ii) another possibility relies in
considering that the dramatic loss of intensity of the
original DS peak when increasing the Pt:oligonucleo-
tide ratio, but not of those of OP1 and OP2, may
indicate that the interaction of 1 with the double-
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Fig. 6 Negative ESI-TOF MS spectra recorded after incuba-
tion (24 h at 37 °C) of complex 1 with the individual
oligonucleotides a OP1 and b OP2, at a 1:10 oligonucleotide:Pt
ratio, showing a charge state of —2 for all the peaks. The

stranded molecule promotes its melting into the
single-stranded oligonucleotides. In order to test these
two possibilities, two further experiments were
designed. First, each of the single stranded oligonu-
cleotides, OP1 and OP2, was incubated at a 1:10
oligonucleotide:Pt ratio. As a result, only minor peaks
suggestive of Pt-binding were observed in both cases
(Fig. 6), a situation quite far away from the more
intense peaks of the same species observed in the
previous experiment at the same Pt:oligonucleotide
ratio (Fig. 5c¢).

Secondly, the annealed DS form was separated by
size exclusion-HPLC of the remaining SS oligonucle-
otides before incubation of the former with complex 1.
The purification of DS was successfully achieved due to
the different retention times of the single- and double-
stranded oligonucleotides (Fig. 7a). The DS thus puri-
fied (Fig. 7b) was incubated with 1 at different molar
ratios (Fig. 7c—f) and the mixtures analyzed by ESI-
MS. The recorded mass spectra show a drastic decrease
of the relative intensity of the peak corresponding to the
free DS form with the increasing amounts of 1, while the
relative intensity of the peaks of OP1 and OP2 slightly
increased. The absence of MS peaks at m/z higher than
1,600, i.e. those corresponding to the Pt-derivatives
already observed in the previous experiments, can be
explained if we consider that the concentration of the
eluate resulting from chromatography was estimated to
be lower than 5 pM, which clearly impairs the obser-
vation by mass spectrometry of several coexisting
species. Interestingly, the same experiment carried out
in the absence of 1, i. e. incubation of the DS and further
chromatographic purification, show that the intensities
of DS and SS remained unaltered, recording the same
mass spectra as that in Fig. 7b.
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notation “V” indicates a mass increase corresponding to the
addition of one molecule of 1 after the elimination of its initial

azaindolate ligand (C;Hs5N5). (117.1 mass units at the corre-
sponding charge state)

The results of these two last experiments (Figs. 6,
7) confirm the second initial hypothesis: the Pt
complex 1 reacts almost exclusively with the DS
and, due to this interaction, the double helix melts into
the SS oligonucleotides. This could be probably
explained taking into account the small size of the
double chain (only 10 bp), which is probably desta-
bilized after Pt binding.

In order to confirm the interaction of 1 with DS, it
was incubated (12 hat 37 °C) with 1 at the 1:1 and 1:5
DS:Pt ratios, and the corresponding CD spectra
registered (Fig. 8). These show that the presence of
complex 1 provokes a clean decrease of the intensity
of the initial spectropolarimetric fingerprint of DS in
the 290 nm region at the 1:5 DS:Pt ratio from the early
stages of the reaction (1 min), and that was completed
after 12 h. Interestingly, no modification of the
secondary structure of DS was observed at the 1:1
DS:Pt ratio, which is indicative of the stability of the
10-bp DS fragment under the assayed conditions.
These results suggests that the complex can cause
modifications in the secondary structure of DNA at the
appropriate DNA:Pt ratios.

The reactivity here observed for complex 1 with DS
oligonucleotides clearly differs from that we recently
reported for a similar Pt"-dmba complex (Samper
et al. 2012). The strong covalent interaction of 1 after
release of the azaindolate ligand contrasts with the ©t
interaction reported for the latter, which is due to the
presence of an aminoacridine ligand. This confirms
that in spite of the stabilizing role of the dmba
chelating ligand in the structure of the complex, its
reactivity can be tuned through the modulation of the
nature of the two other ligands bound to the Pt"
moiety.
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«Fig. 7 a Size exclusion HPLC chromatograms corresponding
to the individual SS oligonucleotides, OP1 and OP2, and the
profile obtained after their incubation (2 h at 70 °C) to form the
double-stranded form (DS). Negative ESI-TOF MS spectra
recorded b after separation of the DS fraction form the SS
oligonucleotides, and after incubation of the DS fraction with 1
at the Pt:DS ¢ 1:1, d 5:1, e 10:1, and f 20:1 molar ratios
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Fig. 8 CD spectra recorded after the incubation of a 5 uM
solution of DS (black line) with 1 (red) and 5 (blue) molar
equivalents of 1 registered after 1 min (dashed) and after 12 h
(solid) of incubation at 37 °C

Competitive binding experiments

In order to further investigate the interaction
between complex 1 and DNA, fluorescence compe-
tition experiments with ethidium bromide (EB) and
Hoechst 33258 were carried out. EB is a planar
cationic dye well-known to intercalate into the DNA
double helix (Bresloff and Crothers 1975; Le Pecq
1971). While EB is only weakly fluorescent, the
EB-DNA adduct is a strong emitter (near 620 nm)
when excited near 520 nm. Quenching of the
fluorescence may be used to determine the extent
of the binding between the quencher 1 and com-
mercial calf thymus DNA (ct-DNA). As seen in
Fig. 9a, complex 1 can compete with EB for the
DNA binding sites as there is a decrease in the
fluorescence (by 28 % of the initial) at 602 nm with
the increase of the amount of 1 added to the EB-
DNA mixture. This suggests the idea that 1 could
also interact with DNA by the intercalative mode,
although the reason for the quenching of the EB-
DNA adducts could also be the reduction in the
number of available binding sites on DNA, presum-
ably due to the competition with the complex, which
is non-emissive under the experimental conditions
(Beckford et al. 2011a, b; Ruiz et al. 2013).
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Fig. 9 a Fluorescence spectra of EB bound to ct-DNA (solid
blue line) in aqueous buffer solution in the presence of
increasing amounts of 1, at 298 K. A, = 520 nm, [EB] =

In order to quantitatively assess the magnitude of
the interaction between complex 1 and ct—-DNA, the
Stern—Volmer equation is used: Fo/F = 1 + Kgy[Q]
where F and F, respectively are the fluorescence
intensities of the DNA solution in the presence and
absence of the complex, Kgy is the Stern—Volmer
quenching constant and [Q] is the concentration of 1.
The good linearity of the Stern—Volmer plot (Fig. 9b)
suggests a singular mode of quenching. The value of
Kgy was 5.2 x 10° M™', which depicts complex 1 as
a weak intercalator. The apparent binding constant
(Kqapp) for the complex was 3.11 x 10°* M™%, calcu-
lated using the equation: K,p, = Kgg[EBJ/[Q]so,
where Kgg = 1.2 % 10° M1 (Peberdy et al. 2007).
The Kgg value is the binding constant of EB to DNA
and [Q]sq is the concentration of 1 at 50 % of the initial
fluorescence. One reason for the quenching of the EB-
DNA adducts can be the already mentioned reduction
in the number of available binding sites on DNA by
competition with the complex.

Furthermore, we carried out another competition
experiment using the Hoechst 33258 stain. This
fluorescent dye binds to DNA and when this happens
its fluorescence yield increases significantly (Weisb-
lum and Haenssler 1974). Displacement by a compet-
itor of the bound dye from its binding site leads to a
decrease in the fluorescence intensity. It is well known
that Hoechst 33258 binds to DNA in two concentra-
tion dependent ways, the first type of binding occur-
ring in the minor groove at low dye-to-DNA ratios,

[1] (uMm)
0.33 uM, [DNA] = 10 pM, [complex 1] (uM): 0-70 in 5 uM

increments. b Stern—Volmer plot with the results obtained for
the titration of EB bound to ct-DNA with 1

180 4

Fluorescence Intensity (u.a.)

550
Wavelength (nm)

650

Fig. 10 Fluorescence spectra of the Hoechst 33258-bound ct-
DNA in aqueous buffer solution, in the absence (solid blue line)
and presence of increasing amounts of complex 1, recorded at
298 K. Aex = 338 nm, [Hoechst 33258] = 2 uM, [ct-DNA] =
20 uM, [complex 1] (uM): 0-15 in 2.5 pM increments and
15-30in 5 uM increments

which are the conditions we have assayed (Pjura et al.
1987; Guan et al. 2007). When complex 1 was added
to Hoechst-ct-DNA solution a decrease (~33 %) in
the fluorescence and the appearance of one peak at
about 396 nm was observed (Fig. 10). The first effect
suggests that complex 1 is able to weakly bind ct-DNA
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Fig. 11 a Cat B activity
inhibition curve for complex
1. b Cysteine reactivation of
cat B inhibited by

2 x ICsp uM of 1, in the
presence of 1 mM cysteine.
The first measurement was
taken 5 min after the
addition of cysteine
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at the minor grove and the second was attributed to the
fluorescence of the Pt(I) complex.

In vitro evaluation of the bovine cat B inhibitory
activity of complex 1

Cathepsin B (cat B) was proposed as a therapeutic
target for the control of tumor progression (Strojnik
et al. 1999) because the use of cat B inhibitors reduces
both in vitro tumor cell mobility and invasiveness
(Podgorski and Sloane 2003). Some metal complexes
have been shown to be effective inhibitors of cat B
(Casini et al. 2008). Hence, complex 1 was evaluated
for activity against bovine cat B with an in vitro ICsq of
4.86 = 0.02 uM (obtained from Fig. 11a, which
illustrates the inhibition of enzyme activity provoked
by the presence of 1). These results indicate that 1 is a
very good cathepsin B inhibitor.

Additionally, the reactivation of cat B (after the
previous inhibition) by the presence of cysteine
(Fig. 11b) was evaluated in order to characterize the
reversibility of the inhibition promoted by 1. It was
found that the addition of 1 mM cysteine to the
0.1 uM cat B inhibited solution results in almost full
recovery of activity within a few hours (more than
80 % of initial enzyme activity was already restored
after 3 h). Overall, these data support the hypothesis
that loss of enzyme activity is mainly due to the
specific interaction of 1 with the cat B active site
instead of an enzyme denaturing process induced by
the presence of the platinum complex.

Conclusions
In this work, we propose that the reactivity of the (7-

azaindolato-kN1)(N,N-dimethylbenzylamine-kN,«C)-
(dimethylsulfoxide-xS)platinum(II) complex, 1, with

@ Springer
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several proteins takes place, in most of the cases, by
binding of compound 1 to the more accessible
coordinating amino acids of the surface of the proteins.
Consequently, this interaction would not lead to the
subsequent protein denaturation or degradation. The
specific reactivity of 1 with the chosen proteins allows
to conclude that the Pt-ligand displaced in each case
(dmso or azaindolate) is indicative of the nature of the
protein ligand bound to the Pt centre. Thus, when the
Pt moiety binds a S-atom of a Cys residue, the dmso is
released from the complex, while the azaindolate is
displaced when it binds to a N-atom of a His residue.
The theoretical calculations here performed suggest
that the release of the azaindolate ligand is promoted by
a proton transfer to the non-coordinating N of the
azaindolate ligand. Molecular modeling analysis of the
interaction energies between common Pt-coordinating
amino acids and complex 1 suggests that substitution at
the initial azaindolate or dmso binding sites with
histidines are a likely event. The experimental obser-
vation of a stronger interaction of the azaindolate than
the dmso site with myoglobin is rationalized by
assuming a change of the protonation state of the
ligand at site A. This could result from a protonation of
the azaindolate in solution or a deprotonation of the
histidines of the protein. Although not reported yet for
amino acids, this observation is consistent with the
already reported huge shifts of pKa of biological
building blocks in presence of metals (Lippert 2008;
Roitzsch et al. 2005). Moreover, in both cases, such
results consistently account for the importance of the
trans effect in the substitution of cis-platinum deriv-
atives (Montero et al. 2010; Manalastas et al. 2009).
Further QM and QM/MM calculations on the entire
mechanism of ligand substitutions and possible proton
transfer occurring during such process would shed light
on this aspect. The interaction of the Pt complex with
the mammalian Zn;-MT1 complex indicates the
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formation of a single, unexpected species containing 5
Pt-complex units without the initial dmso ligand, with
displacement of all the initial Zn*" ions bound to the
peptide. Furthermore, the formation of this particular
species appears to depend only on the protein:complex
ratio assayed.

The interaction of complex 1 with the OP1 and OP2
oligonucleotides show a strong covalent binding of the
Pt centre to both of them, in a similar way -it is
without a special preference for one or another-, and in
all cases with release of the initial azaindolate ligand.
Interestingly, this interaction seems to occur only
when both oligonucleotides are annealed forming a
double strand. Circular dichroism data corroborate the
modification of the secondary structure of DS by the
presence of complex 1. Furthermore, competing
experiments with ethidium bromide and Hoechst
33258 displacement show that 1 is able to weakly
bind to ct-DNA, probably in the minor groove.
Additionally, complex 1 has been shown to be a good
cathepsin B inhibitor, most probably interacting with
the active site of the enzyme.

Concluding, compound 1 should be taken into
consideration as a putative anticancer drug due to its
strong interaction with oligonucleotides and its effec-
tive inhibition of cathepsin B, although it is definitely
able to bind proteins that can hamper its arrival to the
nuclear target. Significantly, the specific reactivity of 1
when interacting with S- or N-donor ligands, owing to
the presence of the azaindolate ligand, opens a new
way to modulate and direct Pt" binding to specific
targets.
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ABSTRACT: The development of artificial enzymes aims at
expanding the scope of biocatalysis. Over recent years, artificial
metalloenzymes based on the insertion of homogeneous catalysts
in biomolecules have received an increasing amount of attention.
Rational or pseudorational design of these composites is a
challenging task because of the complexity of the identification of
efficient complementarities among the cofactor, the substrate, and

the biological partner. Molecular modeling represents

an

interesting alternative to help in this task. However, little
attention has been paid to this field so far. In this manuscript,
we aim at reviewing our efforts in developing strategies efficient to computationally drive the design of artificial metalloenzymes.
From protein—ligand dockings to multiscale approaches, we intend to demonstrate that modeling could be useful at the different
steps of the design. This Perspective ultimately aims at providing computational chemists with illustration of the applications of
their tools for artificial metalloenzymes and convincing enzyme designers of the capabilities, qualitative and quantitative, of

computational methodologies.
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Bl INTRODUCTION

Biocatalysis consists of the industrial application of enzymes for
the manufacturing of chemical compounds. It is one of the
cornerstones for green and sustainable chemistry because
enzymes are by nature biodegradable, biocompatible, and easily
renewable.! Despite being widespread in current industries,
most biocatalysts are based on naturally occurring enzymes
that, despite their variety, cover only a narrow spectrum of the
needs of chemical industries.

During the past century, homogeneous catalysis has been the
most prolific chemical field in discovering new chemical
reactivities. The award of two recent Nobel Prizes of Chemistry
(Chauvin, Grubbs, and Schrock in 2005; Heck, Negishi, and
Suzuki in 2010) appears particularly illustrative. However, the
transition metal complexes that sustain homogeneous catalysis
are in their majority functional under nonenvironmentally
friendly conditions, which include apolar solvents and low or
high temperatures, among others. Moreover, control over
substrate and regio- and enantiospecificities is generally
challenging in these complexes; conversely, they are properties
inherent to enzymatic activities.

With one-third of naturally occurring biocatalysts containing
metal ions, metalloenzymes have been the focus of attention of
enzyme designers. One possible framework consists of
mutating residues that coordinate the metal in the native
biomolecule or simply switch the metal by another. Such
approaches have led to interesting outcomes in recent years,
although modulating the activity of these scaffolds resides

v ACS Publications  © 2015 American Chemical Society
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mainly in the biochemical space afforded by the 20 amino acids
available in Nature.>

Another framework consists of physically merging homoge-
neous catalysts within a biomolecular host. Conceptually
mimicking natural hemoenzymes, this strategy is increasingly
applied to the development of biocatalysts absent from the
biological realm.® In the resulting hybrids, also called artificial
metalloenzymes, the cofactor (synthetic in this case) provides
most of the catalytic specificity of the system. The protein
environment protects the homogeneous catalyst from the
solvent and generates an asymmetric second coordination
sphere that dictates substrate, regio- and enantioselectivities,
and specificities (Figure 1). Today, numerous systems
developed using this concept have already been reported and
include reactivities such as hydration of ketone,” transfer
hydrogenation,® and sulfoxidation.” Strategies used to incorpo-
rate the cofactor inside the protein include pure host—guest
interactions, “Trojan horse” insertion in which the cofactor is
covalently bound to the natural ligand of a protein, or covalent
anchoring in which peripheral substitutents of the organo-
metallic catalyst chemically bind to the host.'® A nonexhaustive
list of artificial metalloenzymes with their catalytic activities can
be found in Table 1.

The successful development of artificial metalloenzymes
stands on the quality of the molecular partnership between
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Figure 1. Schematic representation of the process of designing an artificial metalloenzyme. Homogenous catalysts (top left) and a protein host
(bottom left) with sufficient vacant sites (solid blue blobs) are merged to provide artificial metalloenzymes (right onside). Their activity is driven for
the first coordination sphere of the metal (blue sphere) and substrate (blue stick atoms) binding and orientation defined by the second coordination

sphere environment (dark blue mesh sphere).

Table 1. A List of Artificial Metalloenzymes and Their Catalytic Activities

biomolecular scaffold transition metal organic cofactor catalytic activity substrate enantioselectivity, %  ee ref
NikA transport iron(III) organic ligand L1 oxidation sulfides 10 13
protein
LmrR copper(II) phenanthroline syn hydration ketones 84 ? 14
phenanthroline Diels—Alder reaction azachalcone >97 + 15
bovine f- rhodium(III)  fatty acid derivatives hydrogenation trifluoroacetophenone 26 R 16
lactoglobulin
P-helical scandium(III)  bipyridine, Ser, Thr epoxide ring-opening cis-stilbene oxide 17 R 17
bionanotube reaction
streptavidin mutants ~ osmium(VIII)  quinidine or quinine asymmetric olefins 95 R 18
derivatives dihydroxylation
iridium (111) biotinilated complex hydrogenation cyclic imines 96, 78 RS 8
DNA copper(1I) phenanthroline syn hydration enones 72 R 19
DNA copper(II) DNA intercalating moiety Diels—Alder reaction dienophiles 90 exo 20

substrate, organometallic and biological partners in terms of
binding and catalytic control."* The actual strategies for their
design are time- and resource-consuming and consist mostly of
trial-and-error procedures. In general, the main steps involved
in the process consist of (1) the identification (by biochemical
intuition of the researchers) of one possible protein scaffold
able to bind a given homogeneous catalyst, (2) experimental
binding assays of the artificial cofactor in this particular host,
(3) testing of the catalytic activity for a prototypical substrate,
and (4) optimization of the initial hit toward catalytic
preferences.”'>>°

Molecular information is fundamental in all aspects of the
process. However, structural knowledge provided by ap-
proaches such as X-ray or NMR are rather scarce for artificial
metalloenzymes. These techniques generally fail because the
complementarity between subsystems is not optimal especially
when dealing with the first candidates of these systems. The
interaction among the three partners has not suffered
evolutionary pressures, affinity constants are generally low,
and substantial protein engineering is needed to stabilize the
structure of the hybrid system. Molecular modeling offers an
interesting alternative to reach atomic details on the mechanism
of artificial metalloenzymes and help in their design; however,
the development of synthetic enzymes through in silico
approaches is still in its infancy, and only a few attempts
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have been performed on the particular case of artificial
metalloenzymes.

This manuscript aims to underline the particularities of
artificial metalloenzymes in the area of in-silico-based enzyme
design; give an overview of the strategies we have been
empowering in the recent years to establish an efficient
framework in this field as well as their consequent results; and
finally, to focus on what we believed should be the future of
modeling-based artificial metalloenzymes. It is a Perspective
that intends to motivate computational chemists to consider
artificial metalloenzymes as an interesting (but challenging)
target as well as present to experimentalists how the variety of
computational tools could be relevant for their designs.

A Brief Overview on Molecular Modeling Tools.
Molecular modeling is now widespread at the interface between
chemistry and biology, with models increasingly accurate, but
molecular modeling is also a general term for defining a series
of computational methods based on physical models with
different degrees of accuracy and computational needs.
Methods based on force field approaches, also called molecular
mechanics (MM), allow vast geometrical samplings because of
the relatively low ratio between the number of atoms and the
computational cost. MM approaches are used mainly to study
systems of large dimensionality (i.e, an entire protein in a
solvated medium) and allow the exploration of large conforma-
tional spaces. Generally combined with deterministic (i.e.,
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molecular dynamics) or stochastic (i.e, Monte Carlo) search
algorithms, MM allows the study of changes in the shape of the
molecule associated with their motions, extraction of statistical
thermodynamics values, or handling of the prediction of the
structure of large databases of the compounds, among others.
When dealing with the interaction between partners, the
additional degrees of freedom associated with translation and
rotation increase substantially the geometrical space to explore.
In these cases, a common solution consists of using simplified
force fields centered on noncovalent terms (called scoring
functions) and reducing the number of degrees explored during
the conformational search (ie., all the degrees of freedom of
the ligand are considered, but a reduced number of amino acids
or, eventually, collective motions are allowed to move during
the docking process). Protein—ligand dockings, which aim at
predicting the structure of the complexes formed between small
molecules and proteins, are based on these premises. In any
case, only very specific and nonstandardized MM approaches
are able to predict fine electronic effects.>"**

Computational methods based on quantum mechanics
(QM) accurately reproduce the nature of the electronic
properties of the molecules and allow simulating changes in
their chemical state. QM approaches are used for very different
molecular problems, including spectroscopic and photoelec-
tronic processes and any system in which its coordination or
the covalent linkages change during a chemical process. A vast
ensemble of QM methods is accessible nowadays. It is likely
that those with the wider number of applications are based on
the density functional theory (DFT). These methods allow the
insertion of fine electronic effects (correlation) for a relatively
low additional cost over the typical Hartree—Fock calculations
and are particularly relevant in fields such as organometallics.
Despite their success, DFT techniques are based on a series of
approximations that could substantially limit the reliability of
their results (i.e, dealing with changes in spin states of a
transition metal is still a challenging task).”*** The quest for
the best DFT method is a vivid field of research, and still today,
DFT capabilities seem system-dependent.”> Whatever their
ground, though, QM approaches are counterbalanced by
expansive computational costs that do not allow sampling of
large-dimensional problems.

Approaches that combine several methodologies together are
increasingly applied in molecular sciences to overcome the
limitations of individual methodologies. Generally referred to as
multiscale, integrative, or hierarchical methods, their potential
has already been widely recognized, including by the Nobel
Prize in chemistry awarded to Karplus, Warshel, and Levitt in
2013 “for the development of multiscale models for complex
chemical systems”. Prototypical multiscale approaches are the
hybrid quantum mechanics/molecular mechanics (QM/MM)
methods, which considers part of the molecule under a
quantum mechanical framework and the remaining part under a
molecular mechanics approximation. QM/MM methods are
now legion and key in the simulation of biomolecular systems.
They differ in the algorithms used in each subset of atoms and
how the information is transferred from one to another.®
Major breakthroughs in metalloenzymes have been reached
with tzl;egcla methodologies in decoding enzymatic mecha-
nisms.

Other combinations are frequent in biosimulation either
under successive steps of different methods or integrated under
a unique protocol. Focusing on those related to the study of
enzymatic systems, some bridge molecular dynamics and QM/
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MM calculations. This combination is particularly interesting
when an enzyme—substrate complex is relatively well-defined
(for example, from an X-ray structure obtained with a substrate
analogue) and is aimed to improve the quality of the catalytic
path explored under the QM/MM energetic landscape.”
However, when more complex binding processes need to be
modeled, protocols integrating protein—ligand dockings are
necessary. Although such combinations are less frequent in the
modeling of enzymatic reactions, their use has been particularly
relevant in several recent studies, including those related to the
study of the reactivity of cytochromes P450s 3A4,> the change
of specificity of cytochrome P450 2D6,** the elucidation of the
catalytic mechanism of Trametopsis cervina lignin peroxidase,®®
or the promiscuous activity of human carbonic anhydrase
against cyanic acid.>® In all of them, the dockings are used,
alone or in combination with MD runs, to provide physically
sound complexes between the substrate and the enzyme prior
to catalysis.

In-Silico-Based Enzyme Design. Different ways of
developing new enzymatic activities are under the scrutiny of
designers. Their differences arise from the degree of molecular
diversity involved in the biomolecular scaffolds and include the
engineering of a few amino acids in the active site, development
of catalytically active peptides, or the redesign of a pre-existing
scaffold.”” Computation has been increasingly involved in
several of these strategies. We here focus on computer-based
designs in which conceptual frameworks best overlap with
those that could lead to artificial metalloenzymes.

De novo design of artificial enzymes consists of identifying a
protein scaffold and its consequent mutations to catalyze a
nonnatural reaction on a given substrate. The combinatorial
space to reach an active scaffold is tremendous and not yet
achievable by experimental means. Part of de novo enzymes are
based on relatively small peptides that could self-assemble.
Systems with those dimensions confine the search for activity
into a sequential space easier (but still challen§ing) to handle
with respect to large folded proteins.** * For designs
considering larger folds, computation is more frequently
required.

The most established procedures for computer aided de
novo design of artificial enzymes stand on hypothetical
transition state structures of a nonnatural reaction that could
be embedded in a protein medium. The identification of such
geometry is often performed by quantum mechanical
calculations on a minimalist active site, which includes the
substrate and a series of functional groups representing side
chain of amino acids that could stabilize its orientation and
participate in the reaction. These cluster models, also referred
to as theozymes under the definition of Houk and co-workers,*'
are used as starting points for posterior search algorithms under
an explicit protein environment.

Mayo et al. were among the first to generate a novel proteic
scaffold from in silico approaches and reached a synthetic ffa
motif designed by screening 1.9 X 10% possible amino acid
sequences.”” Pursuing their efforts, they computationally
identified mutations in the 108-residue Escherichia coli
thioredoxin, leading to a “protozyme” able to catalyze the
histidine-mediated nucleophilic hydrolysis of p-nitrophenyl
acetate into p-nitrophenol and acetate.” Subsequently, Mayo
and co-workers implemented a new method to place the
substrate within the active site of the protein while the
designing algorithm is exploring the conformational and
chemical space.** In their more recent successes, they iteratively
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execute computational simulations (best designing algorithm
and MD simulations) with X-ray crystallography to obtain one
of the best Kemp eliminases so far reported (K/K,, of 430
M~ s7! rate after three iterations).*®

The Baker laboratory is another clear example of success in
de novo design of artificial enzymes by in silico approaches
using a procedure that combines rational design and directed
evolution.***” Briefly, their methodology accounts for an
extensive search of pre-existing high-resolution protein
structures that could accommodate the transition state
structure using the RosettaMatch algorithm.*® A scaffold is
considered a match if it satisfies that all the amino acid side
chains of the theozyme that can be placed on the protein
scaffold. Each match is then optimized using the RosettaDesign
methodology for proteins and small molecules.*”** Except for
catalytic residues of the theozyme, all the remaining amino
acids in the vicinity are redesigned so that the final cavity has
the maximum shape complementarity with the modeled
transition state. All the resulting structures are then screened
for compatibility with substrate/product binding and ranked
according to the catalytic geometry and the computed
transition state binding energy. This way, a handful of different
putative new enzymes are selected for experimental character-
ization. Those that present the final activity will undergo a
series of directed evolution steps for further optimization.

Computational involvements in manipulating enzymes are
limited not only to de novo designs but also to bioengineering
processes, some of them relevant for the present work. For
enzymes with proven reactivity, computation can be used to
rationalize their mechanism, improve it, or ultimately reorient
their activity. An increasing number of studies with this
objective have appeared in the literature over the past decade.
Both pure quantum mechanical on large models of the active
site>! and hybrid QM/MM calculations®®*>5%%3 are used to
this end.

Artificial metalloenzymes constructed by the insertion of
homogeneous catalysts into protein have thus far received very
little attention from computation.”>**™>® Conceptually, their
design stands on the same premises as pure organic systems:
the modeling should identify transition state structures
stabilized under a biocompatible host. However, these
composites work because of a complementarity of the three
different molecular entities and not only on protein—substrate
recognition and activation. In this case, molecular modeling
needs to handle the cofactor—host—substrate triad as best it
can. The need in dealing with metal-mediated recognition
processes, the effects they could induce on the structure of the
host, and the reactivity of the final composite provide extra
complexity for molecular modeling.

Our Computational Framework for the Modeling of
Artificial Metalloenzymes. In the field of artificial metal-
loenzymes, molecular modeling needs to address processes
involving large conformational sampling on one side and fine
electronic effects on the other. The former are related to the
binding of the artificial cofactor in the host and the orientation
of the substrate in an efficient manner for the reaction to
proceed. In principle, those steps can be achieved by protein—
ligand dockings. The latter consists of events related to the
identification of stable geometries of the isolated cofactor, the
changes in its coordination sphere upon binding, and the
characterization of low-energy reactive paths with the emphasis
on identifying transition states structures. Pure QM and hybrid
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QM/MM calculations represent the best candidates for leading
this part of the modeling.

In recent years, the objective of our group has been to
generate computational protocols efficient for the design of
artificial metalloenzymes. As a framework, we decided to use
standardized (or lowly tuned) computational chemistry
methods as well as multiscale approaches as a function of the
problem presented. Regarding protein—ligand dockings, we
decided to use the commercial software GOLD, which is one of
the few that contain metal parameters, although at the
beginning of our work, none were designed for metal-
containing ligands.>”*® It also affords flexible schemes for
both receptors and ligands, which we applied in most of our
calculations. Quantum simulations are performed using the
Gaussian package (Gaussian09)*® for both pure DFT
calculations and QM/MM calculations. The latter are
performed using the ONIOM approach using mechanical and
electronic embedding.60 Finally, structural modeling and
statistics are performed in the UCSF Chimera®' platform and
include, nonexclusively, the exploration of rotameric con-
formation of amino acids®® or the clustering of large sets of
geometries using the NMRClust approach.”® To ease our
development of integrated approaches, we also developed a
series of interfaces written in Python into the UCSF Chimera
environment, which allows rapid input/output exchanges
between the different methodologies we use.

1. BINDING OF ORGANOMETALLIC COMPOUNDS TO
PROTEIN: THE QUEST FOR RESTING STATE
MODELS

The design of artificial metalloenzymes relies, on a first
instance, on the identification of structural matches between a
biomolecule and a homogeneous catalyst. Only efficient
complementarities should lead to a precatalytic state. The
availability of 3D models of protein—artificial cofactor
complexes is therefore fundamental at this stage. Although
protein—ligand dockings represent one of the cornerstones in
medicinal chemistry and drug design projects, little attention
has been paid to the interaction of organometallic compounds
with proteins. Indeed, only a small amount of drug candidates
contain transition metal ions. However, metals are considered
in several of these techniques for their presence in the active
site of metaloproteins and how they influence the binding of
organic drugs. In this case, different strategies are available to
introduce metal—ligand interactions in the calculation of the
energy, ranging from simple electrostatics (hzdrogen-bond-
donor-like function)®* to coordination rules.>¥¢>%

For the interaction of organometallic entities with proteins,
an accurate computational prediction has not yet been
standardized. On the basis of bioinorganic considerations,
efficient modeling should take into account (1) changes of the
electronic state and geometry of the first coordination sphere of
the metal upon binding, (2) geometrical changes on the entire
cofactor, and (3) possible induced effects on the protein
scaffold. Dealing with all these variables is beyond the scope of
standard protein—ligand docking software, and different levels
of approximation are mandatory.

A first case scenario consists of the situation in which no
ligand exchanges occur on the metal when migrating from
solution to its cavity in the host. These so-called “inert
scaffold”®” interactions imply that only subtle rearrangements
of the first coordination sphere of the metal happen upon
binding but that its overall geometry is little affected. From a
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(A)

(B)

Figure 2. General view of different artificial metalloenzymes for which complementarity between host and cofactor were studied by protein ligand
docking: (A) supramolecular interaction between iron porphyrin (concretely Fe(III)TCPP) and the xylanases 10A; (B) NCS bound with a Trojan

horse testosterone—porphyrin derivative.

computational point of view, such systems could be simulated
by dockings in which the close vicinity of the metal in the
ligand remains rigid and the rest of the scaffold is optimized
during the conformational search.

On the basis of this hypothesis, we recently showed that
protein—ligand docking software behaves for inert scaffolds as
well as it does for organic ligands. Limited by the reduced
number of crystal structures of organometallics bound to
protein available in the Protein Data Bank,*® we performed a
benchmark on structures corresponding to metal-containing
inhibitors bound to their kinase targets and designed at
Meggers’ Laboratory.®” Using GOLD as the method of choice,
we tested different flexible schemes and scoring functions. The
results were of very good quality. First, excellent structural
matching between calculated low-energy structures and
experimental complexes is observed. Between 75 and 94% of
the theoretical complexes presented an RMSD lower than 2.5 A
from their experimental counterparts. The scores obtained were
also of good quality, with correlations between experiment and
theory reaching R* values up to 0.8 for those scoring functions
that best behave. Of the scoring functions available in Gold,
ChemScore®” appears the most robust for both structural and
energetic predictions. Outliers were encountered only when the
geometry of the ligand bound to the metal differs substantially
between the isolated conditions and the proteic complexes,
something happening rarely in this set but that illustrates that
the improvement of how dockings can explore the conforma-
tional changes related to the first coordination sphere of the
metal or the coupling of dockings with accurate electronic
methods such as QM/MM would represent a major step
forward in those predictions.*’

The prediction of the binding of synthetic cofactors to
proteins under an inert interaction represents an initial step
along the quest of 3D models of the resting state of artificial
metalloenzymes. Despite an apparent simplicity, such approx-
imation still provides crucial information on the most
important features in defining protein—ligand binding: shape,
hydrophobic and hydrogen bonding complementarity. Such
information is extremely valuable when dealing with a first
generation of an artificial enzyme for which structural
information is missing. As such, dockings performed under
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this assumption have been one of the cornerstones in our
collaboration with Mahy and co-workers, whose main objective
is the development of artificial oxidases, more particularly,
peroxidases and cytochromes P450.”

The first of our studies allows rationalization of the difference
in activity of iron(III)-tetra-a,-ortho-carboxyphenylporphyrin
(Fe(ToCPP)) and iron(I1I)-tetra-para-carboxyphenylporphyrin
(Fe(TpCPP)) systems embedded into xylanase A (XIn10A)
from Streptomyces lividans. XIn10A is a glycoside hydrolase that
hydrolyzes f-1,4 bonds in the main chain of xylan and is
available at low cost and in large quantities.”" Of the most
important results, the protein—ligand dockings showed that
Fe(TpCPP) enters deeper into the large XIn10A cleft than its
Fe(ToCpp) counterpart. This better complementarity is due to
a major part of the porphyrin ring anchored into the binding
site as well as a substantial hydrogen-bonding network between
the peripheral carboxylates of consecutive aromatic substituents
and two polar patches of the receptor (Figure 2A). Moreover,
the calculated Fe(TpCPP)-XIn10A complex shows the cofactor
with one of its faces slightly packed on the surface of the
binding side protein and the other accessible to the solvent.
This orientation is in agreement with the experimental
observation that only one imidazole could coordinate the
iron of the porphyrin. Similar approaches on the same target
also concluded that a sulfoxinated tetra-para-phenylporphyrin
shows different binding modes with regard to its carboxylic
counterparts with wider variability in interacting with polar
patches of the receptor.”> A final study with XIn10A as a
receptor for porphyrin complexes showed that metallic Schiff
base cofactors displayed very limited complementarities to the
XIn10A binding site but that Mn(TpCPP) afforded a cavity vast
enough to accommodate a substrate for the epoxidation of the
series of aromatic styrenes. Interestingly, one of the residues of
the receptor (Argl139) is identified to control the access of the
substrates.”

More recently, we focused on another receptor: an
engineered mutant of neocarzinostatin (NCS). NCS is a 113
amino acid chromoprotein secreted by Streptomyces that binds a
nine-membered enediyne “chromophore” responsible for the
cytotoxic and antibiotic activities of the protein—ligand
complex.”* The NCS 3.24 mutant allows the binding of two
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Figure 3. Steps of our integrative procedure combining docking, structural statistics and quantum mechanical based calculations.

testosterone molecules in its hydrophobic binding site in place
of the natural chromophore. Using a so-called “Trojan horse”
strategy, Mahy and co-workers synthesized an iron(IIl)—
porphyrin—testosterone derivative able to bind to NCS-3.24.
The resulting hybrid is able to catalyze the chemoselective and
slightly enantioselective (ee = 13%) sulfoxidation of thioanisole
by H,0,.

To increase the yield and the enantioselectivity of the
construct, protein—ligand dockings were applied to look for
improvement of the interaction between the cofactor and the
protein. The molecular modeling showed that the porphyrin
macrocycle fits perfectly into the protein binding site and is well
sandwiched between the two subdomains of the protein
(Figure 2B). However, the metal ion remains exposed to the
solvent, which could explain the moderate enantioselectivity
observed. The study also gave hints on possible improvements
in the “Trojan horse” strategy because the artificial cofactor has
filled up the two testosterone sites entirely and displaced its
conjugated scavenger out to the solvent. Smaller cofactors are
therefore expected to better fit inside the binding site of the
enzyme and provide a wider asymmetric environment for
enantioselective reactions.”>’® A final scaffold we studied is a
family of porphyrin-binding catalytic antibodies that are able to
perform peroxidase activities. In conjunction with X-ray
structures that were not conclusive on the geometry of the
cofactor in the hapten recognition site, we could qualitatively
rationalize both activity and binding.”’

Although the binding of organometallics to their host in an
inert fashion is frequent with drug compounds, for homoge-
neous catalysts, this hypothesis is valuable only as a “first shoot”
for structural knowledge. In a wider context, results obtained
under this assumption have to be nuanced. On one side, the
absence of coordination changes during binding needs to be
compared with experimental data, mainly spectroscopic, to
validate such an approximation. Moreover, this approximation
is interesting mainly for resting state structures. Indeed, either
prior to or during the catalysis, one or several groups bound to
the metal are likely to be displaced from its isolated situation in
solvent to its binding to the protein cavity. When disposing of
the clear idea on which groups could leave the cofactor (i.e.,
labile water on the top of the iron in a heme like complex), a
possible strategy consists of mixing dockings and quantum-
based approaches to identify correct resting states of the
artificial metalloenzymes.
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To this end, we developed an integrative procedure that
combines docking, structural statistics, and quantum mechan-
ical-based calculations (Figure 3). In this process, stable
structures of the isolated cofactor obtained either from pure
quantum mechanical calculations or from a database of small
molecules (considering, if necessary, spin and oxidation states)
are initially docked into the receptor cavity.

During the docking, we simulate the formation of possible
coordination bonds between the metal and atoms of the
protein by removing the most likely leaving group from its first
coordination sphere and using a pseudometal atom type. In
Gold, our program of choice, a hydrogen-like function is
located at the vacant coordination site with directions that
respect the coordination rules of the metal (i.e., octahedral,
square planar, etc.) and can interact with Lewis basis atoms.
The resulting binding modes are further analyzed to identify
additional residues that could reach the metal ion. On the basis
of statistics of metaloprotein three-dimensional structures, any
residue with the C, under the cut-off of 9 A from the metal
could display one of its rotameric states coordinating the ion.
Once those amino acids are identified, the final step along the
process consists of generating the different coordination modes
of a given docking solution by rotameric refinement and
pursuing with QM/MM calculations of the resulting complex.
QM/MM calculations are generated with an initial minimiza-
tion constraining the coordination bond to a reasonable
distance and subsequently releasing the constraint to avoid
artifacts along the optimization. The potential energies of the
final models are compared together, and those with the lowest
energy are compared and discussed and could eventually be
used for further designs.

We tested this approach for the first time in 2010 on the
structure of an artificial metalloenzyme obtained by the
substitution of the heme by a Fe(Schiff base) salophen in
Corynebacterium diphtheria heme oxygenase (cdHO).”® cdHO is
a small all-r enzyme that performs the first step of the oxidation
of the heme.®* The Fe(Schiff base)—cdHO resulted as a
superoxidase able to work thanks to successive reductions
performed by the electron partner of the natural enzyme.
Importantly, the crystal structure of Fe(Schiff base)-cdHO
shows major differences from other salophen and heme-bound
enzymes (Scheme 1 and Figure 4A).

First, the iron displays an octahedral configuration with a
distorted cofactor and diverges from the planar geometry
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Scheme 1. General Geometries of X-ray Geometry of the
Fe(III)Schiff Base'cdHO System (left) and Resting States of
Naturally Occurring Hemoenzymes (right)
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Figure 4. Examples of artificial metalloenzymes in which the binding
of the cofactor occurs under an active coordination sphere: (A)
predicted geometries of the Fe(III)(Schiff Base)-cdHO resting state
and (B) structure of the binding site of the [Cp*Ir(Biot-p-L)Cl] C
S112K Sav system with a coordinated lysine 112 to the iridium
complex, as predicted by the docking procedure.

observed with salophen and porphyrin systems (Figure 4A). In
this geometry, one of the oxygen atoms of the catalyst migrated
from the equatorial position to the axial position. Second, two
residues coordinate the iron, the His20 that occupies one of the
axial positions, and the glutamate 24 that fulfills the fourth
position of the equatorial plane. This geometry does not follow
the general trend of heme-bound enzymes, including the
natural substrate-bound heme oxygenases. In those systems, the
iron coordinates the four atoms of the macrocycle in equatorial
position and binds His20 as a unique protein ligand at the
proximal axial site. Moreover, the resting state of hemoenzymes
remains either square planar or octahedral by the binding of an
additional labile ligand to the metal, generally a water molecule.
Finally, the cdHO structure also presents a displacement of the
helix A, to which both His20 and Glu24 are bound, that has
been unreported before in X-ray structures of heme oxygenases.
As a whole, the geometry presents all the molecular features
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that challenge computational prediction of the binding of
organometallics to protein.

Our study consisted of a blank experiment in which we
started with a set of structures of the heme oxygenase (none of
them corresponding to the crystal structure of Fe(Schiff base)-
¢dHO) and the chemical structure of the cofactor. Applying the
protocol described previously, we obtained two low-energy
structures: one with excellent structural similarity to the crystal
structure of the artificial metalloenzyme, the second with a
square pyramidal geometry reminiscent of the heme enzymes
and in which glutamate 24 was eliminated from the first
coordination of the metal.>*

The first structure clearly illustrates that the combination of
protein—ligand dockings and QM/MM approaches would lead
to excellent predictions for active binding of homogeneous
catalysts to a protein host, even with changes of the
coordination sphere of the metal. The second apparently
suggests a failure of the simulation in discriminating between
different binding modes but also that a possible equilibrium
between hexacoordinated and pentacoordinated geometries
exists in solution. The crystal structure snapshot could have
somehow trapped an intermediate out of the catalytic path of
the enzyme.

We further studied this aspect by investigating the transition
between both structures considering all the spin and oxidation
states conceivable in the initiation step of the catalysis by QM/
MM calculations. We showed that the X-ray structure
corresponds to the real resting state of the enzyme in Fe(III)
state, and the square pyramidal one corresponds to the reduced
Fe(Il) form of the enzyme. Energy decomposition using
different QM/MM partitions allowed identifying that the first
coordination sphere of the metal is the most important factor in
dictating the geometry of the final complex. In addition, this
study clearly demonstrated that the transition between both
structures is energetically feasible only when the reduction has
occurred, hence providing additional evidence of the divergence
in the mechanism of action of artificial and natural heme-like
enzymes. The transition state vector also shows that the
reorganization of the cofactor, the displacement of the
glutamate out of the first coordination sphere of the metal
and the entire rearrangement of the helix A, are intrinsically
related.”

More recently, we applied the same procedure to artificial
imine reductases designed by Ward and co-workers and
resulting from the incorporation of a biotinylated Cp*Ir
Noyori's-like catalyst (Cp* = C;Mes—) within different
mutants of the homotetrameric streptavidin (Sav) (referred
to as Cp*Ir(Biot-p-L)Cl] C Sav). Mutants at position S112
reveal major differences in both the Ir/streptavidin ratio and
the enantioselectivity for the production of salsolidine. For
[Cp*Ir(Biot-p-L)Cl] C SI112A Sav, the reaction rate and the
enantioselectivity (which reach up to 96% ee for (R)-
salsolidine) decrease upon saturating all biotin binding sites,
whereas for [Cp*Ir(Biot-p-L)Cl] C S112K Sav, the rate and
the ee remain almost constant as a function of the ratio Ir/
streptavidin (ee near 78% for (S)-salsolidine). Our docking
complemented the X-ray structures that only partially resolve
the location and the orientation of the cofactor into the cavity
of the hosts. In collaboration with Ward’s group, our
calculations verify that the S112A and S112K Sav mutants
prefer binding the S and R, enantiomeric forms of the
cofactor, respectively, a phenomenon not observed on natural
enzymes binding organometallic cofactors. Moreover, it shows
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that the binding in the S112K mutant could be stabilized by a
coordination of the metal with the N, atom of lysine 112,
forming a resting state structure stabilizing the orientation of
the cofactor and differing from those of the S112A mutant in
which no additional coordination is observed between the
metal and the protein (Figure 4B).%

2. MODELING THE CATALYTIC ACTIVITY OF
ARTIFICIAL METALLOENZYMES

The binding of the synthetic cofactor is part of the molecular
events that condition the design of artificial metalozymes, but
their activity can be understood only from the binding of the
substrate and its activation. Protein—ligand dockings on its own
can provide some relevant insights by allowing the
identification of substrate binding modes that are catalytically
consistent.*' ™3

The composite resulting from the insertion of Mn(III)-meso-
tetrakis(p-carboxyphenyl)porphyrin (Mn(TpCPP)) into
XInl0A displays epoxidative activity on a series of styrenes.
Subtle enantioselective preferences toward S products are
observed in most substrate but the most remarkable ee is
observed with p-methoxystyrene, featuring a stereoselectivity of
80% in favor of the R isomer. The docking of the different
substrates into the binding site of a model of the artificial
metalloenzyme previously generated showed that the predicted
orientations of the substrate in the active site of Mn(TpCPP)-
XIn10A consistent with the formation of S-epoxide are slightly
more stable than those for R epoxide ones. However, for p-
methoxystyrene, the trend is inverted, with orientations
consistent with R epoxide formation being more stable. Such
inversion is associated with an additional H-bond between
tyrosine 172 and the oxygen atom of the p-methoxy substituent
(Figure 5).7

Figure S. Predicted low-energy complexes of the p-methoxystyrene
inside the cavity of the Mn(TpCPP))-Xyl10A model, corresponding to
the orientation of the substrate consistent with the formation of the R
epoxide product.

Protein—ligand dockings are not able to identify true
transition state structures along an enzymatic reaction. They
are limited to providing substrate binding modes that are to be
contextualized in terms of prereactive orientations. The
characterization of real, true transition state structures can be
performed only by means of QM/MM calculations. However,
for most artificial metalloenzymes, this task cannot be
dissociated to a wide conformational sampling because little
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molecular information is available for the location and
orientation of the cofactor and its interaction with the substrate.

We developed a protocol combining docking, QM, and QM/
MM calculations in which both substrate and cofactor are taken
into account during the geometrical search. This methodology,
reminiscent of the work of Houk, Mayo, and Baker, consists of
three successive steps: (1) Study of the catalytic mechanism in
a cluster model of the enzyme by DFT calculations. The
reduced model consists generally of the cofactor, the substrate,
and amino acids likely to interact on the reaction center. (2)
Docking of the geometries of the transition state structures
obtained in step 1 into the binding site of the artificial
metalloenzyme. Those pseudotransition states are generated
while imposing few geometry variables extracted from the
structure of the transition state models. (3) Refinement by
QM/MM calculations of the pseudotransition state structures
obtained in step 2 and identification of true transition state
structures on the full potential energy surface. From this step,
the lowest energy paths can be identified and compared with
experiment. At each step along the process, the models with the
substantially highest energies are neglected for the next step
forward. A scheme of the protocol employed, showing the
sequential steps and its application to an example, is depicted in
Figure 6.

A first application of this methodology has been the study of
the catalytic mechanism of the artificial [Cp*Ir(Biot-p-L)Cl] C
S112A transfer hydrogenase mutant mentioned earlier.
Although the mechanism of reduction of ketones by
Noyori’'s-like complexes is now widely accepted, the one
leading to the reduction of imine has not yet reached a
consensus. Although the metal center is well-known to provide
the transfer of hydride, there is still discussion on the source of
the proton. As a consequence, our model system considers
several mechanistic hypotheses for this step, including the
organometallic moiety itself, a hydronium from the medium, or
a positively charged lysine that the active site could contain.
Calculations were performed for processes leading to R and S
chiral reduced imine.

The first step of our protocol allowed discarding mechanisms
in which hydride and a proton are transferred from the
homogeneous catalysts. All of those pathways are systematically
15 keal mol™" higher than any other ones, a magnitude difficult
to imagine that a protein scaffold could counterbalance. After
docking the remaining pseudotransition state structures in the
streptavidine vestibule, QM/MM refinements led to the
identification of eight different reaction paths. Those involving
proton transfer from the lysine residues located in the binding
site are the less favored. The lowest-energy mechanism implies
the transfer of the hydride on the substrate that was protonated
in solution prior its access to the SAV112A site. The lowest-
energy R and S paths clearly indicate preference toward the
formation of the R product. The corresponding ee calculated
on the difference in energy of the transition states reaches 80%,
a magnitude in good agreement with the 98% reported
experimentally. Interestingly, the geometries of the predicted
transition state structures of proR and proS mechanisms clearly
show a major drift of the cofactor and the substrate into the
SAV cavity, something absent from natural hemoenzymes in
which the location of the cofactor is well stabilized (Figure 7).

The relevance of a correct identification of the location of the
cofactor is consistent with the first QM/MM study reported on
an artificial metalloenzyme by Morokuma et al.*> They analyzed
the reaction mechanism of the polymerization of phenyl-
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Figure 6. Schematic procedure for the identification of catalytic mechanism inside a proteic scaffold of artificial metalloenzymes considering the
uncertainty of the location of the cofactor (left) and its application to mechanistic study of an artificial transfer hydrogenase (right).

Figure 7. Calculated transition state structures of the lowest energy paths leading to the formation of R (left) and S (right) salsolidine.

acetylene by an artificial metalloenzyme developed by Ueno
and co-workers. This biometallic hybrid was obtained through
the insertion of a [Rh(norbornadiene)Cl], catalyst inside a
horse L-chain apo-ferritin. After investigating different reaction
mechanisms, the authors were able to characterize the most
likely cavity in the apo-ferritin structure that could shelter the
inorganic cofactor and favor the polymerization reaction.

Bl CONCLUSION AND PERSPECTIVE

The development of artificial metalloenzymes is becoming a
major field of investigation. To date, designers have based most
of their work on (bio)chemical intuitions, with limited
structural information. Molecular modeling can be useful in
this field, although dealing with all the energetic and structural
aspects that need to be considered represents a real tour de
force. Among them, metal-mediated recognition processes
involved in cofactor binding are fundamental but out of the
scope of current state-of-the-art protein—ligand docking
methodologies. Another fundamental aspect is to determine
three-dimensional models of catalytically active conformations
of the cofactor—substrate—receptor triad.
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A few years ago and based on our experience on
organometallics, drug design, and bioinorganics, we embarked
on establishing and benchmarking procedures convenient for
artificial metalloenzyme design. The fruits of the first steps in
this venture are summarized in this manuscript. Here, we try to
show which approximation we had to contemplate, the
evolution of our approaches, the most relevant elements of
our achievements, and what accuracy is to be expected.

Regarding the binding of the homogeneous catalyst to a
protein, we validated standard protein—ligand docking
procedures in generating accurate 3D models if no chemical
changes of the first coordination sphere of the metal occur
upon binding. Although scoring functions and parameters to
deal specifically with metal ions in ligands still leave room for
improvement, calculations performed under this hypothesis are
extremely instructive. Such dockings are particularly relevant for
composites that represent the first line of candidates for
artificial metalloenzymes. This benchmark also suggests that
high-throughput virtual screening of large databases of
organometallics and proteins to detect novel frameworks is
achievable.
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For the prediction of 3D models involving the modification
of the first coordination of the metal upon binding, we thought
that the best chances of success were with allying protein—
ligand docking with QM and QM/MM approaches. This
strategy allows reproducing complex processes and gives
highlights on major induced effects, such as the distortion of
the cofactor and large scale motions of the receptor, and
eventually complement crystallographic observations. However,
its success depends on hypothesizing which coordinated
ligand(s) leave(s) the cofactor and is (are) replaced by protein
residues. This is relatively straightforward for labile water
molecules in heme-like systems but still challenging for
organometallic compounds for which interaction with bio-
logical scaffolds are less documented. Generating multiple
coordination sphere candidates during the docking run is
therefore primordial for more advanced designs and a
methodological challenge we are now exploring.

Finally, we showed that bridging pure quantum mechanics
calculations on model systems, protein—ligand dockings, and
QM/MM calculations allow identification of true transition
state structures in artificial metalloenzymes. This approach is
efficient enough to characterize reaction paths even when the
location of the cofactor is uncertain. It also provides
information on fine structural events, such as those that
control the enantioselective profile of artificial metalloenzymes.
Importantly, this procedure is computationally far less
demanding than other deterministic protocols, such as those
performed with stirred molecular dynamics or metadynamics.

Although most of the tools for computer-aided design of
artificial metalloenzymes are now part of the toolbox of
computational chemists, their success in this field will also be
dependent on our ability to deal with the fine-tuning between
simulation of binding processes and catalytic mechanisms. In
particular, better sampling protein—ligand docking techniques
are of the most important aspects to incorporate into an
integrative framework. As such, methods than allow fast
introduction of large-scale (collective) motions®* and enhanced
sampling in docking will be a major asset.>®

With few years dedicated to this field, we believe that our
experience illustrates the potential of molecular modeling tools
for the rationalization of the reactivity of existing artificial
metalloenzymes. Decoding their molecular mechanism at the
atomic level first provides useful information for further
optimization steps (i.e., control over regio- and enantioselectiv-
ities and specificities) and also affords conceptual knowledge on
nonnatural bioinorganic interactions. With the lack of
molecular information on these composites, we hope this
could serve in the development of the entire field of artificial
metalloenzymes.

The challenge in the years ahead consists of expanding our
modeling framework so that computation could become an
interesting tool for design purposes. To reach such in silico
designs, focus should be given, among others, on strategies that
allow the identification of protein scaffolds that could host the
artificial cofactors and satisfy the chemical requirements for the
reactivity to occur as well as predict suitable redesign of the
protein—substrate—cofactor interface. To this end, combina-
tions and adaptations of the approaches described in this
manuscript with those already established in enzyme design are
among the most interesting. Still, the main barrier to overcome
consists of the simultaneous exploration of both the biological
(ie, mutations of the protein scaffold) and chemical (i.e.,
nature of the cofactor and its substituents) spaces so that
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calculations could ascertain the most promising complemen-
tarity of the protein—substrate—cofactor triad. In this, there is
no doubt that the integration of different methodologies will be
crucial to success.
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