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Abstract: A formalism to quantify the chemical stereoselectivity, based on free energy of
binding calculations, is here discussed. It is used to explain the stereoselectivity of two
diastereoisomeric frameworks, comprising the dimer of a copper(II)-peptide core of L- and
D-carnosine, respectively, each bound to two chains of D-trehalose, in which copper(II)
adopts a type-II coordination geometry. The stereocenter of carnosine is varied both L and D,
giving rise to two diastereoisomers. A thermodynamic cycle crossing the formation of the
two enantiomeric copper(II) peptide cores was devised. A harmonic restraining potential that
depends only on the bond distance was added to ensure reversibility in bond formation and
dissociation, for an accurate estimate of the free energy. The calculation of the free energy of
binding between D-trehalose and the two enantiomeric copper(II) peptide cores reproduces
the free-energy quantities observed from stability constants and isothermal titration calorime-
try (ITC) measurements. This is an example of chirality selection based on free-energy dif-
ference. 
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INTRODUCTION

Stereochemical selectivity is widely used by nature to control and regulate subtle biochemical events
[1,2]. Experimentalists, as well as theoreticians, have expended a great deal of effort in attempting to
understand why nature selects a defined chirality in biomolecules. For instance, it is a continuous mat-
ter of debate why natural glycans are found in the D-form, while amino acids are almost exclusively
observed in the L-form. Only in the cell wall of some microorganisms [3] and various aged human tis-
sues (tooth, bone, brain and others) [4] are D-amino acids observed.

In particular, glycan–peptide interactions require a specific stereochemistry in order to carry out
their functions [5,6]. Glycopeptides have keynote functions including the regulation of cellular immune
responses [7]. In their cellular compartment, proteins face a glycosidic environment, and, owing to their
size, glycans can shield large regions of the protein surfaces, regulating nonspecific lateral protein–pro-
tein interactions. Furthermore, glycans lying close to the cell membrane can determine the orientation
of the binding faces of the proteins to which they are attached [8–10].

As stereocenter chirality is opposite passing from glycans to proteins, it can be interesting to
study the specific interactions that can be generated in a glycopeptide scaffold. In these regards, transi-
tion metals are very useful for selecting a given stereochemistry [11–14], thereby enhancing the stabil-
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ity of one of the stereoisomers. Metals promote the formation of nuanced conformations by specific
intramolecular interactions [15–17]. Those can be discriminated in their free-energy levels.

The phenomenological aspects of stereoselectivity can be extracted using computer simulations
by calculating free energy. From this quantity we can begin to understand the chemical driving forces
that underlie these complex, stereoselective processes.

When measuring stability constants or the energy quantities associated with a given process, the
interesting, reactive processes take place in equilibrium conditions. It follows that the observed events
have to span several times the two states under examination. For instance, in methods such as meta -
dynamics [18], the presence of barriers in the transverse degrees of freedom leads to incomplete sam-
pling. Ensuring reversibility is therefore crucial in order to reproduce the experimental conditions.

Among the enhanced sampling techniques [19] based on the introduction of a bias potential,
metadynamics [18] has been proven to be extremely effective in studying a variety of biological
processes [20–24]. Proposed as a method to sample rare events [25–30], metadynamics accurately
reconstructs the free-energy landscape along specific collective variables, so-called (CVs). Those rep-
resent the reaction coordinates of the process under investigation. A recent variant of metadynamics is
well-tempered metadynamics [31], in which the free-energy valleys are filled by a bias potential, whose
local strength decreases with the time already spent there. This ensures free energy to converge.

A method that is able to reproduce the observed stereoselectivity of two diastereoisomers is here
discussed. The former is based on well-tempered metadynamics calculations. The observed stereo -
selectivity is driven by a square planar coordination of copper(II) with a glycopeptide scaffold (Fig. 1,
top). The dimeric copper(II) complexes with D-trehalose–L-carnosine (TrLCar) and D-trehalose–D-
carnosine (TrDCar) were considered since it is a recent case of stereoselectivity observed in a metal-
glycopeptide scaffold. These two diastereoisomers have different affinity for copper(II) (log L–log D =
3.6), which was further observed by isothermal titration calorimetry (ITC), UV and CD spectroscopy
[16].

We can visualize the two diastereoisomeric frameworks as a dimer of copper(II)-peptide core of
L-carnosine and of D-carnosine, each bound to two chains of D-trehalose (Fig. 1, top), in which the cop-
per(II) coordination parameters were obtained using a combined quantum-classical QM/MM approach. 

Determinant for the free-energy difference estimate is to write down a thermodynamic cycle
involving the formation of the copper(II) peptide cores of L- and D-carnosine (Fig. 1, bottom). Since
they are enantiomers, they have the same free-energy levels. Therefore, an accurate free-energy differ-
ence estimate derives from the calculation of the free energy of binding between D-trehalose and the
copper(II) peptide cores of L- and D-carnosine. In order to observe bond formation and dissociation, a
harmonic restraining potential, which depends only on the bond distance, was added. That ensures
reversibility for an accurate estimate of the free energy.

The calculated free-energy difference of the two diastereoisomers by means of metadynamics
reproduces the stereoselectivity quantified by ITC and stability constants measurements [16].
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BACKGROUND

Before introducing the computational approach, a brief survey of established techniques for dealing
with the free-energy calculation follows.

In recent years, impressive advances in the calculation of free energy have been achieved [19].
This comes out since the comprehension of the majority of chemical processes can be reached by exam-
ining their free-energy behavior. 

Perturbation theory [32] is one of the oldest and most used methods. The main idea behind it is
that given a starting initial state, so-called unperturbed or reference state, the property of the state of
interest is represented by a perturbation of the reference state. Perturbation theory is commonly used to
estimate free energy within the free-energy perturbation (FEP) calculations [33,34]. FEP can be applied
to study protein–ligand interactions, as well as in calculating the binding free-energy difference
between a bound state and an unbound state. This FEP framework is usually known as alchemical trans-
formation calculations [19], in the sense that a chemical system through a mild alteration of it can be
converted into another one. In order to reach initial and final states, intermediate states are often used.
This strategy permits a reliable estimation of the free energy that can be practically done by using an
ensemble of bespoke coupling parameters, usually called λ-parameters. These parameters have the
function to connect the initial and final states along the reaction coordinates of the free-energy path, and
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Fig. 1 (top) Representation of the diastereoisomeric frameworks of trehalose-L-carnosine and trehalose-D-carnosine
copper(II) dimers. The copper(II) peptide core and the trehalose units are highlighted, as well as the
trehalose–carnosine bond distance, used as CV. (bottom) Thermodynamic cycle used to calculate the free-energy
differences between the two diastereoisomers. That involves the formation of the copper(II) peptide cores, whose
free energies are chirality independent.



an efficient development is the λ-dynamics methodology [35], among other improvements in drug
design [36].

Another general approach to estimate free energy is based on the so-called thermodynamic inte-
gration [37]. This methodology relies on calculating and thereby integrating the derivative of the free
energy with respect to one or more order parameters. Also in this case, the interval of calculation is split
in more sub-intervals in order to have a more accurate free-energy estimate. This is often crucial for the
investigation of transition states, where the free energy is maximum, causing a very poor sampling in
transition-state regions. Moreover, in each sub-interval, an extra-potential can be added in order to
improve the sampling, as proposed in the umbrella sampling methodology [38]. The problem of high
free-energy barriers is crucial in this type of calculation, since the free-energy estimate succeeds only
if the calculated process is reversible [19,39,40]. The presence of high free-energy barriers causes an
inefficient and incorrect sampling, hampering the reversibility of the process. 

This problem becomes particularly important in the exploration of the free energy of bond for-
mation in the course of molecular dynamics (MD) simulations. That arises from the difficulty in treat-
ing bond dissociation and formation in a reversible manner using classical MD studies. In addition,
long-time motions are hardly accessible through MD, owing to a prohibitive computational time that
hampers the efficiency of the sampling in the bound and unbound states. Several successful techniques
[19] have been developed through the years in order to overcome these problems, and among those,
metadynamics [18,31] can be successfully used to reconstruct the free-energy landscape along a defined
CV.

A THERMODYNAMIC CYCLE TO QUANTIFY STEREOSELECTIVITY

The two molecular frameworks are shown in Fig. 1 (top). Those are constituted by a dimer of copper(II)
coordinated in a type II distorted square planar environment to D-trehalose–L-carnosine and D-tre-
halose–D-carnosine. The coordination environment is the same in the two diastereoisomers. That
involves the backbone amide, the carboxylate, the amine group and the imidazole of histidine. All of
them belong to the carnosine dipeptide, whose Cα stereocenter is altered from L to D. 

Consequently, the two copper(II) peptide cores are enantiomers and have the same free-energy
levels. A thermodynamic cycle crossing the formation of the two cores of copper(II)-L-carnosine and
copper(II)-D-carnosine [Cu2(XCar)2, where X is L or D] notably simplifies the calculation of the free-
energy difference estimate. That is reported in Fig. 1 (bottom).

In the former cycle, we can first separate the trehalose from the carnosine, which results in the
free energy of ligand formation ΔFX

ligand. The two free carnosines are then assembled to form the core
Cu2(XCar)2. This step is obviously independent of the chirality and leads to the free energy ΔFcore.
Then, the all complex is reassembled by adding the trehalose to the copper(II) peptide core. This last
step is clearly chirality-dependent and is related to the term ΔFX

association. We shall assume that within
the error of calculation ΔFX

ligand is neglegible, as shown in Fig. 2 and focus on the evaluation of
ΔFX

association. The quantification of the chemical stereoselectivity of these two diastereoisomers there-
fore requires only one free-energy term, whose derivation is explained in the next section.
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A METHOD FOR ENSURING BINDING REVERSIBILITY

For the sake of simplicity, let us consider the case of a single collective variable, s. The free energy F(s)
as a function of this variable is given by eq. 1:

(1)

where Z = ∫ e–β V(r) dr, V(r) is the interaction potential, and r the atomic coordinates.
We now add to V(r) a harmonic restraining potential that depends only on the collective coordi-

nates, 1–
2

k(s(r) – s0)2. We define FB(s) as the free energy surface for the modified potential V(r) +
1–
2

k(s(r) – s0)2 given by eq. 2:

(2)

It is then straightforward to show that FB(s) is related to F(s) by the eqs. 3 and 4: 

FB(s) = 1–
2

k(s – s0)2 + F(s) + c (3)

where c is

(4)
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Fig. 2 Binding free-energy difference between trehalose and L/D-carnosine. The values approaching zero indicate
a low free-energy contribution in the stereoselectivity observed for the two diastereoisomers.
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In our case, we have two collective variables, namely, the lengths of the two trehalose–carnosine
bonds, and this relation will be generalized to eqs. 5 and 6:

(5)

(6)

The K is chosen to be the harmonic constant of the trehalose–carnosine bond and for λ = 1, it is
in the bonded situation [Cu2(TrXCar)2], while for λ = 0 we are in the dissociated case. The remarkable
property is that in theory with a single calculation one can obtain at the same time the free energy of
these two states. In practice, to evaluate F(s) we shall choose an intermediate value of λ such that the
restraining force is strong enough to bring back the trehalose to the carnosine, yet weak enough for the
trehalose to explore regions of configuration space in which the system is fully dissociated. We have
found that these conditions are satisfied for value of λ = 10–3 (λK = 0.32 kcal mol–1 Å–2), which allows
s to reach distances of 6 Å where the free energy becomes flat, indicating complete dissociation. Since
in this limit any dependence on the trehalose chirality is lost, we can equate the quantities according to
eq. 7, thus aligning the two surfaces.

(7)

Once the free-energy surfaces at this value of λ are obtained, we can determine the free-energy
difference at λ = 1, F1

L–F1
D.

As shown in Fig. 3, the two bond distances (r1,r2) explore bound states, identified by bond length
values (typically 1.45 Å) and unbound states, identified by values far away from the bond distance. The
high values of the bond distances ensure the enantiomerism of the two unbound states, since any kind
of interaction between the metal peptide core and the trehalose chains is negligible.

The experimentally observed quantity is the formation free energy in the process ΔFX. This can
be calculated as a result of the cycle in Fig. 1 (bottom). As shown in the next section, the estimate of
ΔFX

association for the L- and D-dimers quantifies the observed stereoselectivity by means of ITC and sta-
bility constants measurements.
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THE CHEMICAL FEATURES DRIVING THE STEREOSELECTIVITY

Potentiometric and calorimetric measurements show that copper(II) dimer of D-trehalose–L-carnosine
is more stable than the D-trehalose–D-carnosine diastereoisomeric copper(II) dimer. Both stability con-
stants (logβL–logβD = 3.6) and ΔG° values (ΔG°L = –12.0 kcal/mol, ΔG°D = –7.1 kcal/mol), as well as
ΔH° (ΔH°L = –6.0 kcal/mol, ΔH°D = –3.4 kcal/mol) and ΔS° values (ΔS°L = 20.0 cal/mol, ΔS°D =
13 cal/mol) clearly state the stereoselectivity of these frameworks [16].

The difference between the two binding free energy isosurfaces, reported in Fig. 4, fully repro-
duce these experimental data. From the former, the L-dimer is more stable of 5 kcal/mol than the D-one.
It follows that the state with λ = 1 is more stable in the L-dimer. This comes out from the higher per-
centage of hydrogen bonds with respect to the D-one (Fig. 5) and, interestingly, in both cases two con-
formations are more likely. Intriguingly, the L-dimer is much more stabilized from the D-one from CH-π
interactions. Those involve the π-rich imidazole and the α-glucose rings. Moreover, two families of
conformations are found. The most populated one is featured by an antiparallel orientation of the two
chains. A set of conformations featured by an intra-chain hydrogen bond between the hydroxyl groups
of two different chains (Fig. 5) are responsible for a parallel orientation of the chains. The former
intramolecular interactions occur only in the L-dimer, thus lowering its free-energy level with respect to
the D-diastereoisomer.
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Fig. 3 Time evolution of the bond distance in the two sides of the dimer indicated by r1 and r2. The two bond
distances explore bound states, identified by bond length values (typically 1.45 Å) and unbound states, identified
by values far away from the bond distance. The high values of the bond distances ensure the enantiomerism of the
unbound states.
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Fig. 4 Free-energy difference isosurface at λ = 1 of the two diastereoisomers, F1
L- F1

D. The L-dimer is more stable
at 5 kcal/mol, as indicated by the strong minimum centered at the bond length. The isolines were drawn using a
0.5 kcal/mol spacing, and the energy panel is in kcal/mol.

Fig. 5 Hydrogen bond (H-bond) distributions for the L- and D-dimers. The L-dimer shows a higher percentage of
hydrogen bonds. Those are further stabilized by CH-π interactions, highlighted by a dashed circle, and
intramolecular hydrogen bonds, indicated by a dashed line in the snapshot. Those are absent in the D-dimer. The
representative conformations of the L- and D-diastereoisomers are also shown.



CONCLUSIONS

A method to explore the chemical stereoselectivity based on the calculation of the free energy of bind-
ing is here presented. We consider two diastereoisomeric copper(II) dimers of TrLCar and TrDCar.
Those can be visualized as two dimers built by a copper(II)-peptide core of L-carnosine and D-carno-
sine each bound to two chains of D-trehalose. The two Cα stereocenters belonging to the peptide units
are altered both L and D. The key in finding the observed free-energy differences lays in the fact that the
two copper(II) peptide cores are enantiomers. The bond of D-trehalose to the enantiomeric cores leads
to the chirality selection. A thermodynamic cycle involving the formation of the two enantiomeric cop-
per(II) cores was used. Calculating the binding free-energy difference between the two diastereoisomers
quantifies the observed stereoselectivity. The reversibility in the binding event was accurately ensured
by including a harmonic restraining potential that depends only on the bond distance. That permits us
to explore bound and unbound states. 

The calculated free-energy difference is 5 kcal/mol more favorable for the L-diastereoisomer. The
free-energy estimate reproduces the stereoselectivity recently observed by means of ITC and stability
constants measurements. The reason this chemical stereoselectivity is more favorable for the
L-diastereoisomer depends on the presence of CH-π interactions and on the higher number of hydrogen
bonds. Altering the peptide stereocenter chirality from L to D causes the former interactions to be lost.

METHODS

Modeling the metal core units through QM/MM simulations

The metal centers were treated within a combined quantum/classical (QM/MM) approach as imple-
mented in the ab initio software suite CP2K [41]. The X-ray structure of the copper(II) dimer with
L-carnosine [42], Cu2(LCar)2, was considered as starting coordinate for the QM/MM simulation.
Density functional theory (DFT) was used for the QM part Cu2(LCar)2, with the QUICKSTEP pack-
age within CP2K. A mixed Gaussian plane wave approach, suitable for large systems [43], was adopted.
Perdew–Burke–Ernzerhof (PBE) [44] was used as exchange-correlation functional, with Gaussian
valence basis sets of double-zeta (DZV) for hydrogen, triple-zeta with single set of polarization func-
tions (TZVP) for nitrogen, oxygen, carbon, and copper atoms, using a spin multiplicity of singlet state,
with a net charge of zero. The plane wave cutoff energy was set to 300 Ry and the norm-conserving
pseudo potentials of the Goedecker, Teter, and Hutter type [45,46] were employed. A tolerance of
10–7 Hartree in the electronic structure was used for every time step. For the MM parts, which include
only the water molecules surrounding the copper complex, TIP3P model [47] was used. A temperature
of 300 K was enforced using the Nosé–Hoover thermostat [48,49]. The ESP charges used for meta -
dynamics simulations were calculated at the HF/6-31G* level. The QM/MM coordination parameters
of the copper centers are reported in Fig. 6 and are typical of a type II distorted square coordination. 
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Free-energy computational set-up

All MD calculations were performed by using NAMD 2.7 [50] with the Charm22 force field [51]. In
order to reconstruct the free-energy surface of the copper(II) dimer of D-trehalose-L-carnosine and D-tre-
halose–D-carnosine, respectively Cu2(TrLCar)2 and Cu2(TrDCar)2, well-tempered metadynamics was
used within the framework of PLUMED [52]. Gaussians of 0.2 kcal/mol height were deposited at 1 ps
time interval, with a bias factor of 10. A temperature of 300 K was enforced using a Langevin thermo -
stat. The QM/MM run that was used to select the starting configuration of the copper(II) peptide core
as well as the copper potential parameters was used throughout the simulation. To this copper(II) pep-
tide core, with histidine, carboxylate, and amino groups deprotonated, the trehalose chains were bound.
The most representative cluster of MD conformations was selected. The D-enantiomer of the copper
core, Cu2(DCar)2, was obtained by reflecting the QM/MM structure of Cu2(LCar)2 through the Namide,
Cα, Cβ plane.

The two systems were equilibrated starting from a distance of 10 Å for 5 ns before running the
simulations. Four metadynamics 100 ns long were run at low force constant value (λK = 0.32 kcal mol–1

Å–2), for Cu2(TrLCar)2 and Cu2(TrDCar)2 and for TrLCar and TrDCar, to evaluate the binding free-
energy difference estimate between trehalose and L- or D-carnosine. The two bond distances (C6-N)
between the two trehalose chains and the carnosine dipeptide were used as CVs. In order to take into
account the orientation of the two trehalose chains with respect to the carnosine, the torsion θ, defined
as the rotation of trehalose around the bond distance (C5-C6-N-Cβ), was included as CV.

The CVs are taken into account in the two sides of the dimer. Finally, two metadynamics simula-
tions 40 ns long were carried out at standard force constant (320 kcal mol–1Å–2) for Cu2(TrLCar)2 and
Cu2(TrDCar)2 using as CVs the θ torsion. Glycopeptide labels are reported in Fig. 2.

ACKNOWLEDGMENTS

Prof. Michele Parrinello and Prof. Enrico Rizzarelli are gratefully acknowledged for precious sugges-
tions and discussions. Dr. Gareth Tribello and Dr. Francesco Mauriello are also acknowledged for use-

A. PIETROPAOLO

© 2012, IUPAC Pure Appl. Chem., Vol. 84, No. 9, pp. 1919–1930, 2012

1928

Fig. 6 Coordination geometry of the copper(II) peptide core obtained by QM/MM calculations.
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