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Abstract

Chalcones and flavonoids constitute a large family of plant secondary metabolites

that has been explored as a potential source of novel pharmaceutical products. While

the simulation of these compounds by molecular dynamics (MD) can be a valuable

strategy to assess their conformational properties and so further develop their role in

drug discovery, there are no set of force field parameters specifically designed and ex-

perimentally validated for their conformational description in condensed phase. So the

current work developed a new parameter set for MD simulations of these compounds

main scaffolds under GROMOS force field. We employed a protocol adjusting the

atomic charges and torsional parameters to the respective quantum mechanical derived

dipole moments and dihedrals rotational profiles, respectively. Experimental proper-

ties of organic liquids were used as references to the calculated values to validate the

parameters. Additionally, metadynamics simulations were performed to evaluate the

conformational space of complex chalcones and flavonoids, while NOE contacts dur-

ing simulations were measured and compared to experimental data. Accordingly, the

employed protocol allowed us to obtain force field parameters that reproduce well the

target data and may be expected to contribute in more accurate computational studies

on the biological/therapeutical role of such molecules.

Introduction

Plant secondary metabolites have been studied for many years as potential novel therapeutic

agents,1,2 possibly inspired by a long history of application of herbal extracts in traditional

folk medicine.2,3 Among them, chalcones and flavonoids consistently have drawn attention

mainly because of their extensive range of biological activities, such as cytotoxic,4–6 antiox-

idant,7 chemopreventive,8 antimicrobial9 or inhibitory effects against enzymes of medical

relevance,10–12 what makes these molecules appealing for exploration in the medicinal chem-

istry.
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The classical chalcone scaffold is constituted by two phenyl rings united by an α, β un-

saturated ketone system. The latter chemical signature is believed to play an important

role in the biological activity of chalcones, since the unsaturated functional group can act

as an acceptor in Michael reactions’ and so promptly be modified when interacting with

several compounds.13 Flavonoids are related molecules, derived from chalconoid precursors

that undergo cyclization in the α, β unsaturated ketone system, resulting in the presence

of an heterocyclic ring connecting the other two phenyl rings. Changes in their structures

have been proven useful for the development of new therapeutic candidates and, therefore,

increasing the pharmaceutical interest for these biomolecules, which have been intensively

studied and modified.14–16

In such process of lead optimization, computational methods provide insightful infor-

mation to rationalize, model and predict new chemical entities and their pharmacological

properties.17,18 Among those methods, molecular dynamics (MD) simulations can be used

to anticipate, complement or explain experimental data,19,20 providing detailed conforma-

tional distributions as a function of both time and space for the compounds of interest,

as well as for their respective target-receptors.21,22 As simulations are able to offer unique,

atomic level information about the dynamical recognition of drugs by biological receptors

and the consequent signal transduction, reliable results from MD simulations are dependent

on, among other factors, the quality and accuracy of the empirical potential energy func-

tions used in such calculations. Thus, a novel parameter set associated to a certain new

compound requires careful calibration23 in order to reproduce proper energies of interaction

and conformational profiles in condensed phase. While parameters for biomacromolecules

are widely available, the chemical diversity of synthetic compounds and natural products

constitute a real challenge to classic force field (FF) based calculations.

The absence of calibrated parameters for natural products or synthetic compounds has

increased the use of automated topology generators throughout atomic level investigation

based on MD simulations of ligand-receptor complexes. The accessibility and easiness of such
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approach contrast with the promiscuous torsional parameters and atomic partial charges

based on in vacuo quantum calculations rather than a calibrated set to reproduce ener-

gies in condensed phase. In this sense, the GROMOS force field has provided rather good

parametrization strategies to calibrate torsional barriers and profiles as well as atomic partial

charges of organic molecules in order to reproduce not only condensed phase physicochemical

properties, but also the conformational profile of small molecules in solution.24–26

In this context, and considering the relevance of chalcones and flavonoids families of

molecules as scaffolds for the medicinal chemistry, the current work intends to provide a new

parameter set for the simulation of such compounds using classic force field calculations,

considering their most common chemical modifications. The GROMOS family of force fields

was selected for the parameterization strategy due to its adjustment to reproduce condensed

phase properties.27 Accordingly, the molecular mechanical (MM) torsional profiles were fitted

to the quantum mechanical (QM) derived ones. For parameterization of the partial charges,

the MM atomic charges were fitted to the QM dipole moments and later on submitted to

validation against thermodynamic properties of organic liquids.25 The original approach of

GROMOS is to empirically adjust the atomic partial charges in order to reproduce ther-

modynamic properties. However, as stated by Riniker,28 there is "an infinite number of

charge distributions, which can reproduce the electrostatic potential (ESP) outside a surface

encapsulating all charges", which lead us to use a hybrid approach that both preserves the

QM dipole moment direction and reproduce thermodynamic properties. Based on their ac-

curacy, we explored the conformational description of chalcones and flavonoids in aqueous

and nonaqueous solutions comparing the obtained sampling to NMR data (NOESY). The

characterization of compounds solution conformational ensemble is an important step toward

a deeper understanding of the determinants for biological activity of the compounds and,

consequently, for a more efficient design of new bioactive molecules. We expect that such

parameters will be able to properly describe the conformational distribution of chalcones

and flavonoids, a starting point to further studies on the biological role of such molecules at
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an atomistic level of detail.

Results and discussion

Torsional potentials and force field calibration

There are several drawbacks in using automated topology builders in the simulations of

small bioactive compounds.23 Although ATB server29 has recently demonstrated reasonable

accuracy in predicting free enthalpies of hydration,30 proper torsional designations are still

challenging, since they are based on mathematical descriptors of terms already present on the

original force field, rather than based on the chemical environment created by atoms involved

on the dihedral.31 On the other hand, a proper set of atomic partial charges plays an im-

portant role in describing accurate inter and intramolecular interactions, which may directly

impact in the conformational description of small bioactive compounds in simulations.

Hence, several small molecules resembling fragments of the structure of chalcones, flavonoids

and their substituents were selected to act as building blocks for the later assembly of com-

plete compounds. These so-called fragments (molecules 1-9 in Figure S1 and 2) had their

topologies built with new atomic charges, empirically adjusted to fit into charge groups,

maintaining the molecular polarity, as observed in comparisons of dipole moments from

ESP-MP2/6-31* calculations.

The derived atomic charges were validated through comparison to experimental thermo-

dynamic properties of condensed-phase (ρ and ∆Hvap), as reported in other works involving

the parametrization of molecules for the GROMOS force field24,32–34 and for force field bench-

marking.24,25,35 Individually, most of the parameterized molecules obtained values in good

agreement with the experimental data (Table 1). One particular outlier was fragment 2,

which yielded higher absolute errors despite calibration efforts to reduce it. Our QM cal-

culations revealed a dipole moment of 0.2 debye, which suggests a low charge polarity for

fragment 2. Yet, our MM calculations yielded underestimated values of density and enthalpy
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of vaporization, most likely due to the lack of π − π interactions and resonance effects in-

herently misrepresented in MM calculations. A similar absence of interactions is expected

to influence the description of fragment 8 properties.

Table 1: Obtained values for thermodynamic properties of the simulated frag-

ments as organic liquids.

Fragment Temp.
[K]

Exp. ρ

[g/cm3]
Calc. ρ

[g/cm3] Error Exp. ∆Hvap

[kJ/mol]
Calc. ∆Hvap

[kJ/mol] Error

1 298.15 1.02 1.03 0.32% 53.40 54.45 1.96%
2 298.15 0.90 0.70 22.74% 43.93 27.44 37.53%
3 298.15 0.98 0.87 1.84% 45.00 46.46 3.24%
4 298.15 1.04 1.04 0.01% 39.60 43.43 9.69%
5 298.15 0.86 0.86 0.71% 42.25 41.39 2.02%
6 318.15 1.05 1.08 2.43% 56.32 59.83 6.24%
7 298.15 0.79 0.81 2.69% 29.63 31.25 5.47%
8 298.15 0.84 0.61 27.88% 30.9** 31.33 1.05%

References - Experimental data extracted from.
36–39

Experimental value for 314 K

Therefore, the calibrated charge groups were used to built the scaffold of chalcones and

flavonoids, or compounds 1 and 2, respectively (Figure 1). The basic C −H groups within

benzene rings were set as −0.13/+0.13, respectivelly,25 if not part of other substituent charge

groups. Previously calibrated partial atomic charges from phenol and methoxybenzene were

used for common substituents in natural products. In the case of vicinal substituents and

overlapping atoms, the partial charge of such atoms were set as flexible in order to allow the

MM dipole moment to be adjusted to the QM reference, but maintaining the core of the

charge group.

As a next step, we evaluated how the torsional profiles obtained by QM for the selected

building blocks were reproduced by the closest terms presented on GROMOS53a6 force field

(Figure 2). For fragments 1, 2, 4 and 5, torsional parameters tested were extracted from

phenylalanine, parameters for phenol dihedral were tested for fragments 3 and 6, while

parameters of aspartate was tested for fragments 7 and 8. It is clear from these results that

non-specific torsional parameters may not always reproduce the quantum mechanics energy
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Figure 1: Colored charge groups used in this work for basic chalcones and flavonoids. Com-
mon substituents are also shown. Atomic partial charges marked with * stand for charges
that are allowed to be modified in when superimposing vicinal substituents.
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barriers and minima of a given dihedral, as expected. Although the automated approach

is broadly used to treat ligands within ligand-receptor complexes,40–43 uncured torsional

parameters may strongly impact the accurate description of the conformational ensemble

in free ligand molecular dynamics simulations, within the protein or even on receptors’

conformational activation. To address this issue, new dihedral parameters potentials were

generated (Table S1) and tested. The curves obtained using the new torsional parameters

show good agreement with the respective values obtained by the QM calculations (Figure

2).

Dynamics of Chalcones and Flavonoids

The topologies of the scaffold of chalcones and flavonoids previously built and calibrated

were used, together with phenol and methoxybenzene atomic partial charges and torsional

parameters, in order to build MD topologies for compounds 3, 4, 5, 6 and 7 (Figure 3).

Considering these compounds have been previously characterized by NMR spectroscopy,44–47

the inter-proton contacts (NOESY signals) were used to validate the conformational ensemble

obtained from microsecond MD simulations. These simulations were carried out in organic

solvent (CHCL3 or DMSO) in order to reproduce the conditions of experimental procedures.

Whenever a distance value was below a 5 Å cutoff, it was considered as a correct reproduction.

In general, most of the experimentally observed contacts between the analyzed protons were

properly reproduced in the simulations using organic solvents (Table 2) and water (Table

S2), pointing to a precise conformational characterization of these compounds.

In order to investigate the conformational prevalences of chalcones and flavonoids dihe-

drals, we evaluated the distribution of the torsional angles adopted by the molecules during

MD simulations (Figures 4 and 5). It is important to mention that all dihedrals analyzed here

presented a high number of transitions between different angle populations, which suggests

that our microsecond simulations were sufficiently long to sample most of the conformational

states adopted by these molecules, and that it was not trapped in a single energetic minimum
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Figure 2: Comparison of MP2 6-31G* calculations (black) and MM torsional profiles of
the structures with the adjusted terms accounting for 1-4 interactions (green) and with
parameters for the most similar chemical pattern found in GROMOS53a6 (red).
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Figure 3: Chalcones and flavonoids employed in this work to validated the conformational
ensemble obtained by MD simulations, using experimental NOESY signals.44–47

10

Page 10 of 42

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



(Figures S2-S4).

The chalcone structure has proven to be very flexible around the dihedrals between

rings A and B, as the geometry distribution demonstrated the population of at least 2

preferential states for each torsion (Figure 4). The chalcone without substituent groups in

the aromatic rings (compound 1) presented a single most abundant conformational state for

all dihedrals, as a consequence of the ring symmetry. On the other hand, methoxy groups in

ortho (compound 3) caused a deviation of ± 90◦ in D1, 180◦ in D2 and shift the the most

abundant D3 angle to 180◦. In the case of compound 4, the monosaccharide residue broke

the ring symmetry and completely changed the most abundant conformational states for D1,

shifting it to a −150◦ angle and a minor population on 150◦. For D2, a second population

in 180◦ had an increased frequency when simulating compound 4 in water, in comparison

to the non-substituted chalcone (compound 1), which can be explained by a transient H-

bond bridged by water between the monosaccharide and the hydroxyl group in ring B, and

explains the lower frequency observed for D2 of compound 4 simulated in DMSO solvent.

For D3, a single hydroxyl group in ortho of B ring was sufficient to substantially reduce the

180◦ populations observed for compound 1.

The flavonoid scaffold has only one torsion and can be considered more rigid then the

chalcones studied here. Still, differences can be noticed regarding different vicinal substituent

patterns (Figure 5). The dihedral D of the non-substituted flavonoid (compound 2) has a

rapid interconversion from −15◦ to 15◦ angles, which could be misread as a continuous

population of 0◦. In fact, our QM calculations of fragment 9 has shown energy minima

around such values, in addition to ± 150◦, also in agreement with previous works.48–50 The

addition of a vicinal methoxy group (compounds 5 and 6) extinguished the population on

±15◦ and shifted the major populations to ±150◦. The addition of a sugar moiety also

in to the dihedral (compound 7) eliminated the population with D=150◦ due to sterical

clashes between methoxy group and the monosaccharide, preserving only the population at

D=−150◦.
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The distribution of glycosidic linkages during the MD, on compounds 4 and 7, exhibited

single distribution on φ and ψ angles (Figures S7 and S8), demonstrating a rigidity for these

glycosidic linkages. On compound 4, both dihedral angles revealed only one conformational

state (φ=−60◦ and ψ=−60◦) (Figure S6). On compound 7, both φ1 and φ2 dihedrals revealed

a single distribution at −60◦ and −90◦, respectively, while ψ1 showed a bimodal distribution

(±90◦) and ψ2 revealed a single distribution also around −90◦. It is important to notice that

the ψ1=90◦ is related to a H-bond between the hydroxyl groups of monosaccharides units,

which explains the higher frequency of this angle during MD simulations.

For all compounds, the reproduction of dihedral distributions had little difference during

simulations in both aqueous and organic solvents. In specific cases, as in D1 and D2 of

compound 4, water molecules mediated intramolecular interactions that increased minor

populations observed in simulations in DMSO solvent.
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Table 2: NOESY contacts of compounds, inter-proton distances derived from

microsecond MD simulations in organic solvents

Compound 5 Compound 6 Compound 7
NOE Av. Distance (Å) NOE Av. Distance (Å) NOE Av. distance (Å)

1 4.06 ± 0.39 1 2.78 ± 0.73 1 2.21 ± 0.86
2 2.54 ± 0.76 2 3.60 ± 0.50 2* 2.73 ± 0.26
3 3.11 ± 0.66 3 3.36 ± 0.54 3* 4.35 ± 0.52
4* 4.55 ± 0.67 4 3.10 ± 0.67
5* 4.07 ± 0.40 5* 5.11 ± 0.74

6* 3.71 ± 0.38

Compound 3 Compound 4
NOE Av. Distance (Å) NOE Av. Distance (Å)

1 3.58 ± 0.60 1 2.55 ± 0.80
2 2.97 ± 0.72 2 4.04 ± 0.24
3 2.94 ± 0.70 3* 2.30 ± 0.25
4 2.24 ± 0.79 4 2.23 ± 0.25
5 2.18 ± 0.86
6* 3.04 ± 0.67

*NOESY contacts that could be above 5 Åduring the MD simulations.

The average distances were computed as �r−6�−1/6
, respecting the NOE intensity for small molecules.
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Figure 4: Distribution of the dihedral angles within the main chalcone structure during
microsecond MD simulations.

Energetic effects of substitutions and solvent

In order to evaluate the effect of different substituents and solvents in the torsional barriers

specifically designed in this work for flavonoids and chalcones, a series of metadynamics

calculations51–53 were performed for each dihedral angle separately or in vicinal couples,

both in water and in organic solvent (CHCL3 or DMSO).

On chalcones fragments (10-12), dihedrals D1 and D2 were used as collective variables

(CV) to calculate the free-energy surfaces of their torsions. Our results show that additions

of different groups on the external rings can modify the torsional free-energy associated to the

dihedrals adjacent to the carbonyl group (Figure 6 and 7). When compared to fragment 10,

the torsional profile of D1 in fragments 11 and 12 suffered major modification, both in the
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Figure 5: Distribution of the main dihedral angle associated with the linkage between the
rings on flavonoids structures during microsecond MD simulations.
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energetic barrier and number of minima. For fragment 11, the presence of methoxy groups

vicinal to the dihedral shifted the energetical minimum from D1 to ± 90◦ and increased

the torsional activation energy from 20 kJ/mol to 60 kJ/mol, most likely due to the steric

hindrance of such substituents. For D2 in fragment 11, the addition of methoxy groups

decrease the torsional activation energy in 10 kJ, shifting the dihedral frequency to 180◦, as

seen in Figure 4.

For fragment 12 in DMSO, the presence of the monossacharide near dihedral D1 induced

a shift of the free-energy minimum to −135◦ and a local minimum of 135◦. In the case of

dihedral D2, the monossacharide increases the free-energy of −180◦, increasing the dihedral

population at 0◦. However, simulations in water revealed a new energetical minimum in

D1=75◦ due to the increase on the free-energy at 135◦, which substantially reduces the

energetical barrier between the two populations, yielding an increase in the frequency of

D1=75◦ for compound 4, as shown in Figure 4. In addition, the dihedral distribution of

the complete molecules in water revealed an increased population of D2 in ±180◦. The new

torsional angle of D1=75◦ allows a H-bond mediated by water between the sugar moiety

and the hydroxyl group in ring B, increasing frequency of D2=±180◦. These results suggest

that the organization and strength of solvent interactions around flexible molecules can

substantially influence their uncomplexed dynamics in solution.

The energetic impact of different ring substitutions and solvents were evaluated for di-

hedral D3 in compounds 1, 3 and 4 using dihedral D3 as CV. Metadynamics calculations

of compound 1 in water and CHCL3 are in accordance with the QM and MM torsional

profile generated for fragment 2, with free-energy minima in 0◦ and 180◦. However, the

presence of a vicinal methoxy group (compound 3) extinguished the minimum in 0◦, induc-

ing the preferential conformation at D3=±180◦ both in water and CHCL3. In the case of

compound 4 in DMSO, the presence of a vicinal hydroxyl group maintain the 0◦ minimum

while increasing the free-energy at 180◦, also increasing the preference for torsion D3 at 0◦.

Despite that, simulations in water showed a new local minimum at ± 140◦, with a decrease
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around 10 kJ/mol in comparison to DMSO simulations. Further investigations revealed an

intermolecular interaction between the sugar moiety and hydroxyl group in ring B mediated

by 1 or 2 water molecules, which explains the slight increase of D3 population at 140◦. Still,

the preferential conformation of D3 remained fixed around 0◦ and a large deviation of ±40◦.

Aiming to evaluate the energetic impact from torsions of nearby substituents on flavonoids,

metadynamics calculations were also performed for compounds 2, 5, 6 and 7 (Figure 8) us-

ing the dihedral D as CV. Calculations of compound 2 showed angular minima at ±30◦

and ±150◦, in accordance to the torsional profile calculated in vacuo by QM methods for

fragment 9. It is important to notice the low energetic barrier between 30◦ and −30◦ or

180◦ and −180◦, which explains the rapid interconversion between these close minima. How-

ever, the addition of a methoxy group near the dihedral D (compound 5) extinguished the

minimum at ±30◦ and shifted the global minimum from ±180◦ to ±145◦. Still, a minor

population at D=±30◦ can be observed in Figure 5, which can be explained by the low

barrier between the global and these local minima at 30◦. For compound 6, the presence

of a second methoxy group in para did not change the global or local energy minima, but

increased the free-energy barrier from 6 kJ/mol to 22 kJ/mol while increasing the content

of free-energy when D=45◦. For compound 7, the presence of a sugar moiety in ortho to the

dihedral maintained the global minimum at −150◦ while creating a new local minimum at

D=30◦ due to the torsional asymmetry. Even though transitions could be observed between

these minima, the dihedral distribution of D in compound 7 showed a complete preference

for −145◦±20◦ due to intramolecular H-bond between the sugar moieties.

Also, the free energy profiles associated to the φ and ψ dihedrals of sugar moieties in

compounds 12, 13, 14, 15 (Figures S5 and S6) suffered minor influences from the different

solvents, yielding similar minima regions on their free-energy torsional landscapes. In a

particular note, ψ1 on compound 7 revealed a bimodal distribution on angles 90◦ and −90◦,

in contrast with ψ2. This can be explained by a intramolecular H-bond between the sugar

moieties when φ1=90◦ which maintained φ2 at −90◦.
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The data gathered here regarding the effect of nearby substitutions and the possible

solvent effects in torsional free-energy barriers can be of interest for medicinal chemists

while designing new ligands or increasing the potency of old ones. In fact, mapping such

torsional free-energy profiles can also be useful to predict likely and unlikely conformations

of ligands a priori, a challenging task when starting from 2D chemical structures.

Dynamics in Solution

The broad biological activities of natural products in traditional folk medicine4–12 has in-

creased the interest of medicinal chemists to comprehend the basis of molecular recognition

at the ligand-receptor complex level. Thus, the knowledge of conformational preferences

of bioactive compounds in solution is not only relevant to predict the enthalpic and en-

tropic costs of binding, but also to evaluate possible conformational selection or induced fit

mechanisms of recognition, which in turn provide valuable insights for rational drug design.

In this sense, we have generated torsional parameters for chalcones and flavonoids that

yielded good agreement with QM calculated torsional profiles. Moreover, atomic partial

charges were calibrated for chalcone and flavonoid scaffolds, as well as for common sub-

stituents, using experimental thermodynamic properties from organic liquids as targets.

Topologies built with such parameters yielded good agreement with inter-proton NMR data

during molecular dynamic simulations, which reinforces the accuracy and reliability of our

parameters to allow conformational and energetical studies of chalcones and flavonoids.

With these results in hand, the conformational sampling of compounds 1-7 was evaluated

during microsecond classic molecular dynamics simulations, which allowed the identificaton

of their main conformational states in water and organic solution, which were compiled in

Tables S3 and S4.

For compound 1, there are two main conformational statesin both solvents (Figures

9A and 9B). The most abundant conformation for this chalcone in CHCL3 is related to

a energetical preference of D2=0◦, as discussed above, yielding an abundance of nearly
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Figure 6: Free energy profiles obtained from metadynamics simulations for the dihedral
angles 1 and 2 on fragments 10, 11 and 12, related to the main structure of the chalcone
scaffold.
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Figure 7: Free energy profiles obtained from metadynamics simulations for the dihedral angle
3 on compounds 1, 3 and 4.
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Figure 8: Free energy profiles obtained from metadynamics simulations for the main dihedral
angle of compounds 2, 5, 6 and 7.

21

Page 21 of 42

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



80%, while D2=±180◦ accounts for 20%. In water, these abundances are 85% and 15%,

respectively. For compound 3, the opposite behavior is presented on both solvents when

compared to molecule 1. Aside from the ±90◦ angle for D1, dihedral D2 in compound 3

presented a preference for ±180◦, with an abundance of nearly 80% in both organic and water

solution. On compound 4, there are different behaviors for each solvent. In DMSO, three

conformational states were found, while four conformations were identified in water (Figures

9A and 9B), although the main conformations found in both solvents were equivalent (with

abundances of 35% and 23%, respectively). Moreover, the second population in DMSO

(D1=140◦,D1=0◦,D1=0◦) with an abundance of 32% represents only 9% of the populations

in water, the third most abundant conformation. The second most abundant population in

water is stabilized by a water mediated H-bond between the sugar moiety and the hydroxyl in

chalcone ring B (data not shown), thus explaining the 15% abundance. The glycosidic linkage

showed the same value for all conformations (Table S3), according to previous analyzes of

φ and ψ angles, demonstrating only one abundant conformational state (Figura S6). It is

important to notice that, while the conformational profile of compound 4 described here

accounts for nearly 80% of the total conformations obtained by MD simulations in DMSO,

we were able to identify only 47% of the conformations obtained in water solvent (Table S3).

These results suggest that the addition of sugar moieties increase the flexibility of chalcones,

specially when capable of intramolecular interactions, by stratifying the major identifiable

conformations.

In general, flavonoids presented the same conformational populations on both solvents

(Figures 10A and 10B), and the combination of the most common conformational populations

were compiled in Table S4. Compound 2 presented only one conformational state in solution

with dihedral D=±30◦, with rapid interconversion and low free-energy barrier between these

conformational states. On the other hand, the most common conformational populations for

compounds 5 and 6 could be identified at D=±150◦, with nearly 50% for each dihedral angle.

As previously seen, the methoxy group on the rings of molecules 5 and 6 influenced on these
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conformational profiles, explaining these news configurations when compared to compound

2. Despite the main dihedral angle on compound 7 showing the same conformational states

for all conformations (Table S4), the analyses of the relative abundances of each dihedral

indicated two conformations for ψ1 angle, between ±90◦ (Table S4). The preference for

ψ1=90◦ is related to a transient intramolecular H-bond between the sugar moieties (data

not shown). This data is in accordance with previous analysis (Figure S8) that showed two

conformational states for this dihedral angle.

The conformational sampling obtained here was also capable to describe the conversion

between different conformational states. So, in the context of conformational selection recog-

nition mechanism for small ligands, such strategy may represent an useful methodology to

contribute in the choice of ligands conformations for future studies, such as 3D-QSAR and

docking calculations. In the context of induced fit recognition mechanism, the previous

knowledge of free-energy torsional surfaces can provide quantitative data to the energetic

cost of fitting a given pharmacophoric region by twisting scaffold main dihedrals.

Figure 9: Abundance of different conformations of chalcones during microsecond MD simu-
lations performed in organic solvents (A) and water (B) for compounds 1, 3 and 4.
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Figure 10: Abundance of different conformations of flavonoids during microsecond MD sim-
ulations performed in organic solvents (A) and water (B) for compounds 2, 5, 6 and 7.

Conclusions

In the current study, a new parameter set for force field calculations of chalcones and

flavonoids was presented, in which we included new torsional potentials within GROMOS

force field, as well as a set of atomic partial charges. The major advantage over previously

proposed modifications of the force field is that this approach is still compatible with the

general GROMOS parameter set for other classes of biomolecules, allowing prompt simu-

lations of ligand-receptor complexes. The addition of new torsional potentials is a similar

approach to that performed for improving GROMOS parameters for proteins,54,55 carbohy-

drates56 and aromatic rings commonly used in drug design,25 which allows a state-of-art

description of conformational profile of ligands. The generated parameters for the descrip-

tion of small molecules reproduce well QM and experimental data, while microsecond MD

simulation of complete chalcones and flavonoids were capable of reproducting experimental

interproton NOE contacts, suggesting a precise conformational characterization for these

molecules. This allowed us to evaluate the energetic impact of common ring substitutions

on the free-energy torsional profile of each main dihedral on chalcones and flavonoidic scaf-

fold, as well as the effect of solvent substitution on such energies. Moreover, we were able to
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identify the most common conformational populations of these molecules in both organic sol-

vent and water, providing quantitative information for medicinal chemists in rational drug

design efforts. This set of parameters and the conformational sampling of chalcones and

flavonoids are expected to contribute in future studies, supplying accurate results through

MD simulations.

Experimental

Derivation of new torsional parameters

The QM torsional profiles of dihedrals within the structures were obtained using Gaus-

sian03.57 These QM calculations were carried out using the scan routine combined with a

tight convergence criterion, at MP2 level with the 6-31G* basis set, obtaining the relative

energy associated with the rotation of each dihedral by increments of 30◦.

The potential energy term associated with the torsion around a dihedral angle m in MM

calculations is described by the following equation, where φm is the dihedral angle value, nm

is the multiplicity of the term, δm the associated phase shift, and kφ,m the corresponding

force constant:

Vφ,m = kφ,m[1 + cosδmcos(nmφm)] (1)

Hence, MM calculations were performed in GROMACS 5.0.7 for every dihedral angle

evaluated by previous QM methods, evaluating the total potential energy related to the con-

formation, including 1,4 nonbonded interactions.56,58 Both QM and MM torsional energies

were then submitted to the Rotational Profiler server,59 which calculates the energy gap

between both profiles and provides proper MM torsional parameters fitted to the QM. These

new parameters were then properly implemented into the topologies for MD simulations.
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Parametrization strategy and topology construction

In order to describe chalcones and flavonoids through molecular mechanics techniques, a

set of aromatic rings with substituents commonly found in chalcones and flavonoids was

selected as building blocks. The parametrization strategy was based on accurately repro-

duce experimental values for physicochemical properties of organic liquids. Topologies were

constructed for the fragments using the potentials for bond stretching, bond-angle bending,

and improper dihedral deformation, as well as van der Waals interactions terms retrieved

directly from GROMOS53A627 set. In order to obtain atomic partial charges, QM calcula-

tions were performed using Gaussian09,57 at the second-order Møller-Plesset perturbation

(MP2)60 level with the 6-31G* basis set, in implicit PCM (polarizable continuum model) sol-

vent,61 followed by a RESP fitting.62 Charge adjustments were made to properly reproduce

the experimental properties in MM conditions, taking care to maintain the dipole moment

direction obtained from QM calculations, using a in-house tool based on Least-squares fit

solution (available in Supplementary Material). All of the MD simulations and analyses were

performed using the GROMACS simulation suite,63 version 5.0.7.64

In order to derive the charge for the entire chalcone or flavonoid molecule, larger fragments

were used. Atomic group charges of the common substituents previously calculated were used

and, in case of overlapping group charges, adjustments were carried in order to maintain the

total dipole moment of the fragment. Therefore, entire molecules were built by adding these

fragments as building blocks per se, allowing us to describe differently substituted chalcones

and flavonoids.

Least-squares fit solution

The adjustment of charges while keeping the total dipole moment of a molecule was modeled

as a linear least-squares problem with bounds on the variables65,66 and solved using the

SciPy67 library from the Python 2.7 programming language.

In this scheme, x, y and z atomic coordinates are obtained from a SYBYL MOL2 format
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file generated after a MP2/6-31G* calculation, along with their respective partial charges

derived from a RESP fitting. Thus, in this modeling, all n atoms form a matrix A of atomic

positions, with a
x
n being the x coordinate of atom an and so on.

A =





a
x
1 a

x
2 . . . a

x
n

a
y
1 a

y
2 . . . a

y
n

a
z
1 a

z
2 . . . a

z
n





Cref is the vector of partial charges obtained from QM calculations, and rn is the reference

charge of atom an.

Cref =

�
r1 r2 . . . rn

�T

K is the dipole moment from QM calculations charges and · is the dot product.

A · Cref = K

L is the vector of lower bound values for the new charges, with ln being the lower bound

of the new charge of atom an, while U is the vector of upper bound values for the new charges

and un is the upper bound of the new charge of atom an.

L =

�
l1 l2 . . . ln

�T

U =

�
u1 u2 . . . un

�T

Q is the coefficient vector used to change the magnitude of the dipole moment K.

Q =

�
q1 q2 . . . qn

�T

From this, it is intended to find the vector of new charges C, such as cn is the new charge

of atom an, using the linear least-squares method.

C =

�
c1 c2 . . . cn

�T

Vector C is the solution of the system: A · C = K ◦Q
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With restraints:
�n

i=1 ci = m and ∀c ∈ C, lc ≤ c < uc

In which ◦ is the Hadamard product (element-wise multiplication), and m is the total

charge of the molecule. This assures that the new set of charges C maintains the original

dipole moment direction and total charge of the molecule from Cref , while also respecting the

lower and upper bounds and altering the magnitude of the new dipole moment. The main

advantage of this approach is that it allows a combination of the transferability principle of

calibrated atomic charge groups while respecting the dipole moment direction obtained from

QM calculations.

Liquid and gas-phase simulations for assessment of thermodynamic

properties

Physicochemical properties of organic liquids (density and enthalpy of vaporization) were

used as target to validate our topologies, as previous works of parametrization of small

biomolecules24,26,32 and benchmark of force fields.25,35 The protocol described in Horta et al.24

was applied to all building blocks containing functional groups necessary to the assembly of

complex chalcones and flavonoids. These fragments were chosen considering the availability

of experimental values of density and enthalpy of vaporization, and the topologies were

accepted as useful when the absolute error between experimental and simulated properties

properties was below 15%.

In order to calculate thermodynamic properties of organics liquids, a condensed phase

was induced by simulating a 125 molecules under 100 bar. The box was scaled 2×2×2

in order to obtain 1000 molecules in liquid phase. All simulations were carried out with

Berendsen pressure and temperature coupling algorithms68, using τT = 0.2 ps and τP = 0.5

ps, along with reaction-field method to compute electrostatic interactions69,70 using �RF as

the experimental dielectric constant,24,27 while the experimental isothermal compressibility

was used as an additional parameter when available24,27. Otherwise, the compressibility of

the most chemically similar molecule was used. While liquid-phase simulations were carried
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out for 10 ns using leap-frog algorithm, gas-phase simulations were performed using stochastic

dynamics algorithm71 to simulate a single molecule in vacuum for 100 ns. LINCS algorithm

was applied to constrain all bonds. The potential energies associated with these systems

(Epot(g) for gas-phase and Epot(l) for liquid-phase) were extracted and used to calculate (Eq.

2) the enthalpy of vaporization (∆Hvap) of the fragments.

∆Hvap = (Epot(g) + kBT )− Epot(l) (2)

Organic liquid densities (ρ) were calculated from liquid-phase simulations using block

averages of 5 blocks, as for ∆Hvap. MD simulations were carried out by means of the GRO-

MACS 5.0.7 package, and all the analyses employed dedicated tools from the GROMACS

package, associated with in-house scripts to calculate thermodynamic properties.

Metadynamics simulations

For the structural assessment of complete chalcones and flavonoids, metadynamics simula-

tions were performed in order to determine the conformational preferences of dihedral angles

in the main scaffold of these compounds and the associated carbohydrate moieties. Several

fragments containing the dihedrals of interest were constructed and simulated during 50 ns,

at 298 K and in nonaqueous solvents (chloroform or DMSO, to reproduce the conditions of

the NMR experiments concerning the chosen complete chalcones and flavonoids) and water,

as a control, in cubic boxes using periodic boundary conditions. The systems were submitted

to energy minimization by steepest Descents algorithm, followed by an equilibration phase

of 2 ns and subsequently to well-tempered (WT) metadynamics simulations. Gaussian hills

with an initial height of 1.2 kcal.mol-1 were applied, along with a hill width of 0.35 radians.

In this WT scheme, Gaussian functions were rescaled employing a bias factor of 10. Pres-

sure was kept constant at 1 atm by a Parrinello-Rahman barostat,72,73 with a 2.0 ps coupling

constant, and temperature was kept constant by a V-rescale thermostat (NVT step), with a
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coupling constant of τ = 0.1. The Lincs method74,75 was applied to constrain covalent bond

lengths, allowing an integration step of 2 fs. For the systems solvated with DMSO, all bond

lengths were constrained using the SHAKE algorithm.76,77 The reaction-field method69,70

was applied in the calculation of electrostatic interactions. The GROMACS 4.6.1 interfaced

with the PLUMED plugin package 2.0b178 was used. As for the free energy surfaces, the

sum hills tool from PLUMED package was applied. Error estimates were calculated using

the block-analysis technique, while the reweighting procedure was performed based on the

work of Branduardi et al .79

NOE contacts assessment in MD simulations

The complete structure of chalcones and flavonoids was submitted to microsecond MD sim-

ulations in organic solvents (chloroform or DMSO) and water. The MD conditions were

generally the same of the metadynamics calculations, with longer equilibration (20 ns) and

production phases (1000 ns). MD simulations were carried out by means of the GROMACS

5.0.7 package, and all the analyses employed dedicated tools from the GROMACS package,

associated with in-house scripts. To allow a comparison of the simulations to H-NMR data

(NOESY signals) of the compounds, nonpolar hydrogens atoms were added to frames re-

trieved from trajectories, using Pymol.80 The obtained models were used to calculate the

average interproton distances from simulations, using the gmx mindist tool from GROMACS.

The average distances were computed as �r−6�−1/6, respecting the NOE intensity for small

molecules.

Identification of conformational populations

Considering the dihedral angles of a molecule throughout a MD simulation, a conforma-

tional population is a set of conformations that share similar values for their respective

dihedral angles. In order to determine these conformational populations (that is, to mea-

sure if structures share dihedral angles values close enough to be grouped together), the
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following procedure was implemented: 1) The value of each dihedral angle was measured

for each simulation timestep, as well as the distribution of the angle (how much of the total

simulated time was spent in each angle value). These distributions were smoothed using a

sliding window of length 21◦ using the Hann function,81 obtaining a curve with well behaved

gradient. 2) From this distribution, "peaks" and "valleys" were identified. A peak is defined

as an angle with maximum local value, that is, the distribution of that angle is larger than

the distribution of its immediate neighbors. Analogously, a valley is an angle with minimum

local value, or angles with distribution below a given threshold that indicates a distribution

value so low that the angle should be considered spurious. Knowing the peaks and valleys,

dihedral populations of each torsional bond were identified by the peak angle between two

valleys, corresponding to a region of high distribution. The conformational populations of a

molecule were then characterized by combining the populations of each single dihedral angle

(identified by the peak values) that occur at the same timestep, building a tuple of n peaks, n

being the number of torsional bonds. Thus, all conformations identified by the same tuple of

dihedral values belong to the same conformational population, the number of conformations

that receive the same tuple determines the relative abundance of the conformational popu-

lation, and the number of different tuples is the number of different populations throughout

a simulation.
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