Accepted Manuscript T

Journal of

MOLECULAR
STRUCTURE

The electronic density obtained from a QTAIM analysis used as molecular descriptor.
A study performed in a new series of DHFR inhibitors

Rodrigo D. Tosso, Marcela Vettorazzi, Sebastian A. Andujar, Lucas J. Gutierrez,
Juan C. Garro, Emilio Angelina, Ricaurte Rodriguez, Fernando D. Suvire, Manuel
Nogueras, Justo Cobo, Ricardo D. Enriz

Pll: S0022-2860(16)31379-5
DOI: 10.1016/j.molstruc.2016.12.060
Reference: MOLSTR 23258

To appear in:  Journal of Molecular Structure

Received Date: 13 September 2016
Revised Date: 20 December 2016
Accepted Date: 22 December 2016

Please cite this article as: R.D. Tosso, M. Vettorazzi, S.A. Andujar, L.J. Gutierrez, J.C. Garro, E.
Angelina, R. Rodriguez, F.D. Suvire, M. Nogueras, J. Cobo, R.D. Enriz, The electronic density obtained
from a QTAIM analysis used as molecular descriptor. A study performed in a new series of DHFR
inhibitors, Journal of Molecular Structure (2017), doi: 10.1016/j.molstruc.2016.12.060.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.molstruc.2016.12.060

Graphical Abstract

The electronic density obtained from a QTAIM analysis used as molecular
descriptor. A study performed in a new series of DHFR inhibitors

Rodrigo D. Tosso, Marcela Vettorazzi, SebastianAAdujar, Lucas J. Gutierrez, Juan C. Garro,
Emilio Angelina, Ricaurte Rodriguez, Fernando Dvi&y Manuel Nogueras, Justo Cobo and Ricardo
D. Enriz

Departamento de Quimica, Facultad de Quimica, Bimiga y Farmacia, Universidad Nacional de
San Luis, Chacabuco 915, 5700 San Luis, Argentina




The electronic density obtained from a QTAIM analy$s
used as molecular descriptor. A study performed i new
series of DHFR inhibitors

Rodrigo D. Toss®®, Marcela Vettoraz2f, Sebastian A. AndujaP, Lucas J. GutierréZ, Juan
C. Garré® Emilio Angelind, Ricaurte Rodrigud? Fernando D. Suvifé, Manuel
Noguera$ Justo Cobband Ricardo D. Enrf?”

®Departamento de Quimica, Facultad de Quimica, Bimita y Farmacia, Universidad

Nacional de San Luis, Chacabuco 915, 5700 San Bugentina
PIMIBIO-CONICET, UNSL, Chacabuco 915, 5700 San LAigentina

“Laboratorio de Estructura Molecular y Propiedadésea de Quimica Fisica, Departamento
de Quimica, Facultad de Ciencias Exactas y Natwrgldgrimensura, Universidad Nacional
del Nordeste, Avda. Libertad 5460, (3400) Corrisnfergentina.

YDepartamento de Quimica, Universidad Nacional ddo@ia, Ciudad Universitaria,
Carrera 30, No. 45-03. Bogota, Colombia

*Departamento de Quimica Inorganica y Organica, énsidad de Jaén, 23071 Jaén, Spain

* To whom correspondence should be addressed.
Phone (54) 266 4423789; e-mail: denriz@unsl.edu.ar




ABSTRACT

The results reported here indicate that the eleaemsity obtained from a QTAIM analysis is
an excellent descriptor of molecular interactidmat istabilize and destabilize the formation of
the ligand-receptor (L-R) complex. The study wasdiwted on a series of 25 compounds
that have inhibitory effects on DHFR. Besides thatlsesis and bioassays performed for
some of these compounds, various types of molecalaulations were performed. Thus, we
performed MD simulations, computations at differémtels of theory(ab initio and DFT)
using reduced models and a QTAIM study on the @iffecomplexes.

The resulting model has allowed us to differentiade¢ only highly active compounds with
respect to compounds weakly active, but also ancongpounds that have similar affinities in
this series. The model also showed a high degreeedictability which allows predicting the
affinity of non-synthesized compounds. Very impottaadditional information can be
obtained through this type of study, it is posstilevisualize which amino acids are involved
in the interactions determining the different aftfes of the ligands.
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INTRODUCTION

In general, majority of docking algorithms are alite predict the bind correctly, with
accuracy of ~ 2 A root-mean-square deviation (RM$®Y}hat of observed in the crystal
structure (of course depending of the structuraratteristics of both the ligand and the
binding pocket). The challenge is in scoring thede bindings; an ideal scoring function
should be able to reproduce binding energy andrk the ligands according to their binding
affinities. However, the majority of scoring furmtis, bundled with docking packages, often
perform a very poor reproduction of the bindingrafy; hence, the use of them is limited to
screening of databases of a large number of ligands

In order to predict binding affinity of small molde inhibitors, a variety of post-docking
methods have been established. These methods frangeimple consensus scoring to free
energy perturbation (FEP) [1-4] among others. Uhtedly, the post-docking methods can
improve significantly the prediction of the eneg@f L-R binding, however they are still far
from being able to predict with a high degree afumacy the differences in L-R affinities for
those ligands having similar binding energies. $iteation is even more complex when we
are in front of compounds with structural differeacin such cases, most of the times one
must accept only if we can differentiate betweeny\active compounds from compounds
with low affinity for the receptor (very poor adty). It is clear that any progress or
improvement that we can find to enhance these gmsting methods is of paramount
importance for the structure based drug desigrtlzylare very welcome.

In a recent paper we attempted to find a correfatitat would allow us to differentiate
between DHFR inhibitors with similar affinities, towe had no success [5]. In fact, we were
only able to differentiate between highly activempmunds of those who had very poor
activity, but we were not able to differentiate been compounds with similar affinities. In
that paper we also showed that if one has a goothgey, the QTAIM study provides an
important insight into the molecular interactionstileen ligand and receptor. In this new
work, we used the electron density obtained fromAT analysis as a descriptor of the
molecular interactions of the L-R complex, whichtsllowed us to discriminate very well
between compounds with similar binding affinities.

Dihydrofolate reductase (DHFR) is an excellent roolar target for this study because it has
been and is currently studied by using differentlamalar modeling techniques [6-9].
Kerrigan et al have reported an interesting review about regengress in molecular
dynamics simulations of DHFR [10] and they conclutteat “molecular mechanics
calculations can work well to model the initial 8ing step of an inhibitor or substrate with



DHFR. However, DHFR continues to be a challengeiee energy estimation methods and
caution is recommended when interpreting thesdtsgsu

It should be noted that there are very few simaoietispecifically focused in the molecular
interactions involved in the formation of the L-Rneplexes. Thus, interesting details about
the intricacies of molecular interactions of DHFRteracting with its inhibitors remain
unknown. Recently, we reported some molecular nmogledtudies using reduced models for
the binding pockets [5, 11-15]. This approach afioperforming more accurate quantum
mechanical calculations, as well as to obtain aildet electronic analysis by using the
method of Quantum Theory of Atoms in Molecules (QWA

The main objective of this work is to find a wayathallows us to differentiate between
ligands possessing similar affinities for the DHAR.achieve this goal, different calculations
techniques have been used either alone or in catimin order to find a molecular
descriptor that allows getting such differentiatidimus, the present study was carried out at
different stages. In the first step, seven new aamgds were synthesized and then they were
evaluated for their inhibitory activities againstnhan DHFR. These results were added to
thirteen compounds reported by Ganggteal. (1-13) [16], two compounds reported in our
earlier work (4a and15d [5] and two new compound44e and 15f) recently reported in
reference [17] in order to have a more completerapdesentative number of compounds (25
molecules in the complete series (Figure 1 anderapl In the next step, we performed MD
simulations, QM calculations (using different leveff theory) and QTAIM analysis with the
aim to obtain a correlation which allows the disgriation between compounds possessing

similar affinities by the enzyme. The conclusions aresented at the end.
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Table 1. Structural features and d¢values of compounds tydel and15.
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*Compounds reported in reference 17

METHODS OF CALCULATIONS
The results of this work have been compared witiselhrecently reported in the reference 5;
therefore all calculations and molecular simulagidrave been performed using the same

techniques previously used.

MD simulations

The starting structure of human DHFR was obtaimechfProtein Data Bank of Brookhaven
National Laboratory (PDB entry code 2W3M) and tbpdiogies of the ligands were built
using the MKTOP program [18]. MD simulations forceaL-R complex have been carried
out using the GROMACS 4.5.5 simulation package [29]. For these simulations, the
OPLS-AA force field [21-26] and the rigid SPC wataondel [27, 28] in a cubic box with
periodic boundary conditions were employed. The $iag was 7.437 x 7.437 x 7.437 nm and
the total number of water molecules was approxiindté,500 for each simulation. Besides,
three N& ions were added to the systems by replacing watéecules in random positions,
thus making the whole system neutral.

A steepest-descent algorithm for 1,000 steps wesd,us order to minimize the energy of
each system. Next, the complexes were equilibralédng 100 ps in NVT and NPT
ensembles to stabilize the temperature and theymeesf each system, respectively. Then a 5
ns MD simulation was performed for each complexe Time step was 0.002 ps and the
temperature was maintained constant at 310 K witht-rescale algorithm [29]. Long range
interactions were treated by the Particle Mesh BWRIME) method [30, 31] with a 1 nm
cutoff and a Fourier spacing of 0.12 nm. The comsitslity was 4.8 x 18 bar’.

The Linear Interaction Energy (LIE) method was usedalculate L-R binding free energy

[32, 33]. The following equation was used for sgalculations:
AGLI,’IiIZ‘Id = a((VllidsW)bound - <Vlv—C§W>free) + ﬁ((vle—ls bound ~— (Vle—ls)free) (1)

wherea and3 parameters are dispersion and electrostatic atbjiesenergy scale factors [34].
Their values (0.181 and 0.5, respectively) wereviptesly reported by Mareliust al, who
adjusted them for DHFR from experimental paramef8®. The (V,"4") and (Vli) terms

denote MD energy averages of the nonbonded vaWdels and electrostatic interactions

between ligand and its surrounding environmentgstipt |-s), respectively.



MM-GBSA Free Energy Decomposition

The MM-GBSA free energy decomposition was carriatio order to evaluate which amino
acids were interacting with the ligand. This cadtign allows decomposing the interaction
energies to each residue considering molecular amch and solvation energies [36-40].
Four energy terms are considered for each inht#oésidue pair: van der Waals contribution
(AE,4w), electrostatic contributionAE,;.), polar desolvation termAG.;z), and nonpolar

desolvation termAGs,). These terms can be summarized as the follongugteon:

AGinnipitor-resiaue = AEpaw + AEge + AGgp + AGgy (2)

For these calculations, the mm_pbsa program in ARBE [41] has been employed and
snapshots were taken at 10 ps time intervals frben dorresponding last 1,000 ps MD

trajectories, while the explicit water moleculesg&veemoved from the snapshots.

Constructing the reduced models for the binding sé

The use of model systems to calculate and simuohaiecular interactions (Ml) is necessary
since the inhibitors interacting at the active siteDHFR constitute a molecular system too
large for accurate quantum mechanics moleculartadrioialculations and the number of
ligands to be screened is large as well.

Since we are interested in comparing the resultgimdd in this work with those reported in
our previous work, we use the same reduced systamwas used in that study [5]. This
reduced model is composed by 23 amino acids: N&i8, Ala9, Leu22, Trp24, Glu30,
Phe31, Tyr33, Phe34, GIn35, Met52, Thr56, Ser5860)] Pro61, Asn64, Leu67, Lys68,
Arg70, Vall15, Tyr121, Val135 and Thr136. In adufitiall water molecules within a 5 A
radius from the ligand were also included in thedued model.

To be sure that the different amino acids thatiktaband destabilize the complex formation
have been included in the reduced system, we peeidran MM-GBSA free energy
decomposition analysis for the different complexesler study. The information obtained
from these calculations is very important for qitative analysis and is highly useful for the
understanding of the binding mechanism. FigureriSupplementary Material displays the
spectra obtained for the most representative congmueported here. A surface of the

binding site considering the residues of this masishown in Figure 2.



Figure 2

QM calculations

First, the twenty-three residues included in oalused model and the ligand were calculated
at the PM6 [42] level of theory, using the MOPAC20&rogram [43]. The ligand and the
torsional angles, bond angles and bond lengthfi@fside chains of the amino acids were
optimized, while the atoms of the backbone weredroduring calculations. For these
optimizations, four different starting geometrie®ni MD simulations were taken into
account: the global minimum and three local minirobtained from the potential energy
calculations. This step is important because ia Way, a more representative sample of the
spatial arrangements of the complexes was evalud@tezh, we have performed single point
calculations of optimized geometries at RHF/6-3)Gddd PBE1PBE/6-31G(d) levels of
theory, using Gaussian 09 program [44].

The binding energy (BE) of each complex L-R wascalated employing the following

equation:

BEoy = E;_purr — (Epurr + EL) 3)

whereBEy is the binding energy,; . gx is the complex energ¥,yrr is the energy of the

reduced model (binding pocket), afidis the energy of the ligand.



Topological Analysis of the Electron Charge Densityistribution

The reduced models constructed for the studied tmap were then submitted to topological
analysis of the charge densi(i)). QTAIM calculations were performed over Kohhe#n
DFT wave functions employing the hybrid PBE funntiband 6-31G(d) as basis set.

The terminology of QTAIM was extensively reviewedthe standard literature [45]. Next,
we briefly summarize some basic concepts that eeeled for the discussion of results. From
the QTAIM point of view, two interacting atoms shahree topological elements related to
each other, a point, a line and a surface. The dimment is the bond critical point (BCP),
namely the critical point in(r) topology that is found between any two interagtnuclei.
From each BCP, two unique trajectories of gradmsttors of electronic density]o(r),
originate at that point and terminate at each ef tieighboring nuclei. These trajectories
define a line along whicja(r) is a maximum with respect to any neighboringeliThis line,
that constitutes the second element, is the botid B&. Additionally, the set of trajectories
that terminate at a BCP define the interatomicaaaf(lAS) that separates the atomic basins
of the neighboring atoms [45].

The determination of all the intermolecular BCPd #re corresponding BPs were performed
with Multiwfn [46] and AIMPAC [47] software. The nhecular graphs were depicted with
Pymol [48].

In this paper, QTAIM calculations were performednder to determine thgr) values at the
BCPs established between each atom (belongingetdalckbone or the side chain) of the
amino acids of the receptor and each atom of gandl. In order to obtain the tofa(r) value

of the interaction between a particular residue twednhibitor, we performed the sum of the
o(r)values of each BCPs between that amino acidfahhibitor according to the following

equation:

PRes = § Pinteraction Res—L (4)

where pg.s IS the po(r) value for the total interaction with a partiaul residue and
Pinteraction Res—1 TEPresents the(r) value of each interaction (BCP) between thenstof the

ligand and the corresponding residue.

Multivariable Linear Regression
A data set of 25 compounds with known DHFR inhdsitactivity was utilized to perform a
Multivariable Linear Regression (MLR) analysis witfie aim to establish a mathematical

relationship between the biological activity and tr) value calculated from QTAIM study.



In this analysis, we considered ea®h) value of each interaction as a molecular desariin
order to use them as independent variables whdebtblogical activity (expressed as —log
ICs0) was utilized as the dependent variable. A tofa23 interactions, which belong to the
reduced model, were used as molecular descripitues.values of the biological activity as
well as the numbering of the compounds includetthéndata set are given in Table 1.

The mathematical models were developed using aeswd2 compounds (calibration set)
from the full data set. Then, the optimal model wabkdated through a test set containing 3
compounds which do not form part of the calibragseh The elements of each set (calibration
and test set) were selected in such a way thatghase similar structural characteristics and
the experimental data of the test set represetiteoivhole span. Thus, the compouidd4c
and1l5cwere selected as test set.

The optimal model was developed by performing ahaestive search selecting the best
linear regressions (minimum standard deviation (8))n each combination from 1 to 20
molecular descriptors. The quality of the modelsuggested for the calculated coefficients of
determination (B and the standard deviations (S). All the MLR okdtions were carried out
using the MATLAB 7.0 software [49].

EXPERIMENTAL SECTION

General Experimental Section

Solvents and Reagents

Reagents and solvents used were purchased from eaminsuppliers and use without
further purification procedures.

Chromatography

Thin layer chromatography (TLC) was used to mom®the reaction progress and product
purity, it was performed on Merck Kieselgel 60 FZ8dminium precoated plates, and spots
visualized with ultra-violet irradiation.

Melting Points

Melting points were recorded onDigital Melting Point Apparatusmodel IA9300 series,
Barnstead Electrothermalnd are uncorrected.

NMR Spectroscopy

1D (*H, *C, DEPT) and 2D (COSY, HSQC and HMBC) NMR specteravrecorded on
Brucker Advance 408@pectrometer. Chemical shiftsH) are quoted in parts per million
(ppm) downfield of tetramethylsilane, and residpedton of the solventsd ((CHs),SO) =
2.49 ppm) used as internal reference. Couplingteots () are given in Hertz (Hz), and
multiplicity abbreviated as: d (doublet), t (tripledd (double-doublets), m (multiplet). The



NMR spectra are reported as followdppm (multiplicity, number of protons, coupling
constantsl/Hz).

Mass Spectrometry

Low resolution mass spectrometry by electron impat recorded on a Hewlett Packard HP
Engine-5989 spectrometer (equipped with a direlgt iprobe) at70 eV.High Resolution
Mass Spectra by electron impact were recorded Miteomass Auto Spec-Ultimanagnetic
sector mass spectrometei7ateV.

General Procedure for the synthesis of imine derivatives (14b-d): To a solution of
triaminepyrimidine 1 (1 mmol) in 15 mL of methanol, 1 mmol of appropeiat
arylbenzaldehyde was added, and this solution tir@sdsovernight at room temperature. The
solid formed was filtered off, washed with freshthamnol and dried at 50 °C, if necessary it

can be recrystallized from MeOH (see Scheme 1).

Scheme 1
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6-methoxyN>-[(E)-(4-methylphenyl)methylidene]N*-phenylpyrimidine-2,4,5-triamine
(14b). 80% vyield; Yellow solid; pf 168-169 °G% 0.38 (Chloroform); IR ¢ cm™): 3330,
3226, 2923, 1639, 1603, 15681 NMR (DMSO-d): § 2.37 (s, 3H), 3.94 (s, 3H), 6.56 (s,
2H), 6.99 (t, 1H, &H2), 7.27 — 7.32 (m, 4H), 7.83 — 7.87 (m, 4H), 8(661H), 9.01 (s, 1H).
3%C NMR (DMSO-@): 6 21.0, 53.0, 102.7, 120.7, 121.7, 127.6, 128.4,2,2885.2, 139.7,
140.0, 153.7, 158.2, 159.6, 161.2. MB/£ %) (assignation, abundance %): 333"(\88.2),
332 (M-1, 48.5), 331 (M-2, 100), 302 (M-31, 10.2%2 (M-91, 89.9), 215 (M-118, 9.4), 77
(CgHs", 24.7). Calculated HRMS forigH1oNsO: 333.1590; found: 333.1578.
6-methoxyN*-phenyl-N°-[(E)-pyridin-4-ylmethylidene]pyrimidine-2,4,5-triamine  (14c).
85% vyield: Yellow solid; pf 208-210 °@; 0.09(Chloroform); IR ¢ cm*): 3431, 3335, 3215,
1653, 1607, 1566, 15481 NMR (DMSO-d): & 3.97 (s, 3H), 6.78 (s, 2H), 7.03 (t, 1HHS),
7.32 (t, 2H, 8H2), 7.86 — 7.91 (m, 4H), 8.66 (s, 2H), 8.77 (s, 181P1 (s, 1H)*C NMR
(DMSO-a5): 6 53.1, 102.6, 120.6, 121.3, 122.1, 128.3, 139.%.58,4149.7, 150.0, 158.8,
160.3, 161.9. MSni/z %) (assignation, abundance %): 320°(M00), 319 (M-1, 6.1), 242



(M-78, 100), 215 (M-105, 3.6), 77 {8s", 6.4). Calculated HRMS for 1¢H;6NO: 320.1386;
found: 320.1385.
2-[(E)-{[2-amino-4-methoxy-6-(phenylamino)pyrimidin-5-yllimino}methyl]phenol (14d).
78% vyield; Yellow solid; pf 178-180 °@& 0.29 (Chloroform); IR ¢ cml): 3462, 3345,
3229, 1632,1601, 1555, 1120, 1083;NMR (DMSO-d): & 3.90 (s, 3H), 6.52 (s, 2H), 6.91 —
6.99 (m, 3H), 7.26 — 7.33 (m, 3H), 7.70 — 7.76 8H), 8.44 (s, 1H), 9.09 (s, 1H), 11.84 (s,
1H). **C NMR (DMSO-d): § 52.9, 103.2, 115.9, 118.7, 119.9, 121.4, 121.8,,2129.5,
131.2, 140.0, 156.7, 157.7, 158.3, 159.2, 160.6(MS3 %) (assignation, abundance %): 335
(M*, 54.8), 334 (M-1, 16.2), 242 (M-93, 100), 215 (1201 8.8), 77 (gHs', 11.9). Calculated
HRMS for GgH17/Ns0,: 335.1382; found: 335.1380.

Procedure for the one-pot synthesis of guanine derivatives (15b-€): To a solution of
triaminepyrimidine 1 (1 mmol) in 15 mL of methanol, 1 mmol of appropeia
arylbenzaldehyde was added, and this solution tirasdsovernight at room temperature. The
solid formed was filtered off, washed with freshthaol and used directly without further
purification with 1 mmol of iodine in 20 mL of AcQRhe reaction mixture was stirred for 24
h at room temperature. The solid formed is filtexdfl and washed with a solution of
NaHCGQ;, then with a solution of sodium thiosulfate anded in an oven at 108C) (see
Scheme 1).

2-amino-8-(4-methylphenyl)-9-phenyl-1,9-dihydro-61-purin-6-one (15b). 60% global
yield; Beige solid; pf > 300 °& 0.79(CHCl/CHsOH, 9:1); IR ¢ cm®): 3420, 3183, 1695,
1647;'H NMR (DMSO-d): & 2.25 (s, 3H), 6.54 (s, 2H), 7.08 (d, 2HH®), 7.24 (d, 2H, 8
Hz), 7.33 (m, 2H, broad band), 7.48 (m, 3H, broaddpah0.69 (s, 1H)**C NMR (DMSO-
dg): 8 20.7, 116.3, 127.2, 128.0, 128.2, 128.6, 128.9,3,2.35.6, 138.2, 145.2, 153.7, 153.8,
156.8. MS /z%) (assignation, abundance %): 317'(NI00), 316 (M-1, 37), 300 (M-17, 6),
275 (M-42, 6), 194 (M-123, 19), 77 {85, 12). Calculated HRMS for gH1sNsO: 317.1277;
found: 317.1269.

2-amino-9-phenyl-8-[4-(propan-2-yl)phenyl]-1,9-dihgro-6H-purin-6-one  (15c). 59%
global yield; Beige solid; pf > 300 °®; 0.80(CHCl/CHs;OH, 9:1); IR ¢ cm'): 3424, 3308,
3184, 1694, 1645, 1599, 1368§ NMR (DMSO-d): & 1.15 (d, 6H, 8Hz), 2.83 (sp, 1H, 8
Hz), 6.53 (s, 2H), 7.15 (d, 2H,182), 7.29 (d, 2H, 812, 7.36 (m, 2H, broad band), 7.50 (m,
3H, broad band), 10.69 (s, 1H}C NMR (DMSO-@): 5 23.5, 33.0, 116.3, 126.0, 127.5,
127.9, 128.2, 128.7, 129.4, 135.6, 145.1, 148.9,7,8.53.8, 156.8. MS1/z%) (assignation,
abundance %): 345 (M100), 344 (M-1, 20), 330 (M-15, 55), 222 (M-123, 77 (GHs",
17). Calculated HRMS for £gH19NsO: 345.1590; found: 345.1579.



2-amino-8-(2-hydroxyphenyl)-9-phenyl-1,9-dihydro-&i-purin-6-one (15d). 66% global
yield; Beige solid; pf > 300 °GR 0.79(CHCl/CHsOH, 9:1); IR ¢ cm’): 3424, 3308, 3161,
1699, 1651, 121TH NMR (DMSO-d): & 6.58 (t, 1H, 8H2), 6.79 (d, 1H, 842), 6.84 (s, 2H),
6.90 (d, 1H, 8Hz), 7.17 (t, 1H, 8Hz), 7.43 — 7.45 (m, 3H), 11.45 (s, 1H)12.07 (s, 1¥0.
NMR (DMSO-&): 6 113.9, 116.8, 118.1, 127.2, 128.1, 129.1, 12930,4], 135.7, 144.1,
153.1, 154.6, 156.5, 157.3. MBIz %) (assignation, abundance %): 319°(NI00), 318 (M-
1, 75), 302 (M-17, 20), 301 (M-18, 10), 276 (M-&3, 196 (M-123, 13), 77 (§Es’, 16), 43
(M-278, 6). Calculated HRMS for@H13Ns0,: 319.1069; found: 319.1073.
2-amino-8-(1,3-benzodioxol-5-yl)-9-phenyl-1,9-dihy-6H-purin-6-one (15€).52% global
yield; Beige solid; pf > 300 °QR; 0.82(CHCI/CH3OH, 9:1); IR ¢ cmi?): 3422, 3186, 1694,
1645, 1232, 1032'H NMR (DMSO-a): & 6.01 (s, 2H), 6.49 (s, 2H), 6.82 — 6.86 (m, 3H,
broad band), 7.35 (s, 1H, broad band), 7.51 (s, btbad band),10.66 (s, 1H*C NMR
(DMSO-a5): 6 116.5, 122.1, 128.0, 128.8, 129.1, 129.4, 12938,11 135.2, 144.0, 153.8,
153.9, 156.7. MSni/z%) (assignation, abundance %): 347 (MI00), 346 (M-1, 45), 304 (M-
43, 4), 224 (M-123, 13), 77 (85", 5). Calculated HRMS for £gH1aNs0s: 347.1018; found:
347.1015.

Bioassays

To avoid including experimental errors in the ctatien, we used exactly the same bioassay
as those used in reference [5]. The assay is basdtie ability of DHFR to catalyze the
NADPH-dependent reduction of dihydrofolic acid tetrahydrofolic acid. The rate of
NADPH consumption in the presence of the compoumdkeu investigation is monitored by
the decrease in absorbance at 340 nm [50-55] é¥esgconds, during 2.5 minutes. Reactions
were performed in a solution containing saturatoancentrations of cofactor (8(GM
NADPH) and substrate (5M dihydrofolate), 15uL of enzyme solution, 50 mM Tris—HCI,
0.001 M 2-mercaptoethanol, and 0.001 M EDTA at pdl &@d 30 °C. The enzyme was
purchased from Sigma-Aldrich Co. (St. Louis, MQ).drder to determine kg values, five
different concentrations of compounds as inhibiteeye tested (each assay was made by
triplicate) and percent inhibition graphs were dnawy using statistical packing program on a

computer.

RESULTS AND DISCUSSION

We recently reported two new DHFR inhibitors: compdsl4aandl5al[5]. In order to have

a more extensive series and based on these twciusts, we decide to synthesize seven
novel derivatives from 2,4,5-triamino-6-methoxypyiiline with diverse aryl aldehydes to

render well compound$4b-d (structurally related td4a or compoundd45b-e (structurally



related to compound5a), which were prepared in a two-step one-pot prosedScheme 1
and Table 1).

In the next step we tested the inhibitory effecttbése compounds; such results are
summarized in Table 1. As we can see from Tablemesof these compounds displayed a
relatively significant activity, such as compoud®b which shows inhibitory effect at
concentrations of 27.8(M.

As it was stated above the main objective of thiskws to obtain a correlation between the
binding energies of these compounds and their ctispdCso. Therefore MD simulations and
quantum mechanical calculations were performedafiothe L-R complexes. To try to use a
sample as representative as possible of diffengrgst of ligands, we also include in this
analysis the sixteen compounds reported in ouripuswvork [5], thus forming a complete
set of 25 compounds (Figure 1).

As we expected the general results obtained fromdifulations were very similar to those
previously reported for compoundsta and 15a [5]. A highly conserved glutamic acid
(Glu30) is functioning as an anchoring point. Ire tpresent study, all the simulated
compounds were docked into the receptor with theaNd 2-amino group near to GIu30.
After 5 ns of MD simulations, the ligands movedybtiy but in a different form compared
with the initial position. However, the strong irdetion with Glu30 was maintained for all
the complexes. Other important MI stabilizing th&edent complexes arert-1tstacking
interactions with Phe31 and Phe34, and hydrophatecactions with lle7 and Vall15.

Next, the BE obtained for the different complexesrevevaluated. From the BE obtained
from our MD simulations, a very good binder cardiféerentiated from a very weak binder (-
11.85 kcal/mol forMTX vs. -6.74 and -3.61 kcal/mol for compounddb and 15¢
respectively) but ligands with similar binding aifies cannot be easily differentiated. In
function of the 1G, values we were expecting exactly the oppositeaegafar compound$4b
and15c Similar to these unexpected results, there drerstthat might be observed in Table
1S in Supplementary Material. In addition, it ispontant to note that the value of Bbtained
for this correlation is very low (0.49) (Figure Jhis result clearly indicates that by using this
approximation is not possible to discriminate betwecompounds with similar binding
affinities; in addition the low correlation obtathéndicates a very poor predictive power of
the method. This result was not surprising sinceobined similar results in our previous
work using this approach [5]. Considering that Mingations might neglect or poorly
approximate terms that are playing determinantsrgkich as lone pair directionality in
hydrogen bonds, explicitt--1t stacking polarization effects, hydrogen bondingwoeks,
induced fit, and conformational entropy), we canmapect to detect clear differences
between compounds possessing relatively similar BE.



Figure 3
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In the next step of our study, reduced model systevere optimized using combined
semiempiricalab initio and DFT calculations. To perform these calculajoaduced system
models were employed whose design is explainethencalculation methods section. PM6
optimizations were performed considering all reoe@mino acids that might interact after
initial positioning of the ligands against Glu30sidue. Next, RHF/6-31G(d) and DFT
(PBE1PBE/6-31G(d)) single point calculations weaeried out for each complex optimized
from PM6 computations.

It is important to note that the L-R interactionaiglynamic process and therefore in order to
have a more accurate description of such situatour, different snapshots for each complex
were considered. This resulted in different energiyies and such variation can be observed
in the error bars which are shown in Figures 4,n8 &. Once the BE of the different
complexes were obtained from the theoretical catoas, the different correlations between
these theoretical calculations and our experimatatd (Table 1) were calculated. The Figure
4 shows that semi-empirical calculations (PM6) gaveorrelation between the BE and the
inhibitory activity with an R value of 0.49, which does not improve those resolitained
with the LIE method (Figure 3). However, the resubtained from RHF/6-31G(d) (Figure 5)
and PBE1PBE/6-31G(d) (Figure 6) were significamigter with B values of 0.77 and 0.76,
respectively. Nevertheless it is important to rtbea not only the value ofRs important in a
correlation but also how the distribution of theigas points along the line is. Regarding
Figures 5 and 6 it is evident that the differentnp® are clustered into two well-defined

groups. This would indicate that although theseetations allow us to differentiate between



a very active compound with respect to a compourtia w affinity, however there is room
for doubt whether it is possible to distinguish vile¢n two compounds having similar
affinities. To corroborate this assumption we regtvhe three classical type inhibitors
(MTX, compoundd and2) from the series and a new correlation was obtewi¢h this new
series. Such as we expected the new correlatiores \gary low R values (0.64 and 0.61 for
ab initio and DFT calculations, respectively). These ressiitsw the severe limitations of
these approaches in order to correctly predictrthibitory activity between compounds with
similar affinities. This result was somewhat disaipfing for us so we seek a new parameter
or kind of molecular descriptor that might be atdepredict the inhibitory activity between

compounds with similar BE in this series.

Figure 4
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Figure 6
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We recently reported that the information about #hectronic density obtained from a
QTAIM analysis is useful to describe the molecuderactions that stabilize and destabilize
the different complexes L-R [13-15]. Specifically our previous work reported for DHFR
inhibitors, the QTAIM analysis gave very interegtinesults when it was applied to this
molecular target [5]. Therefore in the next stafjew study we performed a QTAIM analysis

of all the complexes in order to find a new dedorifor this series.

QTAIM Analysis

The Figure 7 shows the sum of th&) values corresponding to the interactions of Rlye
system and C6 and/or N7 side chains obtained #oditferent inhibitors analyzed here. The
different moieties of each type of inhibitor ar@gled in Figure 8. The sum of tloé) values
for all the interactions of one part of the inhibi{i.e., the Pyr ring system and the C6-side
chain) provides a measure of the anchoring streafuch moiety of the inhibitor to the
binding pocket. Figure 7 clearly shows that thesi@al inhibitors MTX, 1 and2) bind to the
enzyme with similar strength through both partshaf molecule, the Pyr system and the C6-
side chain. Non-classical inhibitors reported byn@eeet al. (compounds3-13) bind their
Pyr portions with similar strength to that of tHassical inhibitors, but the anchoring through
the C6-side chain is much weaker in these inhibiteith respect to the classical ones.
Regarding the inhibitors reported here (compouhdb-e and 15b-f), on average, these
compounds are more weakly bonded to the bindindggiothan the rest of the inhibitors.
Analyzing the anchoring strength of each part esthcompounds to the binding pocket, it

can be observed that the equivalent Pyr systemmare weakly bonded to the pocket than



the C6- and N7-side chains. It can also be obsetivedthe equivalent Pyr ring system is
more weakly H-bonded to the active site in thes& wempounds than in the rest of the
inhibitors. In contrast, the C6- and N7-side chfsom compoundsl4a-eand 15a-f are on
average more strongly bonded to the binding potkat the C6-side chain from the non-
classical inhibitors.

Figure 7
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The electronic density p(r) as a molecular descriptor for the L-R affinity

The QTAIM study allows not only analyzing quaniiaty each interaction but also getting a
correlation using the calculatgdr) values and the Kg data obtained in our laboratory. For
this purpose, we have considered e value obtained from the QTAIM analysis as a
molecular descriptor in order to use them as indéeet variables in the multivariable lineal
regression analysis (for details about this anslgse the method section).

Of the 25 total compounds under study, 22 were feethe construction and calibration of
the model, while the remaining three (compourfgdsl4c and 150 were left to test it.
Therefore it should be noted that a model of u@Qoamino acids was obtained. Thus, we
obtained the corresponding correlations using @iffenumber of amino acids. In the Figure
9, it can be appreciated that the utilization @inino acids is enough to get a very good value
of R? and increasing the number of them does not sagmifly improved the correlation. In
the Table 2, the main results obtained for modsiagudifferent numbers of amino acids
(from 3 to 8) are summarized. Importantly, all thedels showing significant correlations
maintain the same four amino acids (Val8, Ala9, @&and Arg70), indicating that they are
essential to discriminate the L-R affinity amongdé compounds. The model possessing only
three amino acids maintains only two of these armaitids and has a significantly lower value
of R? (see the first column of Table 2). Although thedmlowith eight amino acids has a high
value of R, however its power of prediction is lower with pest to the model of seven
amino acids (see the third column in Table 2). €hessults indicate that the model
considering seven amino acids would be the mostistobn order to analyze this series

maintaining a reazonable number of aminoacids.

Figure 9
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Table 2.R? R’ and S values obtained from the models employiom 8 to 8 amino acids.

Considering all

Number Excluding MTX, 1y 2

of Residues compounds

residues RZO & RE RO SO RO
3  Leu67, Arg70 and Tyr121 080 048 098 0.66 040 0.93
4  Val8, Ala9, Leu67 and Arg70 086 042 099 0.75 035 0.97

5 Val§, Ala9, Asn64, Leu67 and Arg7 0.90 037 099 0.79 0.34 0.97

Val8, Ala9, Asn64, Leu67, Arg70 a

6 Trrise 092 033 099 088 026 0098
Val8, Ala9, Asn64, Leu67, Arg7

7 UoiE aad Thoss 093 032 099 090 025 0.99

g Va8, Alag, Thr56, Asn64, Leu6 4, 433 (94 091 025 0096

Arg70, Valll5 and Thr136

() Calculated Ry S values from the corresponding model.
™ calculated Rvalue for the 3 compounds, (l4cand15¢ used to validate the model.

The mathematical model of 7 amino acids was tastety the three compounds which do not
form part of the initial statistical analysis. Asncbe seen in Table 3, the predicted activities of
these compounds do not differ from the experimergaults, showing the high predictive
power of the developed model. The residues includeatis model are: Val8, Ala9, Asn64,
Leu67, Arg70, Valll5 and Thrl36. The first two oneteract with the main ring of the
ligand (Pyr ring) through hydrogen bonds with thenas of their backbones. Asn64 presents
polar interactions with different groups locatedtba phenyl ring. In the case of Leu67, this
residue displays hydrophobic interactions with phenyl ring and different non polar groups
located on it. It is important to note that theenaiction of Arg70 with the ligands allows the
differentiation between classical and non-classicahpounds. This residue is able to form a
salting bridge with thex-carboxilate group of classical inhibitors, which a very strong
interaction. In a minor degree, Arg70 presents Mthwpolar groups of the non-classical
ligands. Valll5 and Thrl36 can establish hydrogendbinteractions with amino groups
located in the Pyr ring. Some residues like Glud®31 and Phe34, which produce important

interactions, have not been considered in this modds is because all the interactions



observed in these residues are present in a simdgrin all complexes and, therefore, they
do not allow us to differentiate the ligands innterof their activities within the series. Most

of the interactions previously described might bedlvappreciated in Figurel0 in which the

molecular graph obtained fdviTX is shown. Molecular graphs were analyzed for the
different complexes studied here. We only show tit#tained forMTX as an example in

which the main interactions might be appreciateduife 10).

Table 3.Activity values (theoretical and experimental) obéal for compounds, 14cy 15c¢

-IOg ICsg
Compound Error (%)
Theoretical Experimental
7 -0.50 -0.46 8.79
1l4c -1.46 -1.80 18.88
15c -1.57 -1.64 4.08

(*) Compound reported in reference 16

Figure 10

The next step was to determine whether this mosielguthe electron density as molecular
descriptor can only discriminate between compouwnritis different affinities, or by otherwise
it is also possible to distinguish between compasutiét have similar affinities. To test the
model, the three classical inhibitors were remadvenh the test group, resulting in just a very
slightly diminution of the R(0.90). It should be noted that thé testing the model was 0.99
showing that the model is able to maintain not oalyigh correlation value but also an
excellent predictive power. This result is extreynghportant as it shows that this model
using theo(r) as molecular descriptor can be used to preabetactivity of compounds with
similar affinities in this series. This result ighly satisfactory as it allows us to achieve the

main objective of our work; this is we are ablalifferentiate between compounds that have



similar affinities and not only compounds with éifént affinities. An important aspect to
note when we use this type of approach is thatqust molecular descriptor has been used
and therefore we can easily understand the physlehical behavior of the different L-R
complexes. In this sense it is possible to detezmvhich are those amino acids that might
perform stabilizing or destabilizing interactions the various complexes and what is more

important is that such information can be obtaigedntitatively.

CONCLUSIONS

There are many techniques and approaches to stadyostdocking problem. While many of

these techniques are able to distinguish betweempconds that have high affinity with
respect to those with low affinity for the receptonfortunately most of these techniques have
failed when they have to distinguish between compeswvith similar affinities.

In this paper we have succeeded in what we fadunprevious report [5]. In this case we
have been able to get an excellent correlationdstvthe electronic densities obtained from a
QTAIM study with the experimental data. It is imfont to note that through this study is
possible to differentiate the L-R affinity even tigh the compounds possess similar
affinities. Very important additional informatiorbained through this type of study is that it
Is possible to visualize which amino acids are Im@d in the interactions determining the
different affinities of the ligands. Such infornwtiis crucial when we are interested in the
design of new specific ligands. Some additional éién that may be mentioned for this
approach are: the technique is relatively simpsydo interpret and not too demanding about
the computing time. However, a somewhat limitingexs of this type of study is that the
QTAIM study is highly dependent on the optimizedogetry and therefore the
conformational variability can be a serious prohlémthe particular case of DHFR this is not
too problematic due to the structural charactesstf the active site of the enzyme. It is well
known that the DHFR binding pocket is relativelynoav, with little space for the ligand and
therefore does not lead to large conformationahgka at least in comparison with others
more flexible binding sites. These features ofabive site have allowed that with care in the
calculations (four conformations for each complearevconsidered), it is possible to obtain
highly satisfactory results. Clearly, if the chaeaistics of the active site are different it is
necessary to check whether this technique is efeeexactly with this procedure or if it is
necessary to consider more carefully the issueoafocmational variability of the various
complexes.

In summary, in this paper we have shown that teeteln density obtained from a QTAIM
analysis is an excellent descriptor of moleculaeractions that stabilize and destabilize the

formation of the L-R complex. If this informatiors iused properly, it is possible the



preparation of models which might allow to diffetiate the affinity between ligands even
when they show similar affinities. The possibiliby using this postdocking technique on
other binding sites with different structural chagaistics is currently being studied in our

laboratory.
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Figure Captions

Figure 1. Structural features of the compounds reported &ydjeet al. (1-13) and Toss@t
al. (14aand15a). Each 1@ value is indicated in parenthesis.

Figure 2. Surface of the active site of DHFR (light bluB)TX (yellow sticks)NADP™ (grey
sticks) and the protein (magenta ribbon) are atgwesented. Leu22 and Trp24 were not

considered in the surface for clarify.

Figure 3. Correlation obtained from LIE calculations. Tkexis denotes relative energies

(AAG), and they-axisdenotes the inhibitory activity value of each canpd (-log 1G).

Figure 4. Correlation obtained from semi-empirical calculaio Thex-axis denotes PM6
relative energies, and tlyeaxisdenotes the inhibitory activity value of each cammpd (-log
ICs0).

Figure 5. Correlation obtained fronab initio calculations. Thex-axis denotesab initio
(RHF/6-31G(d)) relative energies, and thaxisdenotes the inhibitory activity value of each

compound (-log 16y).

Figure 6. Correlation obtained from DFT calculations. Thaxisdenotes DFT (PBE1PBE/6-
31G(d)) relative energies, and tlyeaxis denotes the inhibitory activity value of each

compound (-log 16).
Figure 7. Charge density values for the total interactiongha Pyr ring system (orange
stacked bars) and the C6 and/or N7 side chaingrfggtacked bars) for the inhibitors at the

binding pocket. The repulsive short C-Hi-C contacts were not included.

Figure 8. Schematic representation of each moiety of thierint inhibitors. The main ring

(Pyr ring) of the compounds is indicated in orange.

Figure 9. R? values of each obtained correlation employingedéht number of residues.

Figure 10. MTX (in orange sticks) at the DHFR binding site (iregn sticks). Also the

elements of the topology of the electron density lrown: yellow sticks represent the bond



paths connecting the nuclei and the red circlethem are the BCPs. Due to the complexity
of the structure most of the interactions of watelecules are not shown.

Scheme 1Synthesis of imine and guanine derivatives.



Highlights

The electronic density obtained from a QTAIM analysis used as molecular
descriptor. A study performed in a new series of DHFR inhibitors

Rodrigo D. Tosso, Marcela Vettorazzi, SebastianAAdujar, Lucas J. Gutierrez, Juan C. Garro,
Emilio Angelina, Ricaurte Rodriguez, Fernando Dvi&y Manuel Nogueras, Justo Cobo and Ricardo
D. Enriz

Departamento de Quimica, Facultad de Quimica, Bimiga y Farmacia, Universidad Nacional de
San Luis, Chacabuco 915, 5700 San Luis, Argentina

. A new series of guanine and imine derivatives lenlsynthesized.
. The activities of the new compounds were evaluagainst human DHFR.
. MD simulations, QM calculations and QTAIM analysisre performed.

. An excellent correlation between theoretical angegxnental data was obtained.



