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ABSTRACT: A molecular modeling study on dihydrofolate reductase
(DHFR) inhibitors was carried out. By combining molecular dynamics
simulations with semiempirical (PM6), ab initio, and density functional
theory (DFT) calculations, a simple and generally applicable procedure
to evaluate the binding energies of DHFR inhibitors interacting with the
human enzyme is reported here, providing a clear picture of the binding
interactions of these ligands from both structural and energetic
viewpoints. A reduced model for the binding pocket was used. This
approach allows us to perform more accurate quantum mechanical
calculations as well as to obtain a detailed electronic analysis using the
quantum theory of atoms in molecules (QTAIM) technique. Thus,
molecular aspects of the binding interactions between inhibitors and the
DHER are discussed in detail. A significant correlation between binding
energies obtained from DFT calculations and experimental ICy, values was obtained, predicting with an acceptable qualitative
accuracy the potential inhibitor effect of nonsynthesized compounds. Such correlation was experimentally corroborated
synthesizing and testing two new inhibitors reported in this paper.

B INTRODUCTION and specific DHFR inhibitors.”'® Thus, DHFR antagonists
have been extensively studied and are currently used for the
treatment of cancer,l 2 psoriasis,13 autoimmune diseases,H_lé
malaria,'” bacterial and fungal infections, and infections by
opportunistic microorganisms associated with AIDS.'*~** Such
inhibitors have been classified according to their structures,
classical and nonclassical. The former have a structure similar to
folate, where they possess a ring which is generally a pteridine
connected to an aryl group and a moiety of glutamate. These
antifolates need a carrier called RFC-1 to enter the cell and also
undergo a process catalyzed by the folylpolyglutamyl synthetase
(FPGS).>® Within this type of inhibitors are methotrexate

It is well-known that inhibitors of folate metabolism are quite
important drugs in the chemotherapy of bacterial infections and
cancer.' > The effectiveness of antifolates is based on the
perturbations they cause in the folate pathway, which rapidly
lead to nucleotide imbalance and cell death.>” This turns the
enzymes involved in this cycle into good targets for
chemotherapy. These three enzymes are thymidilate synthase,
dihydrofolate reductase (DHFR), and serine hydroxymethyl-
transferase. Among them, DHFR have been the main target for
the drug design mainly because this enzyme shows important
active site differences for different species. DHFR is a key

L1

enzyme in the DNA and amino acid metabolism, because (MTX)*® and pralatrexate (PDX).”” Nonclassical antifolates

tetrahydrofolate is responsible for transporting monocarbon lack the tail of glutamate; therefore, are less soluble in water

residues for the synthesis of nucleotides and amino acids.” than classical inhibitors, pass through the membrane without
The structural requirements for potential DHFR inhibitors using a carrier, and also are not substrates of the enzyme FPGS.

are summarized in recent review articles.>™® The availability of Included in this group of inhibitors are trimethoprim (TMP),**

high resolution crystal structures of Pneumocystis carinii DHFR

and human DHEFR has provided impetus in the use of rational Received: January 29, 2013

drug design techniques for the development of highly potent Published: July 8, 2013
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pyrimethamine (PYR),” trimetrexate (TMQ),*® and piritrexim
(PTX).*! Recently Goldman et al. reported an interesting
review on this topic.>?

Availability of a large number of high resolution crystal
structures of human DHFR provide a solid platform for
structure-based design studies for potent and selective DHFR
inhibitors.

The challenge is in scoring these poses; an ideal scoring
function should be able to reproduce binding energy and
should be able to rank the ligands according to their binding
affinity. However, the majority of scoring functions, bundled
with docking packages, often perform poorly in reproduction of
binding affinity; hence, use of these scoring functions is limited
to screening of databases of a large number of ligands. In order
to predict binding affinity of small molecule inhibitors, a variety
of postdocking methods have been established. These methods
range from simple consensus scoring to free energy
perturbation (FEP).3¥73¢

Bag et al¥” described design, synthesis, and biological
evaluation of fourteen structurally diverse compounds. The
top five docked poses using Glide-XP>® score were minimized
using the local optimization feature in Prime,* and the energies
were calculated using the OPLS-AA force field** and the GBSA
continuum model.*" Thus, a variety of methods ranging from
simple docking scores, to computationally expensive and
accurate methods like FEP, have been employed to rank
order DHFR inhibitors according to their binding energy, with
varying success. However, accurate prediction of binding
affinity for DHFR inhibitors still remains a challenge. Very
recently Kerrigan et al. reported an interesting review about
recent progress in MD simulations of DHFR.** Authors
conclude that “molecular mechanics calculations can work
well to model the initial binding step of an inhibitor or
substrate with DHFR. However, DHFR continues to be a
challenge for free energy estimation methods and caution is
recommended when interpreting these results.”

In principle, there seems to be a relatively large amount of
impressive information about the structural intricacies of
inhibitors interacting with human DHFR. However, reality is
somewhat different; there is, in fact, only partial information
about this interesting and crucial problem. As it has been
previously remarked there are in the literature several studies
reporting MD simulations for DHFR interacting with different
inhibitors.**** However, in comparison to the many MD
simulations performed, there are very few simulations
specifically focused in the molecular interactions involved in
the formation of the ligand—receptor complexes. This situation
is compounded by an almost exclusive use of very simple force
fields in automatic searches with molecular mechanics
calculations. Thus, interesting details about the molecular
interactions intricacies of DHFR interacting with its inhibitors
remain unknown.

Our study has two main goals; the first one is to try to get a
good correlation between the experimental data (ICs, values)
and the binding energies obtained by theoretical calculations.
The second objective is to obtain a detailed description, at the
molecular level, of the most relevant interactions in the binding
site of DHFR.

Recently, we reported molecular modeling studies on D2
dopamine receptor using a reduced model for its binding
pocket.**™* This approach allows to perform more accurate
quantum mechanical calculations as well as to obtain a detailed
electronic analysis using the quantum theory of atoms in
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molecules (QTAIM) technique. Using such procedure, in this
paper we have performed a molecular modeling study of DHFR
interacting with different inhibitors (MTX, compounds 1—13
(Figure 1),*® 16 (Scheme 1), and 18 (Scheme 2)).

Classical inhibitors Non classical inhibitors|
(o]
NH2 /@)LNH 4NH2 .
3 Ar
NS NN coor NN &
JI\ P> — | )\ 7 6
- HN"2 N7 N
JFNTTNTON 00C NTZNT g
MTX 7
Q 3 Ar=C¢H;s
NH 4 Ar=2,6-diMeCeH;
COoO" 5 Ar=2-naphthyl
NH; R 6 Ar=34-diCICsH,
3 4\ 5 7 Ar = l-naphthyl
NI N_&% -00c 8 Ar=4-NO,CH,
> 7 N 6 9 Ar=4-BrC¢H,
HoN"2°N™ 10 Ar =2,4-diCICeH;
! 7 11 Ar=4-OMeC¢H,
1 R=Et 12 Ar=2,5-diOMeCH
2 R=Me 13 Ar = 8-quinoline

Figure 1. Structures of inhibitors reported by Gangjee et al.*®

Scheme 1. Synthesis of Imine Derivatives 16—17
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B METHODS OF CALCULATIONS

Our study was carried out in four steps. First, we performed
MD simulations of different complexes inhibitor—DHFR. In
the second step, MM-GBSA free energy decomposition analysis
was employed to choose which residues would be taken into
account in our reduced model. Then, each reduced model was
optimized using quantum mechanical calculations. Finally, a
QTAIM study of these complexes was carried out to acquire
structural and electronic knowledge of inhibitor binding to
DHFR.

Molecular Dynamics (MD) Simulations. Starting enzyme
structure of human DHFR (PDB entry 2W3M) with a
resolution of 1.60 A was obtained from the Protein Data
Bank of Brookhaven National Laboratory. The ligand top-
ologies were built using the MKTOP program.*

The MD simulations of receptor—ligand complexes were
carried out using the GROMACS 4.0 simulation package®>>'
with the OPLS-AA force field™>™>” and the rigid SPC water
model*®**® in a cubic box with periodic boundary conditions.
The total number of water molecules was approximately 14 500
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Figure 2. Spatial view of hDHFR with MTX (green) and NADPH + H* (purple). Zoom to the active site of the enzyme.

for the different simulations. Five or three Na* ions, depending
of ligand charge, were added to the systems by replacing water
in random positions, thus making the whole system neutral.
Each system was energy-minimized with a steepest-descent
algorithm for 1000 steps; then was equilibrated for 100 ps in
NVT and NPT ensembles, in order to stabilize the temperature
and the pressure of each system, respectively. Finally, a S ns
MD simulation with a time step of 0.002 ps was performed for
each system at 310 K, with constant temperature maintained by
the V-rescale algorithm.®® The compressibility was 4.8 X 10~
bar™!. Long range interactions were treated by the particle-
mesh Ewald (PME)®"®* method with a 1 nm cutoff and a
Fourier spacing of 0.12 nm. All MD analyses were performed
using tools available within the GROMACS suite.

The MD simulations in combination with the linear
interaction energy (LIE) method were used to calculate
ligand—protein binding free energy.éz"64 For such calculations,
we use the following equation:

Al = (%

—s /bound

+ ﬂ((Vlels>bound - (Vlels>free)

_ < VlvdW )

—s /free
(1)

where the terms (Vi) and (V{.,) denote MD energy averages
of the nonbonded van der Waals and electrostatic interactions
between the ligand and its surrounding environment (subscript
I—s), respectively. The a and f§ parameters are dispersion and
electrostatic adjustable energy scale factors,”> and the values
used in these calculations were 0.181 and 0.5, respectively.
These values were previously reported by Marelius et al., who
adjusted such values for DHFR from experimental parame-
ters.%

MM-GBSA Free Energy Decomposition. In order to
determine the residues of the active site in DHFR, we first
identified the corresponding residues proposed by Oefner et
al.%” and Davies et al,*® and then, we employed MM-GBSA free
energy decomposition using the mm_pbsa program in
AMBER12% to corroborate which amino acids were interacting
with the ligand. This calculation can decompose the interaction
energies to each residue considering molecular mechanics and
solvation energies.”” ’* Each inhibitor—residue pair includes
four energy terms: van der Waals contribution (AE4y),
electrostatic contribution (AE,,), polar desolvation term
(AGgg), and nonpolar desolvation term (AGg,), which can
be summarized as the following equation:

AG;

inhibitor —residue

= AE 4w + AE,. + AGgs + AGgy,  (2)
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For MM-GBSA methodology, snapshots were taken at 10 ps
time intervals from the corresponding last 1000 ps MD
trajectories, and the explicit water molecules were removed
from the snapshots.

Constructing the Reduced Model for the Binding Site.
The use of model systems to calculate and simulate molecular
interactions (MI) is necessary since the inhibitors interacting at
the active site of DHFR constitute a molecular system too large
for accurate quantum mechanic molecular orbital (QM MO)
calculations and the number of ligands to be screened is large as
well. Moreover, a model system representing the DHFR
binding pocket may be desirable in order to evaluate the ability
of the ligands to interact with the active site. By using a model,
complexities due to the rest of the DHFR enzyme are avoided.
Thus, a better understanding of the inherent electronic
properties of the inhibitors reflected in the MI may be gained.
When choosing a model system, the ability to reproduce
electronic and hydrophobic properties of the inhibitors is
crucial. The questions which arise are the following: how can
we select only those amino acids involved in the interactions
forming the different E—I complexes? Which might be the best
criteria for that? And how can we be sure that all the important
interactions have been considered?

To acquire a more detailed insight into the mechanisms
driving the bindings of inhibitors to the active site of DHFR,
the structure—affinity relationship was analyzed. The informa-
tion obtained from these calculations is very important for
quantitative analyses and is highly useful to the understanding
of the binding mechanism. Figures 1S and 2S in the Supporting
Information display the spectra obtained for the most
representative compounds reported here. A detailed description
for the different spectra obtained is also given in the Supporting
Information. From these results, we considered it prudent to
include in the reduced model, the amino acids involved in the
most relevant MI displayed in the different spectra. They are
the following: Ile7, Glu30, Phe31, Phe34, Leu67, Arg70, and
Vall15. In addition, those residues involved in stabilizing and
destabilizing interactions displaying more than 1 kcal/mol
(Val8, Ala9, Leu22, Trp24, Tyr33, GIn3S, Met52, ThrS6, SerS9,
1le60, Pro61, Asn64, Lys68, Tyr121, Val135, and Thr136) were
also included in the reduced model for the binding pocket of
DHFR, and therefore, a final number of 23 amino acids were
included in our model. All the water molecules within a 5 A
radius were also included in the reduced model. A spatial view
of this model is shown in Figure 2.

Quantum Mechanics (QM) Calculations. Twenty-three
amino acids were included in our reduced model. First, the
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torsional angles, bond angles, and bond lengths of the flexible
side-chains of the amino acids and the ligands of each complex
L—R were optimized at the PM6”* level of theory, using the
MOPAC2009 program.76 On the other hand, the atoms of the
backbone were frozen during calculations.

Next, single point calculations of optimized geometries using
the Gaussian 03 program,”’ at RHF/6-31G(d) and DFT(PBE/
6-31G(d)) levels of theory were performed. For the
optimizations of each complex, four different starting geo-
metries from MD simulations were used: the global minimum
and three local minima, obtained from the potential energy
calculations.

The binding energy (BE) of the complexes was calculated,
with the approximation neglecting the superimposition of error
due to the difference between the total energies of the complex
with the sum of the total energies of the components:

BEqm = Er/purr — (Epmrr + Er) 3)

where BEq) is the binding energy, Ej pypr is the complex
energy, Epypg is the energy of the reduced receptor model
(binding pocket), and E; is the energy of the ligand.*

Topological Study of the Electron Charge Density
Distribution. Several selected molecular complexes, obtained
for our “reduced model system”, were used as input for the
calculation of the charge density. Single point calculations were
realized with Gaussian 03 employing a hybrid PBE functional
and 6-31G(d) as basis set.

The topological properties of a scalar field such as py, are
summarized in terms of their critical points, i.e., the points r,
where Ap(,y = 0. Critical points are classified according to their
type (w, 6) by stating their rank, @, and signature, . The rank
is equal to the number of nonzero eigenvalues of the Hessian
matrix of p(,y at r,, while the signature is the algebraic sum of
the signs of the eigenvalues of this matrix. Critical points of (3,
—1) and (3, +1) type describe saddle points, while the (3, —3)
is a maximum and (3, +3) is a minimum in the field. Among
these critical points, the (3, —1) or bond critical points are the
most relevant ones since they are found between any two atoms
linked by a chemical bond. The determination of all the bond
critical points and the corresponding bond paths connecting
these point with bonded nuclei were performed with the
AIMAL1 software.”® The molecular graphs were drafted using
the same program.

It should be noted that QT AIM calculations were carried out
using a higher level of computations than that used for
geometrical optimization. Thus, from the point of view of the
DEFT level applied, the PM6-minimized structure is a “random
conformation”, and some—especially weaker—bonds cannot
be correctly identified. Certainly the ideal situation would be to
perform structure minimizations at the same computational
level than the QTAIM analysis. However, due to the
computational cost of performing an energy minimization at
the DFT level, it would be necessary to reduce the size of the
model system, losing the additive part of the intermolecular
interactions (cooperative effects). Therefore, we have preferred
to resign some quality and build a reduced model as
representative as possible of the active site. The argument is
that the QTAIM methodology is relatively insensitive to the
method of calculation.”” 8! Therefore, the topological elements
which are present at the higher level wave function, though
more accurately computed, will be essentially the same than in
the lower level wave function, provided that the geometry is the
same.
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Spatial views shown in Figures 2, 3, and 4 were constructed
using the UCSF Chimera prograrn82 as a graphic interface.

Figure 3. Superimposition of Gangjee’s inhibitors in the active site of
hDHEFR. An electrostatic potential surface of the active site is shown in
this figure, where red color denotes regions with negative charge
density and blue color denotes regions with positive charge density.

Figure 4. Spatial view of the active site of hDHFR with IN1. The
names of the residues that give the main interactions are placed. The
water molecules were removed for clarity.

B EXPERIMENTAL SECTION

1. General Experimental Section. Solvents and
Reagents. Reagents and solvents used were purchased from
commercial suppliers and used without further purification
procedures.

Chromatography. Thin layer chromatography (TLC) was
used to monitor the reaction progress and product purity, it
was performed on Merck Kieselgel 60 F254 aluminum
precoated plates, and spots were visualized with ultraviolet
irradiation.

Melting Points. Melting points were recorded on a Digital
Melting Point Apparatus, model IA9300 series, Barnstead
Electrothermal, and are uncorrected.

NMR Spectroscopy. One-dimensional (*H, *C, distortion-
less enhancement by polarization transfer (DEPT)) and 2D
(correlation spectroscopy (COSY), heteronuclear single
quantum coherence (HSQC), and heteronuclear multiple
bond correlation (HMBC)) NMR spectra were recorded on
Bruker Advance 400 spectrometer. Chemical shifts (6H) are
quoted in parts per million (ppm) downfield of tetramethylsi-
lane, and the residual proton of the solvent (6H ((CH3),SO) =

dx.doi.org/10.1021/ci400178h | J. Chem. Inf. Model. 2013, 53, 2018—2032
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2.49 ppm) is used as internal reference. Coupling constants (J)
are given in Hertz (Hz), and multiplicity abbreviated as follows:
d (doublet), t (triplet), dd (double—doublets), m (multiplet).
The 'H NMR spectra are reported as follows: §/ppm
(multiplicity, number of protons, coupling constants J/Hz,).
DEPT and two-dimensional NMR spectroscopy were used
where appropriate to assist the assignment of the signals in the
'"H NMR and *C NMR spectra.

Mass Spectrometry. Low resolution mass spectrometry by
electron impact was recorded on a Hewlett-Packard HP
Engine-5989 spectrometer (equipped with a direct inlet
probe) at 70 eV. High resolution mass spectra by electron
impact were recorded on a Micromass AutoSpec-Ultima,
magnetic sector mass spectrometer at 70 eV.

General Procedure for the Synthesis of Imine Derivatives
(16—17). In a round bottom flask was added 1 mmol of
pyrimidine 14 and 1 mmol of appropriate benzaldehyde 15 in
1S mL of methanol; this solution is stirred overnight at room
temperature. The solid formed is filtered off (recrystallized
from MeOH if necessary) and dried at 50 °C (see Scheme 1).
Data for the compounds 16 and 17 are given below:

6-Methoxy-N*-phenyl-N°-[(E)-phenylmethylidene]-
pyrimidine-2,4,5-triamine (16). 65% (0.21 g), yellow solid. Mp
151—153 °C. R; 0.38 (chloroform). IR (v cm™): 3336, 3214,
1637, 1560. "H NMR (DMSO-dy): 6 3.95 (s, 3H), 6.60 (s, 2H),
7.00 (t, 1H, 8 Hz), 7.29-7.33 (m, 2H), 7.44—7.48 (m, 3H),
7.86 (d, 2H, 8 Hz), 7.95 (d, 2H, 8 Hz), 8.68 (s, 1H), 9.05 (s,
1H). 3C NMR (DMSO-d,): 6 53.0, 102.6, 120.0, 121.8, 127.6,
128.4, 128.6, 129.8, 137.8, 140.0 153.5, 158.3, 159.7, 161.3. MS
(m/z, %) (assignation, abundance %): 319 (M', 43.1), 318
(39.7), 317 (100), 242 (M-Ph, 68.9), 215 (M-104, 68.9), 77
(C¢Hy", 15.2). HRMS caled for C,gH,;,N;O: 319.1433. Found:
319.1418.

N°-[(E)-(4-Bromophenyl)methylidene]-6-methoxy-N*-phe-
nylpyrimidine-2,4,5-triamine (17). 85% (0.34 g), yellow solid.
Mp 184—186 °C. R; 0.38 (chloroform). IR (v cm™): 3359,
3332, 1610, 1562. "H NMR (DMSO-d,): & 3.94 (s, 3H), 6.63
(s, 2H), 7.00 (t, 1H, 8 Hz), 7.31 (t, 2H, 8 Hz), 7.64 (d, 2H, 8
Hz), 7.85 (d, 2H, 8 Hz), 7.92 (d, 2H, 8 Hz), 8.69 (s, 1H), 9.01
(s, 1H). C NMR (DMSO-dg): 6 53.0, 102.5, 120.3, 121.8,
128.3, 128.6, 129.2, 134.1, 136.7, 139.9, 151.7, 158.4, 159.8,
161.4. MS (m/z, %) (assignation, abundance %): 397/399 (M/
M+2, 26.5:25.6), 396 (9.0), 242 (M—C¢H,Br, 100), 215
(M—(N=CH—C4H,Br), 11.1), 77 (C¢Hs*, 7.4). HRMS
caled for CgH,(BrN,O: 397.0538. Found: 397.0528.

Procedure for the Synthesis of Guanine Derivative (18). A
solution of 1 mmol of imine 17 and 1 mmol of I, in 20 mL of
AcOEt was stirred for 24 h at room temperature. The solid
formed is filtered off and washed with a solution of NaHCO;,
then with a solution of sodium thiosulfate and, dried in an oven
at 100 °C (see Scheme 2). Data for compound 18 are given
below:

2-Amino-8-(4-bromophenyl)-9-phenyl-1H-purin-6(9H)-
one (18). 72% (0.28 g), beige solid. Mp >300 °C. R; 0.80
(chloroform/methanol, 9:1). IR (v ecm™): 3428, 3312, 3155,
1699, 1653. "H NMR (DMSO-d,): 8 6.56 (s, 2H), 7.28 (d, 2H,
8 Hz), 7.37 (broad s, 2H), 7.50 (s, SH, broad band), 7.30—7.60
(m, SH), 10.71 (s, 1H). 3C NMR (DMSO-d,): § 116.5, 122.1,
128.0, 128.8, 129.1, 1294, 129.8, 131.1, 1352, 144.0, 153.8,
153.9, 156.7. MS (m/z, %) (assignation, abundance %): 381/
383 (M/M+2, 100:100), 260 (6), 258 (Ph—N=C—CH,Br",
23), 157 (CJHBr", 10), 77 (C4Hs", 35). HRMS caled for
C,,H,,BrN,O: 381.0225. Found: 381.0220.
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Previous reports indicated that compounds structurally
related with molecule 18 displayed an equilibrium between
lactam (—HN—C=0) and lactime (—N=C—OH). The
preferred form varies in function of the environment (gas
phase, aqueous solution, or biological media).*>~*° In order to
carry out the molecular simulations, in a previous step,
calculations using both forms were performed. Our preliminary
study gives similar results for the complexes using lactam and
lactime forms. Thus, we chose the lactime form in all the
simulations reported here for compound 18.

Bioassays. The assay is based on the ability of DHFR to
catalyze the NADPH-dependent reduction of dihydrofolic acid
to tetrahydrofolic acid. The rate of NADPH consumption in
the presence of the compound under investégation is monitored
by the decrease in absorbance at 340 nm.**~®" Reactions were
performed in a solution containing saturating concentrations of
cofactor (80 uM NADPH) and substrate (50 uM dihydrofo-
late), SO mM Tris—HCl, 0.001 M 2-mercaptoethanol, and
0.001 M EDTA at pH 74 and 30 °C. The enzyme was
purchased from Sigma-Aldrich Co. (St. Louis, MO).

B RESULTS AND DISCUSSION

For this study, structures of inhibitors, whose synthesis and
activity had been previously reported by Gangjee et al,** were
chosen (compounds 1—13, Figure 1). We also include in this
series MTX, a well-known classical inhibitor of DHFR. To
corroborate the results, two new molecules (compounds 16
and 18, Schemes 1 and 2, respectively), possessing significant
structural differences to those reported in ref 48, were included
in the correlation. In addition, in order to obtain an
experimental corroboration, both compounds 16 and 18 were
synthesized, and their inhibitory effects on DHFR were tested.
The experimental data (ICs, values) obtained for these
compounds are summarized in Table 1.

MD Simulations. As pointed out in the Methods of
Calculations section, the study was carried out in different
steps. First, MD calculations were performed simulating the
molecular interactions between compounds shown in Figure 1
and the human DHFR enzyme (Figure 2). The X-ray structure

Table 1. Inhibitory Concentrations (IC,) against Human
DHFR”

compound ICyo (uM)
MTX 0.022 + 0.002
1 0.066 + 0.006
2 0.21 + 0.021
3 18 + 1.8
4 32 +£32
S 6 + 0.6
6 2.8 +0.28
7 29 +£0.29
8 5.8 +0.58
9 2.7 +0.27
10 14 + 0.14
11 29 + 0.29
12 5.8 + 0.58
13 14 + 0.14
16 68.01 + 6.8
18 54.4S + 54

“Data of MTX and compounds 1—13 were taken from ref 48; whereas
IC;, values of compounds 16 and 18 are reported in this work.
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of the DHFR was minimized before the application of modeling
techniques. After 20 ns of simulation, the root-mean-square
deviation (RMSD) of the minimized protein structure was
0.176 nm with respect to the starting coordinates. The
corresponding RMSD for the backbone and side-chain atoms
were 0.111 and 0.216 nm, respectively. Constrains were not
used during the minimization.

Comparing the results obtained for the different complexes,
interesting general conclusions might be drawn. Consistent
with previous experimental®”” and theoretical**** results, our
simulations indicate the importance of the negatively charged
glutamic acid 30 (Glu30) for the binding of these ligands. A
highly conserved Glu30 in ol helix is important for the binding
of inhibitors to the human DHFR, and its terminal carboxyl
group may function as an anchoring point. In the present study,
all the simulated compounds were docked into the receptor
with the N, and 2-amino group near to Glu30. After 5 ns of
MD simulations, the ligands moved slightly but in a different
way compared with the initial position. However, the strong
interaction with Glu30 was maintained for all the complexes
(see Figure 3), supporting the suggestion that Glu30 functions
as an anchoring point for this type of ligands. There are many
other molecular interactions stabilizing and destabilizing the
different complexes, being the following the most significant
ones: -7 stacking interactions with Phe31 and Phe34, and
hydrophobic interactions with Ile7 and Vall15. In the case of
classical inhibitors, they also displayed a bridge salt with Arg70
and hydrogen bonds with Asn64 and hydrophobic interactions
with Leu67 stabilizing the flexible side-chain. It should be noted
that these results are in agreement with those previously
reported from theoretical**** and experimental data.%”*>?*

Next, the BE obtained for the different complexes were
evaluated as relative energies from AAG values. These
calculations were performed using eq 1. The energetic
components obtained from LIE calculations are given in
Table 1S in the Supporting Information. From our MD
simulations, a very good binder can be differentiated from a
very weak binder (1.26 kcal/mol for compound 1 vs 8.30 kcal/
mol for compound 3), but ligands with similar binding affinities
cannot be easily differentiated (6.99 kcal/mol for compound §
vs 8.34 kcal/mol for compound 7). This is not an unexpected
result; can we realistically expect to make accurate and reliable
predictions that are decidedly crude representations of the
molecular interactions involved in the binding process? It
should be noted that MD simulations neglect or poorly
approximate terms that might be playing determinant roles
such as lone pair directionality in hydrogen bonds, explicit -7
stacking polarization effects, hydrogen bonding networks,
induced fit, and conformational entropy. Thus, we cannot
expect to obtain clear differences between compounds
possessing relatively similar binding energies. At this stage of
our work, we consider the trend predicted for the MD
simulations as certainly significant. However, they might be
reluctant to give a quantitative significance because of the
approximations involved in this mode of approach. It should be
noted that we are dealing with relatively weak interactions and
therefore MD simulations might underestimate such inter-
actions.

Thus, in the next step of our study, reduced model systems
were optimized using combined semiempirical, ab initio, and
DFT calculations.

Quantum Mechanics Calculations. PM6 optimizations
were performed considering all receptor amino acids that might
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interact after initial positioning of the ligands against Glu30
residue. Next, RHF/6-31G(d) and DFT (PBE/6-31G(d))
single point calculations were carried out for each complex
optimized from PM6 computations. Figure 4 shows the
complex obtained for inhibitor 1 optimized at PM6 level of
calculations.

Once the BE values of the different complexes were obtained
from the theoretical calculations, the different correlations
between the theoretical calculations and the experimental data
(ICs,) reported in ref 48 were calculated.

Considering only MTX and compounds 1—13, the following
correlation coeficients R* = 0.78, 0.77, and 0.77 were obtained,
using PM6, RHF/6-31G(d), and PBE/6-31G(d) calculations,
respectively. These results are very satisfactory, considering the
type of approximation used. From these results, it appears that
the predicted first-principles structure of the primary binding
pocket of DHFR leads to correct predictions of the critical
residues for binding inhibitors and gives relative binding
affinities that correlate fairly well with those obtained in
experiments.48

PMS, ab initio, and DFT calculations performed here may
not properly consider the dispersion interactions. Fortunately,
in this case, it appears that such limitations are not severe
enough to prevent us from obtaining our goals. Such an
assumption appears to be reasonable, considering the
significant correlation obtained between the experimental data
and the theoretical calculations performed. However, a kind of
error-cancelation might have taken place, in which case the
approaches used in this study might be operative only for the
classical and non classical inhibitors reported by Gangjee et al.
An additional validation and more calculations might be
required to extend these approaches to other compounds
possessing different structures.

Theoretical and Experimental Corroboration for the
Correlation Obtained from QM Calculations. Two new
compounds keeping some structural resemblance with the
molecules reported by Gangjee et al. but at the same time
possessing significant structural differences were included in
this series in order to know if the correlations obtained from
QM calculations using a reduced model system are good
enough to predict the activity of compounds possessing
structural differences. The compounds selected to test our
theoretical results were compounds 16 and 18 (see Schemes 1
and 2). Observing both structures it is clear that some structural
resemblance with the compounds reported by Gangjee et al. in
the Pyr moiety were maintained although two important
changes were introduced. The first one is the replacement of
—NH, group in Pyr ring by —OCH; and —OH in compounds
16 and 18, respectively. The other important change is the
presence of two bulky aromatic rings instead of one; the first
ring joined to C6 and the second one joined to N7. This is a
significant structural difference with respect to the previously
analyzed compounds.

MD simulations for compounds 16 and 18 interacting with
DHER were performed. Figure 3S shows the inhibitor—residue
interaction spectra calculated by the free energy decomposition
of compounds 16 and 18. It is interesting to note that both
spectra are closely related to those previously obtained for the
nonclassical inhibitors (compare Figures 1S, 2S, and 3S),
indicating that these new compounds might be inhibitors of
DHFR. Note that the only significant difference with the
spectra obtained for the nonclassical inhibitors is that the
stabilizing interaction of Vall1S5 is very weak for compounds 16
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Figure 5. Correlations obtained with different calculation methods. The x-axis denotes the binding energy, and the y-axis denotes the inhibitory
activity value of each compound (—log ICy,). (a) Relative energies (AAG) from LIE calculations. (b) PM6 relative energies. (c) ab initio (RHF/6-
31G(d)) relative energies. (d) DFT(PBE/6-31G(d)) relative energies. The error bars are showing the energy gaps obtained using the different

starting geometries from MD simulations.

and 18 in comparison to that observed in the spectra of
compounds 3—13. On the other hand, the binding energy
calculated using the LIE approach predicts AAG values of 7.50
and 5.50 kcal/mol for compounds 16 and 18, respectively.
These results predict that compounds 16 and 18 might be at
least weak inhibitors of DHFR. In the next step, QM (PM6, ab
initio, and DFT) calculations were performed using the
reduced model in order to evaluate the BE of compounds 16
and 18. These results are closely related to those obtained from
MD simulations.

Our theoretical results indicated that compounds 16 and 18
might possess an inhibitory effect against the DHFR enzyme.
Although the theoretical results predicted a weaker activity for
these compounds in comparison to those reported for the
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classical and nonclassical inhibitors studied here, we still
considered very interesting to synthesize and test the inhibitory
activity of compounds 16 and 18 in order to corroborate our
theoretical results.

The synthesis of compounds 16 and 18 was performed as
described in the Experimental Section. Once compounds 16
and 18 were obtained, their inhibitory effect against human
DHEFR was evaluated. In order to minimize the experimental
errors due to the methodology employed, a very similar
experimental protocol to that reported in ref 48 was used (see
Experimental Section). Our experimental measurements
indicated that compounds 16 and 18 possess ICs, values of
68.01 and 54.45 uM, respectively. Both compounds displayed a
moderate inhibitory effect, which is in a complete agreement
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with our theoretical predictions. These experimental results are
an additional support to our reduced model as well as to the
correlations obtained from QM (PMS6, ab initio, and DFT)
calculations. Considering the different structural features of
compounds 16 and 18 with respect to the rest of the
compounds in this series, the theoretical approaches used and
the possible different experimental conditions in the Bioassays,
these results are very encouraging. It should be noted that our
theoretical calculations predicted BE for compounds 16 and 18
comparable to those of the nonclassical inhibitors, which is in
complete agreement with the experimental ICs, values obtained
here.

With the theoretical (BE values) and experimental (ICq,
values) data for compounds 16 and 18, the correlations
obtained from LIE, PM®, ab initio, and DFT calculations were
recalculated for the whole series. Figure Sa shows a graphical
representation of the calculated BE obtained from LIE
calculations versus the experimental —log ICg, values. This
figure has a correlation coefficient R*=0.58. Figures 5b, ¢, and
d show the same correlation but in this case using BE obtained
from PM6, RHF/6-31G(d), and DFT(PBE/6-31G(d)) calcu-
lations, respectively. Such drafts displayed the following
correlation coefficients R*: 0.64, 0.78, and 0.78, indicating
that ab initio and DFT calculations give a better correlation
with the experimental data. Although the three linear
correlations obtained are good enough to predict the biological
activity of these inhibitors, it is evident that ab initio and DFT
calculations give a better correlation with respect to the
semiempirical computations. It should be noted that the trend
line for the models is in fact connecting two clusters of data. It
is clear that within each cluster, the correlation would be worse.
However, the obtained models are quite good in placing the
studied compounds into one of two groups, “very good
binders” (the classical inhibitors which are the most active
compounds in this series) and “weak binders” (the set of non-
classical inhibitors and less active compounds). It is evident that
such information is valuable and successful. From our results it
is clear that these approaches allow obtaining correct
predictions even including compounds structurally different in
the calculations and provide relative binding affinities that
correlate fairly well with that obtained from experiments.
Although there are numerical differences between the
experimental and theoretical values obtained, it is evident that
both correlations (ab initio and DFT) are still good enough to
predict the inhibitory effect for a nonsynthesized compound
with an acceptable qualitative accuracy. A particularly
interesting characteristic of these correlations is their capacity
to predict the inhibitor effect of compounds possessing
significant structural differences (compare compounds 16 and
18 with the rest of the series). This is a very important aspect
because these correlations could be very useful to test
compounds possessing different structural profiles with those
of the classical inhibitors.

Trying to take advantage of the reduced models in the
second stage of our study, a quantum theory atoms in
molecules (QTAIM)’*** analysis was carried out. Such
accurate calculations are needed to obtain a more detailed
description of the molecular interactions that are stabilizing and
destabilizing the different complexes.

Evaluating the Molecular Interactions for the Differ-
ent Complexes Using QTAIM Calculations. The topo-
logical analysis of the electron density constitutes a powerful
tool to investigate the electronic properties of the molecular
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system and allows a deep examination of the molecular
interactions. This methodology has been successfully applied in
the study of the properties of a variety of conventional and
unconventional hydrogen bonds (HBs), aromatic HBs as well
as -7 stacking interactions.”®*® From QTAIM calculations,
it is possible to determine in an unequivocal way the different
strong and weak interactions between two atoms observing the
existence of bond critical points (BCPs) and their respective
bond paths. It should be noted that this detailed analysis is not
possible only from the evaluation of the geometrical parameters
(bond distances and angles). The intermolecular interactions of
all the classical and nonclassical antifolates reported here were
evaluated using the QTAIM techniques. In order to keep the
size of this section, only the most representative results are
discussed here. The rest of them might be observed as
supplementary data or might be provided by the authors.
Figure 6 shows the main interactions of IN1 (representative
compound of classical inhibitors) at the binding pocket. There
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Figure 6. Molecular graph obtained for IN1 interacting at the binding
site.

are three salt bridges formed among the three charged groups
of IN1 (one positive and two negative) with residues Glu30,
Lys68, and Arg70, respectively. The hydrogen atoms joined to
the N, and 2-amino group of 2,4-diamino-S-ethyl-pyrrolo[2,3-
d]pyrimidine (from now on called Pyr) form strong bifurcated
H-bonds with the carboxylate group of Glu30. On the other
side of the binding pocket, the carboxylate groups located in the
C6 flexible side-chain form hydrogen bonds with the positive
charged residues Lys68 and Arg70. It is clear that the molecular
size of this inhibitor is too large, and therefore, it is very difficult
to visualize in detail the different interactions stabilizing and
destabilizing this complex using only one draft. Thus, to better
appreciate the different MI, such interactions were displayed
using two figures: Figure 7a showing the MI of the Pyr ring and
Figure 7b showing the MI obtained for the flexible side-chain
joined to C6.

Figure 7a shows that the Pyr ring is stacked with the aromatic
ring of Phe34. This molecular graph displays the number of
BCPs and the corresponding bond paths connecting the Pyr
ring atoms of IN1 with the phenyl atoms of Phe34. There are
two BCPs and the corresponding bond paths between Pyr and
the phenyl ring of Phe34 (indicated by green arrows). The
DHFR-IN1 complex presents one of the strongest -7
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Figure 7. Molecular graphs obtained for Pyr ring (a) and C6-side-
chain (b) of IN1 interacting at the binding site. The net of interactions
involving different regions of IN1 can be observed in this figure. The
inhibitor C5-ethyl group has been removed for clarity.

stacking interactions observed in this series between the Pyr
ring and Phe34.

It should be noted that the hydrogen atoms at N; and 2-
amino group of IN1 form strong bifurcated H-bonds with the
carboxylate group of Glu30 (see Figure 1 for atom numbering).
Furthermore, the other hydrogen atom located at the 2-amino
group forms a strong H-bond with a conserved water molecule.
This interaction is present in most of the complexes reported
here. This conserved water molecule is indicated as H,Oc in
the molecular graph. Different interactions are observed in
relation to the interactions of the 4-amino group of Pyr ring.
The two H-atoms of the 4-amino group form bifurcated H-
bonds with the oxygen atoms located in the backbone of Ile7
and Vall15 residues. These H-bonds might be well appreciated
in the molecular graph shown in Figure 7a. Very similar MI
were observed for the rest of classical inhibitors reported here
(MTX and IN2).

The interactions between the C6-side-chain and the different
residues can be seen as a force pulling the inhibitor toward one
side (the positive charged side where Arg70 and Lys68 are

2026

located), whereas the interactions between the Pyr ring with
Glu30, Ile7, Tyr121, and ValllS (among other residues) pull
the inhibitor toward the opposite side of the binding pocket
(the negatively charged side of the binding pocket where Glu30
is located). The most relevant interactions of the C6-side-chain
moiety of IN1 with the DHFR binding pocket are indicated by
arrows in Figure 7b.

A CO,” group from the C6-side-chain forms a strong H-
bond with an N—H bond of Arg70; while the other CO,~
group forms an H-bond with Lys68. Stabilizing C—H--7
interactions between C—H bond of the benzene ring and the 7-
electron cloud of Phe34 are not observed. In fact, just a short
C—H---H—C contact is verified between them (indicated by a
red arrow).

Next, the MI obtained for IN3 as the characteristic MI
stabilizing complexes of nonclassical inhibitors are reported. In
contrast to the classical inhibitors, the nonclassical ones do not
present a flexible side-chain possessing carboxyl groups (see
Figure 1). Therefore, it is logical to expect different MI in such
portions. Figure 4Sa and b in the Supporting Information
shows the electron density molecular graphs obtained for the
Pyr moiety and the C6 side-chain of compound 3 anchored
into the binding pocket.

As expected, the MI observed in the Pyr ring moiety of the
nonclassical inhibitors are closely related to those obtained for
the same portion of the classical inhibitors. However, some
slightly but interesting differences might be appreciated. All the
strong stabilizing hydrogen bonds were observed in this
complex, but it should be noted that the spatial ordering
adopted by the C6 benzene ring is different from that observed
in the classical inhibitors. In this case, this ring is partially
inserted between the Pyr and phenyl ring of Phe34. This
insertion is evidenced by the formation of a C—H---7x H-bond
between the C6-side-chain benzene ring (H-donor) and the
Phe34 z-electron cloud (H-acceptor, see Supporting Informa-
tion Figure 4Sb). This “insertion” of the benzene ring between
the inhibitor fused rings and Phe34 disrupts the possible 77
stacking interactions between both rings.

Supporting Information Figure 4Sb shows that the benzene
ring of compound 3 is anchored in the binding pocket by few
interactions (indicated by arrows). Consequently, the forces
exerted by the interactions of the Pyr ring at the opposite side
of the binding pocket are not well counterbalanced, and
therefore, this nonclassical inhibitor is displaced toward the
negative zone of the binding pocket where Glu30 is located.
These results account for the general behavior of the
nonclassical inhibitors reported here. A detailed description
for the MI observed for the DHFR-INS complex is given in the
Supporting Information (Figure 5Sa and b).

In order to compare the binding mode of the classical and
nonclassical inhibitors reported by Gangjee et al. with that
observed for the compounds here synthesized (compounds 16
and 18), a virtual horizontal plane formed by the carboxylate
group of Glu30 and the oxygen atoms of the carbonyl group
located at the backbone of Ile7 and ValllS was defined. In
MTX and 1-13 inhibitors, the Pyr ring systems are anchored
within the plane formed by these atoms, allowing N;,—H and
2-amino groups to establish strong H-bonds with Glu30
whereas the 4-amino group might interact strongly with Val115
or Tyrl2l. In contrast, the equivalent Pyr ring system of
compound 18 is anchored below this virtual plane (see Figure
8a). The main consequence of this shifting of the Pyr ring
system toward a lower part of the binding pocket is a noticeable
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Figure 8. Molecular graphs obtained for equivalent Pyr ring (a) and
C6 and N7-side-chains (b) of IN18 interacting at the binding site. The
net of interactions involving different regions of IN18 can be observed
in this figure.

weakening of the interactions between this inhibitor and Glu30.
One of the possible factors determining the different binding
mode of 18 in the pocket in comparison to the rest of the
inhibitors is the replacement of the hydrogen atom of the N,—
H bond by a phenyl group which might cause some steric clash
with the Phe31 residue. Another factor determining the
anchoring of the inhibitor fused ring system at the bottom of
the active site is the different interaction pattern observed for
the 4-hydroxyl group in comparison to that displayed by the 4-
amino group of the rest of the inhibitors. Since the 4-amino
group in Gangjee’s inhibitors possesses a double H-donor
capacity, the group is H-bonded to both Val115 and Ile7 (or to
Tyr121 in some inhibitors). In contrast, the 4-hydroxyl group
of inhibitor 18 has a single H-donor capacity, and hence, it acts
only as an H-donor against Val115 (BCP, p(r,) = 0.0187 au). It
should be noted that the 4-hydroxyl group is also able to form
H-bonds through its oxygen lone pairs, and therefore, it is H-
bonded to two C—H bonds from Ile7 (BCP, p(r,) = 0.0104 au)
and Vall11S (BCP, p(r,) = 0.0105 au). These C—H bonds are
located below the virtual horizontal plane and the equivalent
Pyr system of inhibitor 18 is anchored under such plane. From
Figure 8a, it might be appreciated that the N;—H group of
compound 18 is not H-bonded to the carboxylate group of
Glu30, whereas the 2-amino group is associated with Glu30 by
a rather weak (Glu30)CO, ---H,N(2-amino) H-bond (p(r,) =
0.0087 au) in comparison with the same H-bond formed by
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Gangjee’s inhibitors (displaying p(r,) values from 0.0360 to
0.0600 au). Finally, a weak interaction connecting the 4-
hydroxyl oxygen atom with Ile7 oxygen atom (p(r,) = 0.0040
au) is also observed. Thus, the binding mode of inhibitor 18 is
clearly weaker in comparison to those observed for Gangjee’s
inhibitors. On the other hand, as the ring system is anchored at
the bottom of the binding pocket, it is quite close to the Phe34
phenyl ring. Due to this proximity, a 7---7 stacking interaction is
verified between the N3 atom from the ring system and a
phenyl carbon atom of Phe34.

As can be seen in Figure 8b, the Cé6-ring is slightly bent
above the plane of the equivalent Pyr ring system due to the
C—H--7 H-bonds formed with the Ile60 side-chain. On the
other hand, the N7-ring is somewhat bent below the plane of
the fused ring system due to the H-bonds formed with the
Phe31 backbone atoms and a strong C—H:--H—N" dihydrogen
bond formed with Lys68 (p(r,) = 0.0310 au).

It is interesting to note that in compound 16, the equivalent
Pyr system is formed just by one ring (see Scheme 1). Such
ring is not stacked over the Phe34 phenyl ring but it is
displaced toward the positive charged side of the binding
pocket. As can be seen in Figure 9, there are no topological
elements that connect the equivalent Pyr ring to the carbon

a)

/l;\ .:/ /.::\; Glu30
1 3 .

T :
Ph edd Tyr121%

&
f\.-’al‘f!ﬁ

34

“lle?

Figure 9. Molecular graphs obtained for equivalent Pyr ring (a) and
C6 and N7-side-chains (b) of IN16 interacting at the binding site. The
net of interactions involving different regions of IN16 can be observed

in this figure.
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Figure 10. Charge density values for the total interactions of the Pyr ring system (blue stacked bars) and the N7 and/or C6-side-chains (red stacked
bars) for the inhibitors at the binding pocket. The repulsive short C—H---H—C contacts were not included.

atoms from the Phe34 phenyl ring. Hence, no stacking
interactions between both 7 systems are observed. In the
same way, the 4-methoxy group is not anchored in the electron
rich region formed by Val11$ and Ile7 carbonyl groups and by
Tyr121 hydroxyl group (unlike the 4-amino group from
Gangjee’s inhibitors), but it is shifted toward the right side of
the binding pocket. Also due to the inhibitor displacement
toward the positive charged side of the pocket, the N,—H
bond from the 2-amino-4-methoxypyrimidine ring is interacting
with Phe31 benzene ring instead of Glu30 carboxylate group.

As discussed above unlike the Gangjee’s inhibitors, in
compounds 16 and 18 the equivalent Pyr ring systems are
more weakly bonded to the pocket than the C6- and N7-side-
chains. In the case of compound 16, it is even more weakly
bonded than in compound 18.

With regard to the C6- and N7-side-chains, the lack of a
fused ring in compound 16 allows the rotation of these side-
chains. Hence, they would be able to accommodate better into
the binding pocket than in the more rigid 18 inhibitor. In fact,
Figure 9 shows that the C6- and N7-rings of compound 16 are
partially folded toward the lower and upper part of the pocket,
respectively. In contrast, due to the lack of flexibility of the C6-
and N7-side-chains of compound 18 they were somewhat bent
from the plane of equivalent Pyr system due to interactions
with different residues from the binding pocket, as shown
before.

Figure 9b shows that the C6-side-chain ring is folded toward
the bottom of the pocket where it is H-bonded to the positively
charged residue Arg70, directly and also through a water
molecule (not shown in the graph). The C6-side-chain of
compound 16 is also interacting with the Phe31 carbonyl
backbone through a (Phe31)C=0---H—C(C6-ring) H-bond,
with the GIn3$ side-chain through a (GIn35)C—H:--z(C6-
ring) H-bond and with Lys68 through a (Lys68)N*—H---H—
C(Cé6-ring) dihydrogen bond, among other minor interactions
not shown in the graph. Moreover, N7-side-chain is folded
toward the upper part of the pocket where it interacts strongly
with Ile60 through several (Ile60) C—H:-+x(N7-ring) H-bonds.

Figure 10 shows the sum of the p(r,) values corresponding
to the interactions of the Pyr system (blue bar) and C6-side-
chain (red bar) obtained for the different inhibitors analyzed
here. The sum of the p(r,) values for all the interactions of one
part of the inhibitor (ie., the Pyr ring system or the C6-side-
chain) provides a measure of the anchoring strength of such
moiety of the inhibitor to the binding pocket. Figure 10 clearly
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shows that the classical inhibitors bind to the enzyme with
similar strength through both parts of the molecule, the Pyr
system and the C6-side-chain. Nonclassical inhibitors bind their
Pyr portions with similar strength to that of the classical
inhibitors. However, the anchoring through the C6-side-chain is
much weaker in the nonclassical inhibitors than in the classical
ones. As a result, the classical inhibitors such as MTX, IN1, and
IN2 are more strongly anchored in the binding pocket as
evidenced by the greater total height of the stacked bars in
Figure 10.

With respect to compounds 16 and 18, the similar height of
their stacked bars (p(r,) ~ 0.200 au) indicates that both
inhibitors are anchored with similar strength in the binding
pocket. On average, these compounds are more weakly bonded
to the binding pocket than the nonclassical inhibitors reported
in ref 48 (most of the nonclassical Gangjee’s inhibitors are
bonded to the pocket with a total p(r,) value greater than 0.200
au; see Figure 10).

Analyzing the anchoring strength of each part of compounds
16 and 18 to the binding pocket, it can be observed that the
equivalent Pyr systems are more weakly bonded to the pocket
than the C6- and N7-side-chains. The equivalent Pyr system in
compound 18 is slightly more strongly anchored than that of
compound 16. This is an important difference with the
nonclassical Gangjee’s inhibitors in which the Pyr ring systems
are more tightly bonded to the pocket than the C6-side-chain
(see Figure 10).

It also can be observed that the equivalent Pyr ring system is
more weakly H-bonded to the active site in compounds 16 and
18 than in the nonclassical inhibitors (the Pyr ring systems
from these inhibitors are anchored with a total p(r,) value
greater than 0.150 au while, in compounds 16 and 18, the
density values at the anchor points are less than 0.100 au). In
contrast, the C6- and N7-side-chain from compounds 16 and
18 are on average more strongly bonded to the binding pocket
than the C6-side-chain from the nonclassical inhibitors (the
Cé6-side-chains from Gangjee’s inhibitors are bonded with a
total p(r,) value lesser than 0.100 au except in IN9, while in
compounds 16 and 18 they are greater than 0.100 au).

Bl CONCLUSIONS

Accurate methods of computing the affinity of a small ligand
interacting with the biological receptor are needed to spread
the discovery of new leads. In our opinion, accurate calculations
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of enzyme—ligand binding affinities constitute an important
and still unsolved problem. Nonetheless, significant progress is
being made through a deeper understanding of the physical
chemistry and the implementation of tractable approaches. In
this regard, two important aspects have been taken into account
in our study: on one hand, the design of reduced models that
can be key to the validation and, second, the experimental
corroboration, which remains indispensable for this purpose.

A molecular modeling study on 16 DHFR inhibitors was
carried out. By combining MD simulations with ab initio and
DEFT calculations, a simple and generally applicable procedure
to evaluate the binding energies of ligands interacting with the
DHEFR binding site has been reported here, providing a clear
picture for the binding interactions of inhibitors from both
structural and energetic points of view. Thus, our results
provide interesting information which may be helpful in
obtaining a deeper understanding of the molecular interactions
between the ligands and the human DHFR enzyme.

The LIE method provides important information although
somewhat limited. It is interesting to note that this type of
calculations allows differentiating active compounds from
nonactive ones.

In relation to the ab initio and DFT calculations, they show a
better correlation when compared to those obtained by LIE.
However, they provide limited information because their
energies must be regarded as relative energies. Energetic
calculations have been done using semiempirical geometric
parameters (PM6), which might be affecting the correlation
quality. However, significant correlations between binding
energies obtained from PMS6, ab initio, and DFT calculations
with experimental IC;, values were obtained. Such correlations
were experimentally corroborated synthesizing and testing two
new inhibitors (compounds 16 and 18). From our results, it is
clear that the theoretical calculations reported here might
predict the potential inhibitory effect of nonsynthesized
compounds with an acceptable qualitative accuracy. Such
information could be essential in order to know a priori the
putative activity of new DHFR inhibitors.

It must be pointed out that, although the correlations
obtained between the theoretical and experimental data are
significant, they are not accurate enough to properly explain the
different activities obtained for compounds possessing very
similar ICy, values. Our results indicated that such differences
might be explained only from a more exhaustive electronic
analysis provided by QTAIM. However, we believe our results
may be helpful in the structural identification and under-
standing of the minimum structural requirements for these
molecules and may provide a guide in the design of new DHFR
inhibitors.
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