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Abstract
Dihydrofolate reductase (DHFR) has been a well-recognized target for the development of
therapeutics for human cancers for several decades. Classical inhibitors of DHFR use an active
transport mechanism to gain access to the cell; disabling this mechanism creates a pathway for
resistance. In response, recent research focuses on nonclassical lipid-soluble DHFR inhibitors that
are designed to passively diffuse through the membrane. Here, a new series of propargyl-linked
antifolates are investigated as potential nonclassical human DHFR inhibitors. Several of these
compounds exhibit potent enzyme inhibition with 50% inhibition concentration values under 500
nM. Molecular docking investigations show that the compounds maintain conserved hydrogen
bonds between the pyrimidine ring and the enzyme as well as form van der Waals interactions
with critical residues in the active site. Interestingly, the most potent compound, 2,4-diamino-5-(3-
(3,4,5-trimethoxyphenyl)prop-1-ynyl)-6-ethylpyrimidine (compound 35), is 3,500-fold more
potent than trimethoprim, a potent inhibitor of bacterial DHFR but weak inhibitor of human
DHFR. The two structural differences between compound 35 and trimethoprim show that the
propargyl linkage and the substitution at C6 of the pyrimidine ring are critical to the formation of
contacts with Thr 56, Ser 59, Ile 60, Leu 22, Phe 31 and Phe 34 and hence, to enhancing potency.
The propargyl-linked antifolates are efficient ligands with a high ratio of potency to the number of
non-hydrogen atoms and represent a potentially fruitful avenue for future development of
antineoplastic agents.
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Introduction
Inhibitors of dihydrofolate reductase (DHFR), an essential enzyme in the folate biosynthetic
pathway, have been pursued for several decades as therapeutics in the treatment of human
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malignancies. DHFR catalyzes the transfer of a hydride from the cofactor, nicotinamide
adenine dinucleotide phosphate (NADPH), to the substrate, dihydrofolate, thus yielding
tetrahydrofolate and NADP+. Tetrahydrofolate is an essential cofactor in the production of
purines and thymidylate and its deficiency leads to the inhibition of cell growth and
proliferation.

DHFR inhibitors fall into two groups: classical and nonclassical. The classical inhibitors,
such as methotrexate (Fig. 1), are characterized by a pterin ring, an aromatic ring (p-
aminobenzoic acid in the case of methotrexate) and a glutamate tail. Structures of human
DHFR bound to several classical inhibitors [1–3] have greatly aided the understanding of the
interactions these inhibitors have with active site residues. The pterin ring forms hydrogen
bonds with a conserved acidic residue, Glu 30, and the backbone carbonyl oxygen atoms of
Ile 7 and Val 115. In addition, the pterin ring also forms hydrophobic contacts with Ala 9,
Val 115, Phe 31 and Phe 34. The p-aminobenzoic acid moiety binds in a hydrophobic pocket
comprised of Thr 56, Ser 59, Ile 60, Leu 67 and the glutamate tail binds Asn 64, Arg 28 and
Arg 32 near the solvent-exposed surface of the enzyme. Owing to these extensive
interactions, the classical inhibitors can achieve 50 % inhibition concentrations (IC50) well
under 1 μM. For example, methotrexate and PT523 [N-α-(4-amino-4-deoxypteroyl)-N δ-
hemiphthaloyl-L-ornithine], both classical inhibitors, have IC50 values of 11.2 and 12.2 nM,
respectively [4]. Other experimental human DHFR inhibitors based on the classical scaffold
have also achieved potent binding in the low nanomolar range [1,5]. Owing to the charged
glutamate tail, these inhibitors do not passively diffuse across cell membranes and must be
actively transported using the reduced folate carrier system. Once inside the cell, they are
polyglutamylated. Resistance can arise when the active transport mechanism is disabled.

Research to develop nonclassical antifolates that penetrate the membrane by diffusion has
attempted to overcome the problems of the classical antifolates. Trimetrexate (Fig. 1), a lipid
soluble antifolate, is an effective inhibitor of DHFR and is currently undergoing clinical
trials for the treatment of lymphoma [6]. Other compounds such as those based on the
piritrexim [7] and diamino-5-methyl-5-deazapteridine [8] scaffolds, are under development.

We have developed a new nonclassical series of DHFR inhibitors based on a propargyl link
between the pyrimidine and aryl rings (see Table 1). The straight-forward synthesis of these
lipid soluble inhibitors has led to the development of several analogs that are differentially
substituted at the C6 position of the pyrimidine ring, the propargylic position and the aryl
ring, including biphenyl analogs. During our investigation of these compounds as inhibitors
of DHFR from several infectious species [9–14], we measured the in vitro inhibition of
human DHFR and found that a number of the propargyl-linked compounds are very
effective inhibitors of human DHFR. The best propargyl-linked antifolate shows a 50 %
inhibition concentration (IC50) of 57 nM, a value that is within the range of the best known
classical inhibitors.

In order to further develop this series to inhibit human DHFR, we conducted a molecular
docking study to understand the structure-activity relationships. From this study, it is clear
that the potent propargyl-linked inhibitors form critical interactions with Leu 22, Thr 56, Ser
59, Ile 60 in addition to the conserved interactions observed with the pyrimidine ring.
Interestingly, the most potent propargyl-linked antifolate is only modestly differentially
substituted relative to trimethoprim, a potent inhibitor of bacterial DHFR but a weak
inhibitor of human DHFR. The stronger interactions with residues Leu 22, Thr 56, Ser 59,
Ile 60, relative to the weak interactions observed with trimethoprim, explain this difference.
Given that the potent propargyl-linked antifolates are highly efficient ligands [15,16], they
represent a new avenue for the design of human DHFR inhibitors that may be effective
antineoplastic agents.
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Materials and Methods
Enzyme preparation and assays

The human DHFR protein was expressed and purified as previously described [10]. Enzyme
inhibition assays were performed by monitoring changes in absorbance at 340 nm as
previously described [14]. Assays were performed in triplicate, from which IC50 values were
interpolated.

Docking
Molecular modeling experiments were performed in three parts: in silico preparation of
receptors and ligands, docking and validation. The procedure has been rigorously described
elsewhere [14]. In brief, a high resolution human DHFR structure extending to 2.10 Å was
obtained from the PDB (PDB ID: 1PD8[17]). The receptor structure was prepared for
docking by the addition of hydrogens and charges. Since docking to ensembles of receptors
has been shown to lead to greater accuracy [14,18,19], the receptor was subjected to a
molecular dynamics simulation. Residues near the active site (within 3.5 Å) and several
other highly flexible residues in a loop region that is contiguous with the active site were
included in the simulation. Snapshots were taken along a 30 ps trajectory resulting in an
ensemble of 21 structures. Ligand preparation required drawing accurate 3D representations,
addition of charges and energy minimization. Sybyl [20] was used for both receptor and
ligand preparation.

Docking studies were performed using the Surflex-Dock [21] algorithm as implemented by
Sybyl. Sixty-one ligands with empirically determined inhibitory values were docked to each
member of the receptor ensemble. Each resultant protein:ligand complex was assessed for
adherence to the well established binding mode of all DHFR inhibitors, namely the presence
of key hydrogen bonds between the ligand and an acidic residue (Glu 30 for human DHFR).
If the correct geometry was found, the complex was accepted. For 90.9 % of the ligands, the
conserved binding mode was found to be the top ranked pose. For 4.6 % of ligands, the
conserved binding mode was found within poses 2–10, for 3.6 % of ligands the conserved
binding mode was found within poses 11–200 and for 0.9 % of ligands, the conserved
binding mode was not found after docking 200 poses. The reliability of the docking results
were validated by correlating empirical inhibitory concentrations with docking scores using
a clustering or neighbor binning technique. Ligands were grouped into six bins according to
potency. Each bin contained five to fourteen ligands. If the corresponding docking score
placed the ligand in the same or a neighboring bin as the empirical ranking, a positive
correlation was identified and the ligand received a score of one. The accuracy of the model
is calculated as the percentage of docked ligands receiving a score of one.

Results and Discussion
Stemming from investigations to develop propargyl-linked antifolates effective against
several infectious species of DHFR, we have characterized over 70 compounds for their
additional capacity to inhibit human DHFR [9–14] (Table 1). Twelve of the compounds
exhibit IC50 values less than 1 μM and three (compounds 5, 35 and 36) have IC50 values less
than 0.1 μM. All compounds with chiral centers were subjected to assays as racemic
mixtures.

In order to understand the structure-activity relationships evident in the series, we took
advantage of several high resolution crystal structures available in the PDB and conducted a
molecular docking study. This study used previously developed ensemble-based methods to
approximate enzyme flexibility and validated docking scores using a binning method
[14,18,19].
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A model of human DHFR (PDB ID: 1PD8 [17]) bound to NADPH and an antifolate
compound determined from diffraction data extending to 2.1 Å was chosen as the receptor.
Solvent molecules and ligands were removed and the receptor was otherwise prepared as
described in Materials and Methods. Since receptor flexibility has been shown to be critical
to accurate docking [14,18,22–24], a molecular dynamics (MD) simulation was used to
introduce this flexibility into the modeling study. Residues within 3.5 Å of the active site
and in the loop adjoining the active site were designated as flexible for the course of this
molecular dynamics run. Structures collected along the MD trajectory were pooled to create
an ensemble for subsequent docking studies. Each member of the ensemble was used in
docking and resultant docking scores were averaged across the ensemble as this has been
demonstrated to be the most accurate treatment of the composite docking scores [14].

Sixty-one ligands, drawn as single enantiomers, were docked to the ensemble of human
DHFR structures and the resulting scores were ranked. The ligand docking mode was
validated first by visualization and confirmation of conserved hydrogen bonds between the
2,4-diaminopyrimidine and Glu 30 (Fig. 2a). Additionally, to examine the correlation
between docking scores and measured affinity, we used a “binning” method that calculates
the percentage of ligands for which the associated docking score falls in the same “bin” as
other compounds of similar affinity. This method begins by dividing the ligands into six
approximately equal bins based on measured affinities (shown in Supplemental
Information). If the docking score for a particular ligand places it within the same or
neighboring bin as the measured affinity, it receives a score of 1. If the docking score does
not fall within these bins, the compound receives a score of 0. The percentage of correctly
ranked compounds is then calculated and reported as the binning score. For the human
DHFR docking model comprised of the ensemble of structures, docking scores for 74 % of
the compounds fell within the proper bin (compared to 18 % for random placement).

These poses of ligands, now validated by a correlation with measured affinity, were
examined to illustrate structure-activity relationships. In general, all compounds maintained
the conserved hydrogen bonds between the substituted pyrimidine ring and surrounding
residues. Nitrogen N1 and the 2-amino group form hydrogen bonds with Glu 30 and Val 8,
the 4-amino group forms hydrogen bonds with residues Ile 7, Tyr 121 and Val 115. In
addition, the interactions observed during the docking runs shows that the propargyl-linked
compounds maintain the same pattern of interactions as observed in crystal structures of
human DHFR with other antifolates [1–3,25]. In addition to the hydrogen bonds formed
between the pyrimidine and the active site, there are van der Waals interactions with Phe 31,
Ala 9, Ile 7 and Phe 34. The C6 position of the pyrimidine ring forms van der Waals
interactions with Phe 31, Phe 34 and Leu 22. The propargyl linker and aryl ring form van
der Waals contacts with residues Leu 22, Thr 56, Ser 59, Ile 60, Phe 31 and Phe 34 and
NADPH (Figure 2b).

Substitution at the C6 position of the pyrimidine ring is critical for potency. Three
compounds with a trimethoxyphenyl ring (scaffold E) and differing substitutions at C6
illustrate this trend. Compounds 25 (C6: hydrogen), 29 (C6: methyl) and 35 (C6: ethyl) have
IC50 values of 1.46 μM, 0.4 μM and 0.057 μM, respectively. As the length of the alkyl chain
at C6 increases, there are increased van der Waals contacts with a hydrophobic pocket
comprised primarily of residues Phe 31 and Phe 34 (Figure 3).

The most potent compounds, 35 (IC50 = 57 nM), 5 (IC50 = 60 nM) and 36 (IC50 = 88 nM)
all have a pyrimidine ring attached via a propargyl linker to a single phenyl ring substituted
with methoxy groups either at the 3′, 4′, 5′ positions (compounds 35 and 36) or the 2′,5′
positions (compound 5). The propargyl substitutions are either hydrogen (compound 35) or
hydrophobic (methoxy in compound 5 and methyl in compound 36) and interact with the
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hydrophobic pocket comprised primarily of Leu 22 and Thr 56. Two of the least potent
propargyl-linked compounds, 30 and 26 have polar substituents at the propargyl position,
verifying the correlation of activity with hydrophobic substituents at this position. Another
of the least potent compounds, 16, is a highly substituted biphenyl analog. In general, the
biphenyl analogs, represented by scaffolds B and C, are less potent than the monophenyl
analogs. Docking results show that as bulky substitution patterns increase on the biphenyl
analogs, there is significant steric interference with Pro 61 and Asn 64.

One of the most interesting results from this study is that the value of the propargyl-linked
scaffold becomes evident when compared with trimethoprim (Figure 4a). Trimethoprim is
an antifolate developed to be effective against several pathogenic bacteria and also shows
some efficacy in patients with Pneumocystis pneumonia [26]. Trimethoprim is a highly
selective compound that shows no efficacy against human DHFR, most likely owing to a
lack of affinity for the human enzyme. The value of the propargyl linker in establishing
greater affinity for the enzyme is shown by compound 25, which is very similar to
trimethoprim but replaces the methylene linker with a propargyl linker and has an IC50 value
136-fold lower than trimethoprim. Highlighting the value of the hydrophobic C6
substitution, compound 35 has an IC50 value approximately 3500-fold lower than
trimethoprim and 26-fold lower than compound 25.

Recently, the crystal structure of human DHFR bound to NADPH and trimethoprim has
been reported (PDB 2W3A, [27]). The deposited crystal structure reveals the basis of the
low enzyme affinity. The pyrimidine ring of trimethoprim binds in the same orientation as
the pyrimidine rings of potent inhibitors, with hydrogen bonds formed between N1 and the
2-amino group with Glu 30 and the 4-amino group and Ile 7 and Val 115. Van der Waals
interactions are created between the pyrimidine ring and Ala 9, Ile 7, Val 115 and Phe 34.
However, the short methylene linker positions the trimethoxyphenyl ring outside the proper
distance for binding interactions with Leu 22, Thr 56, Ser 59 and Ile 60, drastically lowering
the potency of this inhibitor. The docking results with human DHFR and the propargyl-
linked inhibitors show that the propargyl linker forces the trimethoxyphenyl ring to interact
more effectively with Leu 22, Thr 56, Ser 59 and Ile 60 (Figure 4b).

In addition to being potent, the propargyl-linked inhibitors have low molecular weight and
are also highly efficient ligands against human DHFR. Ligand efficiency is calculated as the
quotient of the overall binding and the count of heavy (non-hydrogen) atoms [15,16]. Using
this calculation, the ligand efficiencies of compounds 35, 5 and 36 are 0.398, 0.413, and
0.373, respectively. The values for ligand efficiencies for the propargyl-linked compounds
are much greater than those of the classical inhibitors such as methotrexate, which has a
ligand efficiency of 0.33.

Conclusions
Overall, it is apparent that the propargyl-linked antifolates represent a promising scaffold for
the development of new inhibitors of human DHFR that may be effective antineoplastic
agents. These compounds have notably straightforward synthetic routes for modification,
they are nonclassical antifolates that permeate cell membranes and they have high ligand
efficiency. Docking reveals the basis of structure-activity relationships and highlights that
hydrophobic substitutions at C6 and the propargylic position impart increased potency.
Interestingly, the most potent propargyl-linked compound, which is otherwise very closely
related to trimethoprim, exhibits 3500-fold greater potency than trimethoprim. The
propargyl linker is valuable in extending the trimethoxyphenyl ring closer to critical
hydrophobic residues including Leu 22, Thr 56, Ser 59 and Ile 60.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Classical (methotrexate) and non-classical (trimetrexate) antifolates
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Figure 2.
a) Conserved hydrogen bonds with the enzyme and pyrimidine ring b) the active site of
human DHFR bound to compound 35.
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Figure 3.
Docked poses of compounds 25, 29 and 35 bound to the active site of human DHFR.
Interactions with residues Phe 31 and Phe 34 are shown.
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Figure 4.
a) The value of the propargyl linker and substitution at the C6 position is evident in a
comparison with trimethoprim b) Surface rendering of the active site of human DHFR
bound to TMP (white, from the crystal structure 2W3A), docked compounds 25 (purple) and
35 (tan).
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