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Abstract

The development of new mechanisms of resistance among pathogens, the occurrence and transmission of genes responsible
for antibiotic insensitivity, as well as cancer diseases have been a serious clinical problem around the world for over 50
years. Therefore, intense searching of new leading structures and active substances, which may be used as new drugs,
especially against strain resistant to all available therapeutics, is very important. Dihydrofolate reductase (DHFR) has
attracted a lot of attention as a molecular target for bacterial resistance over several decades, resulting in a number of useful
agents. Trimethoprim (TMP), (2,4-diamino-5-(3',4’,5'-trimethoxybenzyl)pyrimidine) is the well-known dihydrofolate
reductase inhibitor and one of the standard antibiotics used in urinary tract infections (UTIs). This review highlights
advances in design, synthesis, and biological evaluations in structural modifications of TMP as DHFR inhibitors. In addition,
this report presents the differences in the active site of human and pathogen DHFR. Moreover, an excellent review of DHFR
inhibition and their relevance to antimicrobial and parasitic chemotherapy was presented.

Introduction

Infections caused by multidrug-resistant (MDR) bacteria are
significant global healthcare problem. Thus, understanding
the mechanisms of drug resistance is one of the most
important trends underway research both in the treatment of
infectious diseases, as well as work on treatment methods of
cancer [1, 2]. The molecular target connecting these equally
important directions of research is dihydrofolate reductase
(DHFR), an enzyme that catalyzes the nicotinamide adenine
dinucleotide phosphate (NADPH)-dependent reduction of
dihydrofolate to tetrahydrofolate (7,8-DHF to 5,6,7,8-THF)
in microbial and eukaryotes cells [3]. The crucial role of
DHER is related to biosynthesis pathways of the thymidy-
late and purines, as well as several other amino acids like
glycine, methionine, serine, and N-formyl-methionyl tRNA
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[4-6]. Inhibition of folate metabolizing enzymes leads to an
imbalance in the pathways involved in active synthesizing
thymidylate, disrupts DNA replication, and eventually
causes cell death [7]. Therefore, DHFR is a very good
example of a well-established molecular target of new
active compounds, which could be approved as antibacterial
drugs and therapeutic agents against variety of fatal dis-
orders e.g., cancer [8, 9]. Several classes of compounds
have been explored for their potential antifolate activity,
among the most outstanding are diaminopyrimidine
[10, 11], diaminoquinazolin [12], diaminopteridine [13],
and also diaminotriazines [14]. Inhibitors of DHFR char-
acterize widespread application in the treatment of cancer
and rheumatoid arthritis (methotrexate, MTX), bacterial
DHFR enzyme (trimethoprim, TMP), and Plasmodium
falciparum (pf)DHFR (pyrimethamine, PYR). However, the
most successful inhibitor against bacterial DHFR is TMP
that belongs to the diaminopyrimidine class of compounds
[15]. This review summarizes the field of structural mod-
ifications of TMP analogues and other nonclassical anti-
folates as a wide group of DHFR inhibitors. Moreover, we
present first and most recent attempts to develop a potent
and selective structure targeting infections caused by the
bacterial, protozoan, fungal infections, and malaria disease
and several of other directions e.g., leishmaniasis, African
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Fig. 1 Structures of classical and nonclassical DHFR inhibitors

trypanosomiasis, Chagas’ disease, cancer, theumatoid dis-
ease, and perspectives.

TMP-clinical usage and main mechanisms of
resistance

TMP, (2,4-diamino-5-(3',4’,5'-trimethoxybenzyl)-pyr-
imidine) is the well-known DHFR inhibitor and widely
prescribed antimicrobial agent (Fig. 1). This synthetic
antimicrobial drug was fully described by Roth et al. [16]
and has been used clinically since the 1960s [17]. TMP
belongs to a group of antibacterial agents called diamino-
pyrimidines [5, 18]. During the process of DHFR-TMP
binding, the protonated aminopyrimidine group of TMP
interacts with the carboxylate group of the enzyme, via a
pair of N-H...O hydrogen bonds, generating a hydrogen-
bonded ring motif [19]. Matthews et al. [20] based X-ray
crystallography studies confirmed, that TMP binds differ-
ently at the active sites of chicken (vertebrate enzyme) and
Escherichia coli (ecDHFR). Analysis of these data permits
identification of differences that are important in accounting
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for TMP’s selectivity. A key finding of these results was
that residues on opposite sides of the active-site cleft in
chicken DHFR are about 1.5-2.0 A further apart than are
structurally equivalent residues in the E. coli enzyme. The
X-ray structural results strongly suggest that loss of a
potential hydrogen bond between the 4-amino group of
TMP and the backbone carbonyl of Valll5 in enzyme is the
major factor responsible for this drug to be more potent
inhibition of bacterial DHFR [20].

TMP administrated alone inhibits the growth of a wide
range of bacteria [21]. First clinically usage of TMP was
reported in 1962 in the treatment of Proteus septicemia with
sulfonamides with polymyxin and it is still considered the
first-line drug of choice, active in vitro against most aerobic
Gram-negative and Gram-positive bacteria [22-25]. This drug
is used extensively in various parts of the world alone or in
combination with sulfamethoxazole (SMX) for the treatment
of respiratory, enteric, or skin ailments [24, 26, 27]. Navarro-
Martinez et al. [28] reported that TMP also inhibited Candida
albicans DHFR (caDHFR) by competing with 7,8-dihy-
drofolate although the value of inhibitory constant for C.
albicans enzyme is 7000-fold greater than E. coli enzyme.
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TMP is the gold standard of treatment of UTIs and
uncomplicated UTIs in women, which is caused mainly by
E. coli, but also by Proteus mirabilis, Klebsiella spp., other
Enterobacteriaceae spp. and Staphylococcus saprophyticus
(5% each) [29-31]. In addition, it is also active in vitro
against Enterococci spp., however, its role as a therapeutic
option for enterococcal infections is controversial [32].
Clinical reports also present TMP activity against certain
types of malaria caused by P. falciparum [33].

The combination of TMP with SMX, applied as cotri-
moxazole (STX) has proven synergistic activity against a
wide range of respiratory, intestinal, urinary tract pathogens
and as to be both inexpensive and effective treatment
against Pneumocystis carinii [34]. TMP alone has only
weak activity against the DHFR of P. carinii [35, 36].
TMP-SMX combination is used for the treatment of UTI,
although increasing resistance trends among uropathogens,
primarily E. coli, complicate the choice of antibiotics in the
outpatient management of UTI and among a large number
of microorganisms, including P. carinii [25, 37, 38]. Fur-
thermore, Stuck et al. [39] reported that resistance for
standard combination TMP-SMX in the treatment of UTI
cause choice of quinolones in 78,5% of cases. In turn, a
large number of studies have described the results of in vitro
antifungal activity of TMP-SMX combination against
clinical isolates, such as Aspergillus fumigatus, Crypto-
coccus neoformans [31]. Afeltra et al. [40] showed that
SMX is active in vitro against A. fumigatus and therefore
might help to prevent invasive aspergillosis in AIDS
patients receiving SXT prophylaxis. In successive studies
the same team of researchers evaluate the in vitro activities
of seven different sulfa compounds and pentamidine (PNT)
against Aspergillus isolates comprising six different species
in two different media. As reported, SMX, sulfadiazine, and
PNT were active in vitro however more studies with dif-
ferent media and animal models and clinical studies are
necessary to elucidate the potential of these drugs for the
treatment of Aspergillus infections [41]. In contrast, Hanafy
et al. [42] reported that SMX showed moderate activity
against both strains of A. fumigatus and C. neoformans var.
grubii (minimum inhibitory concentration (MIC) values
were 32-128 ugml™'). In this report, sulfaphenazole
showed the highest activity (MIC values for A. fumigatus
and C. neoformans var. grubii were respectively, 64 ug ml~!
and 4-8 ug ml~1). In other report, Ajayi et al. [43] presented
the successful treatment of group of children with orbital
histoplasmosis caused by Histoplasma capsulatum var.
duboisii (one unsuccessfully treated with amphotericin-B)
with a combination of TMP and sulphamethoxazole (Sep-
trin) and surgical drainage. Treatment was devoid of side
effects and all patients improved markedly during therapy
with resolution of the lesions, and with no recurrence of
infection in three patients. These findings suggested that

Septrin could be a safe alternative to amphotericin-B for the
treatment of African histoplasmosis [43]. As an ingredient
in cotrimoxazole, TMP is used extensively for the pro-
phylaxis and/or therapy of potentially life-threatening
opportunistic infections in patients with AIDS. What is
notable, a major drawback to the use of TMP—sulfa com-
binations in immunocompromised patients is the occurrence
of hypersensitivity reactions to the sulfa drug that can
be severe enough to require discontinuation of treatment,
when the side effects cannot be managed with steroids
[44, 45].

The main mechanisms of resistance to TMP includes the
production of additional plasmids-, transposons-, cassettes-
mediated drug-resistant DHFR [23, 46], impermeability
(Klebsiella pneumoniae, Serratia marcescens) [47, 48],
alternative metabolic pathways and overproduction of
resistant chromosomal DHFR enzyme [49-53].

Podnecky et al. [54] showed that the molecular
mechanisms governing TMP resistance to be due to BpeEF-
OprC efflux pump expression in Burkholderia pseudomallei
strains. It was noticed that in all of the Australian and Thai
isolates assessed, TMP resistance was attributed to expres-
sion of BpeEF- OprC efflux pump but not changes in the
DHEFR target, indicating that efflux is the predominant TMP
resistance mechanism in B. pseudomallei [54]. Naturally
insensitive DHFR enzymes are found among, for instance,
Bacteroides species, Clostridium species, Neisseria species,
and Moraxella catarrhalis [55].

Resistance to TMP is caused by modifications in the
target enzyme DHFR (dfr) encoded by dfr-genes. So far
30 dfr-genes usually associated with integrons are
described [56]. Integrons are integrated in transposons
predominantly located on plasmids and can insert, excise,
and express mobile gene cassettes, often antibiotic resis-
tance genes. This results in an efficient horizontal spread
of antibiotic resistance between bacteria [57, 58]. Over-
production of chromosomal DHFR caused by promoter
mutation has reportedly occurred in E. coli. A single
amino acid substitution in the dhfr gene and altered
chromosomally encoded DHFR has been considered
responsible for resistance to TMP [59]. It was determined
that a single point mutation in the DHFR enzymes, be it
transposon, plasmid, or chromosomally encoded is
responsible for the reduced susceptibility of Staphylococci
to TMP. The single amino acid substitution Phe to Tyr in
the Staphylococcus aureus strain B71 (F98Y) resulted in a
64-fold increase in the MIC of TMP for the strain [60].
This mutation resulted in the loss of a single hydrogen
bond between the 4-amino group of TMP and the enzyme.
The decrease in affinity was identified as the mechanism
of resistance at the protein level [61, 62]. In turn, resis-
tance of TMP among Streptococcus pneumoniae is
determined by mutations to the DHFR gene caused by six
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Fig. 2 Structures of selected
antifolates and TMP analogues
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amino acid changes (GIlu20-Asp, Pro70-Ser, Gin81-His,
Asp92-Ala, Ile100-Leu, and Leul35-Phe) [63]. In strains
of TMP-resistant Haemophilus influenzae, changes in
both promoter and coding regions of the dhfr genes have
been found [64]. In case of Gram-positive bacteria it has
been detected several horizontally transmissible dfr-
genes, e.g., dfrG have been identified in one of the emm1-
2.2 clinical isolates Streptococcus pyogenes [65, 66].
Moreover DHFR encoded by dfrA was found in S. aureus,
Staphylococcus epidermidis, Staphylococcus hominis, and
Staphylococcus haemolyticus [67-69]. Currently more
than 25 variants of dfrA gene resistance have been
reported [70, 71]. Tang et al. [72] found and reported in K.
pneumoniae, in a single putative multireplicon plasmid
pHS0091147, the coexistence of blaKPC-2 and dfrA2S,
which carried five resistance genes (blaKPC-2, blaCTA-
M-14, blaTEM-1, sull, and dfrA25). In turn, Bosse et al.
[73] reported on the presence of the mobilize plasmids
dfrAl4 in the Pasteurellaceae spp. In addition, widely
reported PCR assays confirmed, that mobilize plasmids
conferred TMP resistance in Actinobacillus pleur-
opneumoniae TMP-insensitive Staphylococci spp. and
Gram-negative bacteria [62]. The most frequent mechan-
isms responsible for acquired resistance to TMP alone or
with combination with SMX have been described [53].
The wide spectrum of TMP action used in monotherapy
and in combination with SMX confirms its great impor-
tance as an antibiotic. On the other hand, constantly
increasing resistance is a negative prognosis. This fact is
the reason for searching for new, more selective active
compounds, obtained by different structures modifica-
tions. TMP as a drug used for decades is an excellent
target, amplified by the broad-spectrum activity and
inhibiting of the key enzyme DHFR for prokaryotic and
eukaryotic organisms. Below we present various

SPRINGER NATURE

5 =
N QQO

XN
/R

S3-1. X= NH; R=1"-5'=H

9 o ;
NH (\N (0] N7 O\/\/O
N AR Y
N N e
z z HN" N Cl
N | IIZNJ\N OMe ™2 Me
J\\ Cl
NN

R9921
Compound B WR99210

Me
NJQN

(S
NH, o}
OMe

N X N

I !

N

HZNJ\N OMe S
OMe NH,

- R
Ro 64-5781 N7 | 1
N

H,NT N7 TRy R,

X=N R;

A.R'= OEt R’= OCH-[ 34'5-(OCH)Ph R’= H R*=H
B.R'=OPr" R’= OCH-[ 3'4'5-(OCH)Ph R*=H R*=H

modifications of nonclassical analogues, both first and
recent attempts to improve TMP activity.

Nonclassical antifolates and close TMP
analogues

One of the classifications of DHFR inhibitors, based on
chemical structures, includes classical and nonclassical
antifolates [74]. The classical inhibitors are folate analogues,
which have a heterocyclic ring bound to the aryl group and
glutamate tail. The literature provides a few examples of
these antifolates as MTX and pralatrexate (Fig. 1). On the
other hand, nonclassical antifolates, used as a means of
ensuring bacterial selectivity against mammalian cells, have
a lipophilic side chain and have been obtained in order to
overcome the resistance to classic antifolates [15]. These
compounds are more lipophilous than the classical antifolates
and enter cells by passive diffusion [75]. Figure 1 shows
selected examples of nonclassical inhibitors including TMP,
PYR, trimetrexate, and pyritrexim, PYR is the most widely
used DHFR inhibitor, closed analogue of TMP, which was
introduced to therapy over 60 years ago [16, 76]. This
nonclassical inhibitor presented high affinity to plasmodial
and human DHFR (ADHFR). It is still used (in combination
with sulfonamides or dapsone) to the treatment of malaria
and also in case of toxoplasmosis [77-79]. However, treat-
ment of PYR has been associated with a number of dose-
limiting toxicities e.g., myelosuppresion [76].

In order to search for new modifications, Welsch et al.
[80] examined the chemical structures of DHFR inhibitors
with well-documented activity and conserved binding fea-
tures using co-crystal structures of inhibitors containing
diamino-1,3,5-triazine or 2,4-diaminopirimidine rings. In
addition, diaphorase-coupled assay was used to determine
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the DHFR ICs, activity values [81]. A higher selectivity
was observed for Toxoplasma gondii (tgDHFR) meta-
bihenyl analog TRC-19 (Fig. 2) obtained by the introduc-
tion of a second acrylic ring. Enzymatic assay for 7gDHFR
indicated TRC-19 as a promising compound with an I5,
value of 9nM because it was 89-fold selective than PYR

Based on rational drugs design, Hopper et al. [82]
identified several high and potent arylpiperazine-based
tgDHFR inhibitors. Incorporation of electron donating 2-
methoxy group resulted in 2-methoxypyrimidine analog,
compound 3 (Fig. 2), which had 16-fold better selectivity
for #gDHFR and #gDHFR [I5p=1.6nM) compared
with PYR.

Cycloguanil (Fig. 1) is a 2,4-diaminotriazine antimalarial
drug which, like PYR, inhibits DHFR plasmodial and is an
active proguanil metabolite, approved for prophylaxis and
infectious treatment by P. falciparum or vivax [83]. Tonelli
et al. [84] obtained and investigated a series of 1-aryl-4,6-
diamino-1,2-dihydrotriazines analogues of cycloguanil as
new, promising inhibitors of influenza A and B virus.

Brodimoprim (Fig. 1) is a TMP analog originated in
Roche, which was used alone in case of respiratory tract
infections, but has been withdrawn from treatment [85].
This agent presented similar antibacterial, toxicological
properties to TMP and was out-licensed. It has a long
elimination half-life of 32-35h [85].

After the successful marketing of TMP as cotrimoxazole,
projects to find new inhibitors of DHFR useful as anti-
bacterial agents, were intensively pursued in Burroughs
Wellcome and Roche for years, but did not result in the
development of any new agent beyond phase I (except
brodimoprim) [86]. Understanding the known mechanism
of resistance to TMP led to the design of iclaprim (Ro
48-2622, AR-100), a new inhibitor with improved affinity
towards the S. aureus DHFR (Fig. 1) [87]. This novel 2,4-
diaminopyrimidine exhibits potent, rapid bactericidal
activity against major Gram-positive pathogens, including
methicillin-susceptible S. aureus, MRSA, and FO8Y TMP-
resistant strains. Iclaprim binds and inhibits bacterial DHFR
in a similar manner to TMP [60, 65]. Oefner et al. [88]
based enzyme binding and X-ray crystallographic studies
elucidated the binding mode of iclaprim. It was reported
that the increased hydrophobic interactions between icla-
prim and DHFR account for increased affinity and, unlike
TMP, enable iclaprim to inhibit even the resistant enzyme
with nanomolar affinity, thus overcoming the mechanism of
TMP resistance [88]. Moreover, this analog presented
activity in case of methicillin-resistant S. aureus (MRSA)
strains, penicillin-susceptible pneumococci, p-hemolytic
streptococci, enterococci, as well as Legionella, Listeria
and Chlamydia spp, but showed moderate activity against
some Enterobacteriaceae, H. influenzae, and M. catarrhalis

[89-93]. In addition, Ro 48-2622 (iclaprim) characterized a
good distribution in tissue. There was confirmed, that this
agent was safe, well tolerated, specifically, and selectively
inhibited bacterial DHFR in a similar manner to TMP.
However, in the case of Ro 48-2622, a lack of affinity to the
hDHFR enzyme was observed in more than five orders of
magnitude of higher concentrations [92, 93].

Phthalazine derivative Ro-64-5781 (Fig. 2) showed high
activity against TMP-resistant strains and Gram-positive
bacteria e.g., Staphylococci. Unfortunately, due to low
solubility and high protein binding amounting to 98.3%, it
was disqualified for further research [94].

Another class of agents, where 2,4-diamino-pyrimidines
were replaced by dihydrofthalazine or tetrahydroisoquino-
line molecules, also were synthesized. The most attractive
compound B (Fig. 2) was active against the DHFR from
TMP-resistant S. pneumonia [94].

Rashid et al. [95] synthesized variations of hydroxy tri-
methoprim by incorporating benzylidene moieties to a 4-
NH,; group of compounds 3-5 (Fig. 3). The analogues
3a-h, except 3¢, showed very poor antimicrobial activity. In
contrast, the potency of the benzyloxy derivatives 4a—e was
noticed. Biological evaluations provided that demethylation
of the methoxy group at 4-position resulted in comparable
activity to TMP. Activities of compound 4b, as well as
compounds Sc¢ and 5d against S. aureus and E. coli, were
excellent. However replacement of methoxy group by
chlorine or methyl (5S¢ and 5d) not improved significantly
activity against S. aureus. The structure-activity relationship
(SAR) also revealed that benzyloxy derivatives had excel-
lent in vitro antibacterial properties against S. aureus and E.
coli strains. Among the obtained new compounds 4a-d
exhibited the most significant activity [95].

In turn, Morgan et al. [96] revealed that the series of 2,4-
pyrimidines substituted at 4th position by a nucleus with
NH linker diminishes the antimalarial activity. As observed,
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the incorporation of cyclohexylamine instead of a sub-
stituted aniline results in a significant increase in activity.
Preliminary SAR suggests that associated potential hydro-
phobic interactions may require flexibility of the substrate.
Increased substitution of the cyclohexyl group also results
in an increase in activity [97]. The idea of increasing flex-
ibility in new inhibitors was taken from observation of a
novel molecule WR99210 (Fig. 2) and some of its elements
were incorporated in TMP core to make its congeners [98].
These molecules have sufficient flexibility to withstand this
steric repulsion to counteract the resistance, provided better
binding to the active site of bacterial DHFR compare with
phenyl pyrimidines. Such flexible antifolates may be
effective in PYR-resistant P. falciparum [96].

Tarnchompoo et al. [99] made efforts to design a series
of 14 novel 4-benzyloxy derivatives of benzyldiaminopyr-
imidine. The most active TMP analogues A and B (Fig. 2)
presented particularly antimalarial activities, strong in vitro
antibacterial activity and formed hydrogen bond interac-
tions with Asp27, Leu5, and Phe92 in the active site of
DHEFR enzyme.

Next new 15 molecules (Fig. 2) were obtained by Shaikh
et al. [100]. Series of compounds were tested in vitro
against P. falciparum (pfDHFR) specific inhibition, both
wild and tetramutant strains. The potency of these mole-
cules was evaluated by in vitro enzyme specific assay. It
was concluded, that derivatives with an alkyl substitution on
the phenyl ring (S1-10) were more potent against the wild
rather than mutant type strain. However the molecules with
-O- as the linker (S1-2, S1-3 and S1-4) had low activity
against both mutant and wild strains. On the other hand, the
introduction of NH as a linker led to potentiate activity on
the wild strain. Compound S3-1 without substitution on the
phenyl ring and linked through NH showed 40.3% inhibi-
tion against wild-type plasmodium strains [100].

First attempts to obtain TMP derivatives

The important achievements in the area of synthesis and
biological evaluations analogues of TMP were reported by
Roth et al. [101-111] in the series of publications. In the
first part of studies, Roth et al. [101] reported that the 4’-
hydroxy 1 analog of TMP was active against ecDHFR
in vitro as a pattern (Table 1), however, methyl moiety of
the 4’-methoxy substituent (analog 2) appears to contribute
slightly in increasing the binding to ecDHFR [101].
Removal of the 6-alkyl substituent had the rather remark-
able effect on considerably depressing in vitro antimalarial
activity and markedly increasing antibacterial activity. The
6-methyl substituent of the compound 2 did not increase
antimalarial activity, as evidenced the Plasmodium berghei
enzyme data [101]. A 6-hydroxy derivative 3 had no
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Table 1 Various modification of TMP structure

NH, NH,
N ' N /%/ 3'
ST T
H,N* N Z H,N N~ 6 o
A B
No. 2 3 4’ 5’ 6
1A H OCH; OH OCH; H
2A H OCH; OCH; OCH; CH;,
3A H OCH; OCH; OCH; OH
4B H OCH; OCH; OCH; H
5SB H OCH; OH OCH; H
6A H OCH; OCHCOOH OCH; H
7A H OCH; O(CH,)sCOOH OCH; H
8A H OCH; H OCH; H
9A H OCH; OCH;(CH,),Cl1 OCH; H
10A H OCH; OCH;CH=CH, OCH3; H
11A H OCH; CH OCH; H
12A H OCH3; C,H; OCH3; H
13A H OCH; OH OCH; H
14A H OCH3; CHo™ OCH3; H
15 A OCH; OCH; OCH; H H
16 A H OCH3; OCH; H H
17A H ¢-OCH,CH ¢-OCH,CH(CH;)O CHj; H
(CH3)0
18 A c¢-OCH ¢c-OCH H CH; H
(CH3) (CH3)CH,
CH,

19A H CH,CH; CH,CH; CH,CH; H
20A H CH,CHj; CH,CH; H H
21A H Pr_; OH Pr_; H
22A H OCH; OH C,H;s H
23A H C,Hs OH Pr; H
24A H Pr_, OH Pr_, H

appreciable antibacterial activity [101]. This compound is
not ionized at physiological pH (dissociation constant (pKa)
at 20 °C values ~3.5 and10.7), in contrast 4’-hydroxy 1,
which has a pKa of 7.1 [102].

Ruckman et al. [103] noticed that the 3-
deazatrimethoprim analog 4 (/5o =140 uM; pKa=9.03 +
0.02) (Table 1) was about 300-fold less active as an inhi-
bitor of ecDHFR than TMP (pKa =7.1) [102], however 4'-
demethyl analog 5 (Iso = 37 uM) was about four times more
active than 4. It was reported that the considerable loss of
activity was affected by replacement of the N-3 atom of
TMP by carbon, but is not related to the increased basicity
of analog 4. The derivative 5 appeared more active than 4,
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but it was about one-half less active as TMP [92]. Later
studies of TMP analogues included incorporating the para
substituent in the benzene ring (Table 1). All of these
compounds were identified as very potent in vitro inhibitors
of ecDHFR and the compounds all have I5y,.pgrr Vvalues
between 0.5 and 2.0 uM. Allyloxy derivative 9 (I50.c.pHrR =
0.52 uM) and y-chloropropoxy 10 (Isp..purr = 0.5 uM) had
activities fairly close to that of TMP (I50..purr = 0.5-0.7
pM). Compound 6 (Isp..pyrr = 37.0 uM) with an anionic
carboxyl functionality, indicated significantly lower activity
because of hydrophobic bonding between inhibitor and
protein, and also interfered by hydration sheath surrounding
the ionized center. The carboxymethyl derivative 7
(Isoecourr = 6.2 uUM) did not cause these disturbances
because the charge center was far enough away from the
ring. The diversity in side chains resulted in similar activity
as TMP [104]. Kompis et al. [105] provided additional
supporting data for these conclusions. Their 4’-carboxy and
4’-(aminomethyl) derivatives, for example, both of which
have their charged centers within two atoms of the benzene
ring, were found to be considerably less active than com-
pound 7. Significantly, the differences in activity were
apparently related rather to the size of the substituent than to
the polarity or lipophilicity [105]. Derivative 8 (I50..pHrr =
5.6 uM) is significantly less active than the others (one-tenth
that of TMP) [104].

Compound 9 appeared to be the most attractive and
also very active as an inhibitor of ecDHFR. Furthermore,
compounds 9 and 10 were selected for in vivo anti-
bacterial studies in mice and pharmacokinetic investiga-
tions in dogs. This report proved that TMP and two
selected analogues were rapidly absorbed but extensively
metabolized (10% of the dose excreted in the urine as the
intact drug in 24 h). In addition, TMP had longer plasma
t;» than any of the analogues and also greatest bioavail-
ability. It was suggested that 4’ether chain of TMP with
three types of substitutions has apparently created greater
opportunity for metabolism, causing more rapid elimina-
tion and decreased bioavailability. Compounds 9 and 10
could be interesting for human and veterinary medicines
because of their antibacterial activity and physicochemical
properties [104]. It was reported that the aliphatic ether
derivatives had less activity against rat liver DHFR
(rIDHFR) than compounds lacking the ether chain (8, 11,
13; I50,,purr = 9000; 12000; 9200 uM respectively). This
effect was caused by the out of plane a-carbon, which
interfered with binding to the mammalian DHFR, in
contrast to bacterial enzyme [104]. Compound 12
(Isorpurr = 12000 uM) involving the 4’-ethyl group pro-
vided evidence for the same trend. However, it will be
noted that structure 14 (I5ppyrr = 58000 uM), which
contained the more lipophilic substituent was in vitro
active against the Gram-positive organisms [104].

In the successive report, Stuart et al. [106] presented an
evaluation of the various methoxy substitution effects
(Table 1). The 2,3,4-trimethoxy analog of TMP (15) was
compared with compounds: 16 bearing the 3,4-dimethoxy
groups and ortho-substituted isomeric dihydrobenzofuran
derivatives 17 and 18. It was reported that compound 15
(values of 50% inhibn,.pyrr =92; 50% inhibn,pypr =
5800) was 6-fold more in vitro active than TMP (values of
50% inhibnecDHFR = 07, DHFR50% inhibnrlDHFR = 34000)
against the rat liver enzyme but considerably less active
than analog 16 (values of 50% inhibn,.pyrr = 0.6; 50%
inhibn,;pyrr = 8600) against ecDHFR. It was also found,
that the lack of a 5- or 3-substituent of 16 would be the
cause of low activity against ecDHFR [106]. In another
report, Roth et al. [107] analyzed terms of inhibitory
in vitro activities against four DHFR isoenzymes: ecDHFR,
Neisseria gonorrhoeae (ngDHFR), P. berghei (pbDHFR),
and r[IDHFR. Derivatives with n-propyl or isopropyl sub-
stitutes at the 3- and 5-positions were more active than
TMP against ngDHFR. It was found, that TMP derivatives
selectivity were lower than the standard compound. These
studies revealed, that the activities against /DHFR were at
least 2 orders of magnitude less than against enzymes from
bacterial strains. In turn, the profiles of activity were dif-
ferent for ecDHFR but remarkably similar for r/[DHFR,
ngDHFR, and pbDHFR in all three series. In addition the
selectivity for this enzyme was dependent on the nature of
the 4-substituent, high polar in case 4-amino analogues and
low for 4-hydroxy compounds, possibly as a result of
solvation differences [107]. With complex substituents, the
environment of each atom in the active site must be taken
into account to adequately explain SARs e.g., methylene
moiety will be largely in contact with solvent, but the
solvated hydroxyl function, particularly if in the 5- (down)
position, will require desolvation to interact favorably with
the hydrophobic side chains of the enzyme, which costs
energy [107].

In addition, 3,4,5-triethyl analog 19 (Isp..parr = 0.3 UM;
Isorprrr = 3000 pM;  Ispuepurr =22 UM IsgpepuFR =
0.75 uM) (Table 1) and TMP (I5pccpurr = 0.7 uM; IsopHFR
= 3700 uM; Ispueparr =45 UM Isppeprrr = 12 WM)  char-
acterized very close activity in case ecDHFR. It was sug-
gested that the shape of these substituents is the most
important feature. The selectivity study found that TMP was
tenfold more active inhibitor to ecDHFR than 3,4-dime-
thOXy analog 16 (ISOECDHFR =170 MM, ISOrIDHFR =7100 MM,
ISOngDHFR =52.6 },IM, ISOpgDHFR = nd) In contrast, TMP
was 3—4 times more active on the vertebrate isozyme than
derivative with 3,4-diethyl group 20 (I5pecpurr = 2.0 UM;
Isorparr = 5200 uM; I50,pHFR = 35.6 UM; I50,epHFR = 3.6)
[107]. Roth et al. [108] suggested, that a comparison
between the binding properties of TMP and its triethyl
analog, as well as the disubstituted congeners, made clear
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Fig. 4 Structures of selected
TMP analogues containing N
quinoline ring
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the fact, that the methoxy groups of TMP were partially
responsible for its selectivity for bacterial, as opposed to
vertebrate DHFR.

In the next report, Roth et al. [109] made efforts to obtain
lipophilic TMP derivatives with 3,5-dialkyl-4-hydroxyl
substituents in the benzene ring. Biological studies revealed,
that the synthesized derivatives showed a higher level of
in vitro activity in relation to N. gonorrhoeae than the
standard. The 3,5-diisopropyl-4-hydroxy analog 21
(Isongpurr = 2.9 uM; MIC =9.2 ug ml~!) (Table 1) was
chosen as a strong candidate for an antigonoccocal agent. In
vitro antibacterial activity against ten selected organisms in
relation to TMP (I50,opHrr = 45 uM; MIC = 240 pg ml™!)
data showed, that the tested compounds in serial dilutions
were carried out at levels of 0.1, 0.3, 1, 3, etc., and differ-
ences of +1 dilution were significantly less active than
TMP, particularly against Gram-negative organisms. How-
ever, it was shown that the most promising compounds
among this group against ecDHFR were derivatives 23 and
24 [109]. TMP in combination with sulfonamide has been
found effective in the treatment of gonorrhea, but relatively
high doses were required. The compound 21 presented 25-
fold greater antigonococcal activity compared with TMP. It
was suggested also that compound 21 might serve as a
therapeutic agent for gonorrhoea, without sulfa synergy
combination. These experiences proved, that conjugation
with enzyme might well occur with the straight, not bran-
ched chain of 3,5-dialkyl-4-hydroxybenzyl derivatives. The
phenolic derivatives, which presented lower selectivity to
bacterial DHFR were prime targets for the study because of
their considerably greater activity than their 4-methoxy
counterparts [109]. Further extended pharmacokinetic and
metabolic evaluations in dogs indicated, that compound 21
was not extensively conjugated by metabolic enzymes, and
one of the methyl groups was metabolized and 3-isopropyl-
4-hydroxy-5-(carboxyethyl)benzyl derivative was excreted.
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Based on these results compound 21 was disqualified to
further development [109].

A wide range of studies by Roth et al. indicates the
searching of new TMP derivatives based on the study of
activity-structure relationship. It was confirmed that
the character of the substituent and the position of sub-
stitution in the aromatic ring is important for selectivity
and potential activity, mainly against Gram-negative
bacteria. As presented, some modifications indicated
an increase in affinity of analogues to the enzyme DHFR
of vertebrates.

TMP analogues containing quinoline ring

Further research focused on the design and synthesis of
quinoline ring analogues [110]. Derivatives 25-32 (Fig. 4)
with 4-methyl-8-methoxy substitution demonstrated excel-
lent in vitro inhibiting properties of bacterial DHFR. It was
observed that 8-ethyl derivative 26 showed in vitro the best
inhibitory properties expressed as I5y values (I50.cpHrr =
0.24; Isonpurr = 4400; I50,,purr = 90) and also about 3-6
fold greater than 25 (ISOecDHFR:O~68; ISOrlDHFRZZSOOO;
ISOngDHFR = 89) against the ECDHFR, rlDHFR, and N.
gonorrhoeae (ngDHFR) enzymes [110]. In vitro anti-
bacterial activities of compounds 25 and 26, expressed as a
ratio when compared with TMP activity. Serial dilutions of
1-3-10-30...etc. were carried out, and the MICs were
divided by that of TMP. These compounds were more
active against the Gram-positive organisms (S. aureus and
Streptococcus faecalis) than TMP, where (MICcompound/
MICryp ratio for 25 and 26 were 1;03 and 0,03;0,03). The
compounds 31 and 32, the 4-methyl-8-methoxy and 2,4-
dimethyl-8-methoxy analogues, have the same activity as
standard in case S. aureus and MICcompound/MICryp Tatio
were equal 1 [110].
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In addition, the high activity against Proteus species e.g.,
Proteus vulgaris and P. mirabilis is to be noted in parti-
cular. The 4-methyl derivative 30 (MICcompound/MICTMp
ratio in case P. vulgaris and P. mirabilis were equal 1) and
its 8-methoxy-congener 28 (MICcompound/MICryp ratio in
case P. vulgaris and P. mirabilis were equal 3) also had
similar activity [110]. Furthermore, the unsubstituted com-
pound 27 also presented excellent properties in activity
(MICcompound/MICryvip ratio in case P. vulgaris and P.
mirabilis were equal 10 and 3 respectively) [110]. Based on
stereo view of TMP in ternary complex with active site of E.
coli DHFR and NADPH, Ruckman et al. [110] suggested
that avoidance of bulky side chains (for example, 29), as
well as simplicity of aromatic substitution, aid to effective
penetration through the bacterial cell wall. Moreover, it was
observed, that the specificity for bacterial DHFR was con-
siderably increased in the tetrahydroquinoline series com-
pared with its aromatic analogues [110]. These conclusions
were observed in previous report of Painter’s team, where
was attempting to adjust log P values of side chains to aid
passage into cells, shapes, and bulk are considered as well
[111]. Davis et al. [112] designed compounds 33-36
(Fig. 4) with basic or methoxy substituents at the 2- or 4-
positions of the quinoline ring, expecting the highest level
of antibacterial selectivity. It was found that all of the 6-
quinolyl-1-methyl derivatives exhibited highly in vitro
inhibitory properties against ecDHFR, caused by the pre-
sence of a 1-substituent, as in the quinoline ring of com-
pound 33  (Ispeepyrr =0.75uM). This investigation
revealed, that the most interesting compounds were 34 and
35 (Isoeepmrr = 0.75 and 0.77 uM respectively), where both
of them had basic substitutes at the 2-position of the qui-
noline ring [112]. Activity of these compounds was also
highly specific against bacterial DHFR, compare with a
vertebrate counterpart. Protonation on the nitrogen N-1 of
the quinoline ring is a possible cause of this specificity.
Appropriately, substitution at the 4- and 8-position in the
quinoline ring could be compared with the 3- and 5-
substituents of benzylpyrimidines, which probably occupy
similar positions in space when bound to DHFR [112].
Compound 36 showed excellent in vitro inhibitory proper-
ties (Ispecpgrr = 0.3 UM) but presented poor selectivity
towards ecDHFR. On the other side, it was noticed, that the
diethylamino analog was neither very active nor very
selective. Very likely, the decreased activity against bac-
terial DHFR was due to the bulk of the diethylamino
moiety [112].

The further report suggested that the gem-dimethyl
substituents of the dihydroquinoline derivatives were
responsible for contributing to potent bacterial DHFR
inhibition, as well as the high selectivity. Johnson et al.
[113] obtained twelve 2,4-diamino-5-[(1,2-dihydro-6-qui-
nolyl)methyl]pyrimidines containing gem-dimethyl or

fluoroethyl substituents at the 2-position of the dihy-
droquinoline ring. Quantitation of affinity differences for
some of the more active ecDHFR inhibitors (I59< 0.2 uM)
was made on the basis of apparent K; determination [113].
Compound 37 (I50< 0.2 uM) has a 13-fold greater affinity
than TMP. The most important derivatives of this group, 37
and 38 (Fig. 4) showed better properties than TMP in
relation to Gram-positive organisms as showed relative
in vitro antibacterial activities [113]. Moreover, values of
MICcompound/MICryip for compound 37 in case S. pyogenes
and S. aureus were 0.03 and 0.001, respectively. In addi-
tion, derivative 37 (app Kig ¢ = 0.10 nM) presented highly
active antibacterial profile and one order of magnitude
higher selectivity for the ecDHFR compared with the con-
trol. The compound 38 (e.g. Isorco =0.9 uM) showed
activity in vitro against Gram-negative organisms but less
than TMP [113]. Further studies presented a synthesis of a
novel series of 3,4-dimetoxy-5-alkenyl derivatives of TMP.
The 3,4-dimethoxy-alkenyl, 5-alkyl and 5-alkoxy analogues
presented high broad-spectrum antibacterial activity, how-
ever, the pharmacokinetic studies of four selected com-
pounds in dogs and rats and in vivo abdominal sepsis model
in rats showed no advantages over TMP [114].

Compared with 1,2,3,4-tetrahydroquinoline analog 39
(Fig. 4), the addition of 1-methyl substituent, as in the case
of the derivative 40, resulted in an increase in selectivity
and, at the same time, the effect of weakening the binding
effect with the enzyme [115]. On the basis of in vitro
screening of antibacterial activity, it has been confirmed,
that high affinity of some compounds to ecDHFR does not
translate into adequate inhibitory activity, it was concluded
that compound 40 was too similar to TMP to provide any
significant advantage as a broad-spectrum antibacterial;
furthermore, its activity against E. coli in vitro was not
compelling [114]. On the basis of the efficacy study and
in vivo tests, it was concluded that this series of compounds
had no potential for further research in the search of various
bacterial DHFR inhibitors [115].

TMP analogues as active agents against
toxoplasmosis, Mycobacterium avium and
pneumocystis

Infections caused by opportunistic pathogens are a major
problem in the clinical treatment of patients with AIDS and
other types of immunodeficiency syndromes. 7. gondii (tg),
P. carinii (pc), Mycobacterium avium (ma) belong to a
group of the known organisms, that may cause significant
morbidity and mortality in patients within the above-
mentioned disorders [116]. Both TMP, and TMP-SMX are
used in treatment and prophylaxis infection causes of
Preumocistis jirovecii [117]. However presence mutations
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of the TMP/SMX resistant have been documented [118—
120]. Also with Mycobacterium tuberculosis, especially
multiresistant strains, public health risks are emerging in
many countries and new drugs are urgently needed [94]. In
fact, no DHFR inhibitors are currently used for tuberculosis
treatment. One of used drug, Epiroprim (Ro 11-8958)
(Fig. 5) has recently been evaluated against various M.
tuberculosis and found to exhibit weak activity [121]. In
turn, Queener et al. [122], as well as Then et al. [123], based
on potency and selectivity tests toward purified recombinant
pcDHFR, have suggested, that Ro 11-8958 was the stron-
gest inhibitor among the series of their TMP analogues.
Some of the new inhibitors, synthesized as potential anti-
pneumocystis or antitoxoplasma agents by Roskowsky et al.
[124, 125], potently in vitro inhibited the maDHFR.
Moreover, encouraging results, with respect to both potency
and selectivity, were obtained for 27,5°-disubstituted ben-
zylpyrimidines. Some of these examples are presented
below.

Rosowsky’s analogues: 2,4-diamino-5-[2-methoxy-5-
alkoxybenzyl]pyrimidines (4la—e) and 2,4-diamino-5-[2-
methoxy-5-(0-carboxyalkyloxy)benzyl]pyrimidines (41f-k)
(Fig. 5), with the general structure as 41, were synthesized
and evaluated for the ability to inhibit partially purified
enzymes: pc-, tg-, ma-, and rIDHFR [124, 125]. Eleven new
derivatives, in which the 2,4-diaminopyrimidine group of
TMP was retained, were investigated. The pattern of sub-
stitution in the benzyl moiety was modified on the pattern of
TMP (i.e., 3',4’,5'trimethoxy) or PTX (i.e., 2',5'-dime-
thoxy). Compound 41g, 2,4-diamino-5-[(2-methoxy-4-car-
boxy-butyloxy)benzyl]pyrimidine, inhibited the pcDHFR
enzyme (ICsy of 0.049 uM) 140 times stronger than TMP
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(ICsp of 12 uM) and approximation to PTX (ICsy of 0.031
uM). In addition, its SI (defined as the ratio ICsq(rat liver)/
ICso(P. carinii)), was >104-fold higher than PTX and
eightfold higher than TMP [125]. Moreover, analog 41c
was the most potent of the alkyl derivatives against pc-, tg-,
and rIDHFR, where Slpc =1.9; Sltg =2.1; SIma =12. In
contrast values for TMP Slpc = 11; Sltg = 44; SIma = 680.
It was observed an increase in potency of molecules
towards pc-, tg-, and maDHFR dependent from the length
of the 5’-O-alkyl group, where the number n =4-6. The
activity of the 5'-O-(w-carboxyalkyl) derivatives decreased,
where the length of the group was greater than n=4
[124, 125].

In earlier report Kuyper et al. [126] presented one of the
first examples of rational structure-based design of DHFR
inhibitors. The synthesis of new DHFR inhibitors combin-
ing the high selectivity of TMP and the high potency of
piritrexim.  Series of novel 2.4-diamino-6-(2',5'-dis-
ubstitutedbenzyl)-pyrido[2,3-d]-pyrimidines with O-(w-car-
boxyalkyl) or w-carboxy-1-alkynyl groups on the benzyl
moiety and three N-(2,4-diaminopteridin-6-yl)methyl)-2'-
(w-carboxy-1-alkynyl)-dibenz-[b,f]-azepines =~ were also
synthesized [126]. The highest affinity for ecDHFR was
observed with the O-(5- carboxypentyl) analog 42 (Fig. 5).
Inhibition assays against ecDHFR revealed a progressive
decrease in the Ki values from 2.6 to 0.035nM as the
number of CH, groups was increased from 1 to 3, followed
by stabilization of the Ki in the 0.025-0.066 nM range as
this number was increased from 3 to 6 [126, 127].

Forsch et al. [128] synthesized and tested the 2,4-dia-
mino-5-[3,4-dimethoxy-5-(5-carboxy-1-pentynyl)benzyl-
pyrimidine 43 and 2.4-diamino-5-[3,4-dimethoxy-5-(4-
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carboxy-phenylethynyl)benzylpyrimidine 44 (Fig. 5), in
which the 3’,4’,5'-trisubstituted pattern of TMP was
retained. These analogues contained a COOH group linked
to the benzyl ring via a spacer. The SI for each compound
was calculated by dividing its 50% inhibitory concentration
(IC50) against rat DHFR by its IC50 against pc, tg, or
maDHFR Analogues 45 (SIma = 69) [5-(5-carboxy-1-pen-
tynyl) moiety] and 46 (SIma = 150) [5-(4-carboxy-pheny-
lethynyl) moiety] (Fig. 5) were the most interesting. It
was reported, that both such substitution and 3,4,5-trisub-
stituted benzyl ring were more conducive to binding and
selectivity of maDHFR. Compounds 43 (Slpc=6.3;
SIma = 24) and 44 (SIpc = 73; SIma = 210) presented the
highest species selectivity for pcDHFR and maDHFR,
respectively [128].

Roskowsky et al. [129] based on the previous report
[126], obtained seven new 2,4-diamino-5-[2'-methoxy-5'-
(substituted benzyl)]pyrimidines. Group of compounds with
a carboxyphenyl or carboxyphenoxy group in the side chain
were tested for in vitro ability to inhibit pc, tg, and
maDHFR and their potencies (ICso values) and selectivities
(ST values as ICsq(rat liver DHFR)/ICso(P. avium, T. gondii,
or M. avium DHFR)). Biological evaluations disclosed, that
the 5’-(3-carboxyphenyl)ethynyl analog 47 (ICsp,c = 23;
ICspg = 5.5; Sl =28; SI;=120uM) (Fig. 5) was 520
times stronger against pcDHFR and 510 times less active
against tgDHFR compared with TMP (ICsq, = 1200;
ICs¢,, = 2800; Sl = 14; SI, = 65 uM) [126, 129].

Compound 48, 2,4-diamino-[2’-methoxy-5'-(4-carboxy-
phenyl)ethynylbenzyl]pyrimidine, (ICsgy,= 3.7 uM; Sl
=2200) (Fig. 5) was the most selective inhibitor of
maDHFR and displayed 2200-fold more selectivity than
TMP  (ICs0, = 180000 uM;  SI,, =610). Analog 47
(ICspma = 1.5 uM; SI,,,, =430) was slightly more potent
than 48 against the maDHFR but was less selective. It was
noticed, that the compounds with bulkier 5’'-substituents
containing an extra phenyl ring presented less efficient cell
penetration, which provided lower activity toward
maDHFR [126, 129].

Compounds bearing adamantane subunit

The analogues with the adamantane ring constituted another
group of TMP derivatives. Such type of compounds might
characterize higher blood-brain barrier penetration, accu-
mulation in lipids, and also better taken up by cells. On the
other hand the most important clinically use of these
structures e.g. l-aminoadamantane is antiviral treatment
[130]. Orzeszko et al. [131, 132] reported in their previous
investigation, that combination pyrimidine ring with the
adamant moiety provides compounds of potent anti-
microbial properties.

NH, NH, NH,
Ad SN Ad SN Ad SN
| | |
N, N E/&S

49 50 51
Ad (5-adamantyl subunit)

Fig. 6 Structures of compounds 49-51

It was found, that (adamant-1-yl)-pyrimidines 49-51
(Fig. 6) presented significant antimicrobial activity (MIC
were about 50 ug ml~') against Bacillus stearothermophilus
and S. aureus [131, 132]. The synthesis of these new
compounds was already described [133—135]. The further
investigation confirmed, that the novel 5-adamantan-1-
ylmethyl-pyrimidines poses antibacterial and antifungal
properties, however only 5-adamantan-1-ylmethyl-pir-
ymidine-2,4-diamine 49 inhibited the growth B. stear-
othermophilus, Bacillus subtilis, and Enterococcus faecalis.
Moreover, the combination of this derivative with SMX led
to an increase in effective inhibition e.g., E. coli ATTCC
295922 [136].

New generation of propargyl-linked
inhibitors (PLA)—overview of achievements

Pelphrey et al. [137] designed and synthesized analogues
52a-52i (Fig. 7) with a propargyl-based linker between a
substituted 2,4-diaminopyrimidine and a trimethoxyphenyl
ring. It was found, that the propargyl linker increases the
distance between the pyrimidine and acrylic rings, which
allows for optimal match of the arylic ring in the hydro-
phobic pocket of the enzyme [137].

Liu et al. [138] inspired by previous methodology (Pel-
phrey et al. [137]), identified two compounds with methyl
groups at the meta (53) and para (54) (Fig. 7) positions on
the second ring. Significantly, these compounds were
extremely in vitro potent and also exhibited very strong
selectivity for the DHFR from Candida glabrata (cgDHFR)
ICsopHFReg = 0.55 and 0.6nM and enzyme selectivity
DHFR,., = 1364 and 2350 respectively for analog 53 and
54 [138].

In next report, Liu et al. [139] described the incorpora-
tion of biphenyl moieties in the hydrophobic domain, what
led to obtaining another series of compounds, which
showed over 2300-fold more selectivity and very high
potency against cgDHFR. In addition, they had significant
MIC values (1.5pgml™') compared with standard anti-
fungal agents [139].

Kuper et al. [140] validated hypothesis, that 5'-(w-car-
boxyalkyloxy) moieties would improve selectivity to
pathogenic DHFR by enhanced ionic interactions with the
positively charged residues of enzyme’s active site. Based
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on these conclusions, Cody et al. [141] designed and syn-
thesized 2,4-diamino-5-[3,4-di-methoxy-5'(5-carboxy-1-
pentynyl)]-benzylpyrimidine (PY1011) and 2,4-diamino-5
[2-methoxy-5-(4-carboxy-butyloxy)-benzyl]-pyrimidine
(PY957) (Fig. 7). DHFR enzyme inhibition (ICsp) and SI
(rl/pc) relative to rat liver DHFR (1) data revealed that
PY1011(ICsopc = 1.0nM; rl/pc =5000) was 5000-fold
more selective towards pcDHFR over rat liver DHFR
[141]. In addition, compound PY957(ICs5opc = 0.049 nM;
rl/pc = 80) has 80-fold selectivity for pcDHFR in compar-
ison to TMP(ICsopc = 13000 nM; rl/pc = 14). Probably 5’-
(w-carboxyalkyloxy) side chain of these compounds forms
ionic interactions with Arg in the substrate binding pocket
of DHFR [141].

Birdsall et al. [142] and Morgan et al. [143] obtained a
series of related to TMP analogues with a 4’-Br substituent
(brodimoprim), that had 5’-O substitutes. These studies
revealed, that the 4,6-dicarboxylate analog showed a 1000-
fold tighter binding to Lactobacillus casei DHFR (IcDHFR)
than brodimoprim [142, 143].

Lombardo et al. [144] evaluated the antibacterial activity
of the series of 16 propargyl-linked antifolates (PLAs),
including TMP. It was reported, that ten compounds
showed the antibacterial activity against K. pneumoniae.
The most potent activity presented derivatives 55-60
(Fig. 7) and 61-64 (Fig. 8) with MIC values at <I pgml ™.
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Importantly, compounds 59 (ICspec =0.033 £0.002 uM)
and 60 (ICspec = 0.183 +0.045 uM) showed activity against
E. coli [144]. Specifically of interest to this study here, a
prevalent gene (dfrAl) coding for an insensitive DHFR
confers 190- or 1000-fold resistance to TMP for K. pneu-
moniae and E. coli, respectively [144]. The SARs and
crystal structures will be critical in driving the design of
broadly active inhibitors against wild-type and resistant
DHFR. These studies confirmed, that two potent PLAs: 65
and 66 were active against wild-type resistant DHFR from
Enterobacteriaceae and dfrAl protein. A number of posi-
tive interactions that are unique to the PLAs explain much
of the potency observed against the dfrAl enzyme relative
to TMP [144]. Although the substitution of Gin28 is det-
rimental to TMP binding, the carboxamide forms a hydro-
gen bond with the pyridyl nitrogen of both compounds 65
and 66 [144].

Beierlein et al. [145] synthesized a group of 2',5'-
dimethoxyphenylpyrimidine analogues of TMP 65-68
(Fig. 8). It was shown, that these compounds proved
excellent potency and selectivity against Bacillus anthracis
(baDHFR). The best compound 67 in this series makes
several key interactions with the active site of baDHFR e.g.,
additional hydrogen bond with the backbone carbonyl of
Val7, the carbonyl oxygen of Met6 forms a hydrogen bond
with the 4-amino group [145]. In addition, there are several
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van der Waals interactions involving the pyrimidine ring
and Ala8, Val32, Met6, and Val7. The ethyl group at the C6
position makes favorable lipophilic contacts with Leu2l.
The analog 67, presenting an 88-fold increase in potency
against baDHFR(ICspha =0.89 uM) relative to TMP
(ICs0ba =71 nM) [145]. In addition selectivity ratio (h/ba)
were 1.4 and 1.7, respectively. Improvements in potency
and selectivity, while maintaining good drug like properties,
should lead to a corresponding increase in antibacterial
activity [145].

Hajian et al. [146] reported the activity of series of PLA
against the M. tuberculosis. Several of the evaluated PLA
potently inhibited the growth of M. tuberculosis with MIC
values less than 1 pgml~'. In addition, this study revealed,
that the PLA-COOH compounds maintain their high level
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of activity against MDR and extensively drug resistant
strains [146].

S. aureus belongs to a group of pathogen considered as a
major cause of hospital-acquired infections, most frequently
associated with the bloodstream, skin and soft tissue,
ventilator-assisted pneumonia and catheters. Nowadays, the
increasing frequency of infections caused by MRSA is a
major therapeutic problem [147]. The occurrence of a
common FI98Y mutation shared by resistant S. aureus
mutants and plasmid-encoded DHFRs provided rationale
that new antifolates that are effective against this mutant
could expand coverage for these resistant enzymes [148].
Therefore optimizing the PLAs to overcome the central
F98Y resistance mechanism would lead to robust inhibitors
capable of targeting multiple enzymes that possess this
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Fig. 9 Structures of propargyl-
linked inhibitors—C

UCP1021 N

Z (k)

substitution [149]. Several research groups have focused on
the development of next generation PLAs that maintain
activity against many of the important pathogenic bacterial
DHFR enzymes while expanding coverage to include both
mutant and naturally TMP-insensitive DHFR enzymes that
give rise to TMP resistance within S. aureus and other
Gram-positive strains. Bellow, we presented several sig-
nificant studies in this field.

Frey et al. [150] have developed a novel series of DHFR
inhibitors based on TMP scaffold, which included an
extended linker between substituted phenyl rings and 2,4-
diaminopyrimidine. The main goal of incorporation of the
propargyl linker was increasing hydrophobic interactions
with DHFR. Compounds 69-73 and 74-76 (Fig. 8) were
potent both against the wild-type and mutant S. aureus
enzymes and inhibit the wild-type enzyme with ICs, values
in the nanomolar range and lose only two- to fourfold
potency when evaluated with the TMP-resistant FI8Y
enzyme [150]. Moreover, it was observed, that an alternate
conformation of the cofactor NADPH determined the
reduction of the hydrophobic contacts between the residues
in the active site of DHFR and the inhibitors. This was
probably the cause why background resistance mutation
F98Y was observed for these ligands [150]. Other studies
for the novel class of PLA as DHFR inhibitors were con-
ducted for both Gram-positive and Gram-negative bacteria.
These studies have shown that PLA acted similarly to TMP
passively diffused through membranes, strongly inhibited
DHFR enzyme and often inhibited the growth of pathogenic
cells with submicromole MIC values. The compounds
similar to UCP1021 (Fig. 9) had high MIC values against K.
pneumoniae and also Gram-positive pathogens like MRSA
and S. pyogenes [150].
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Viswanathan et al. [151] obtained three new biphenyl
derivatives 77-79 and series of pyridyl inhibitors 80-84, as
well as compounds containing alternative heterocycles
functionalities 85-87 (Fig. 8). The second series of novel
PLA containing a pyridyl substituent delivered a group of
compounds with activity against both MRSA and S. pyo-
genes, at MIC values below 0.1 g ml~!, with minimal
cytotoxicity against mammalian cells [151]. Significantly,
the incorporation of the additional basic heterocyclic ring
not only improved the solubility of the compounds but also
dramatically lowered cytotoxicity to mammalian [151, 152].

Scocchera et al. [153] developed a new eight relative to
earlier PLA hybrid antifolates with high enzyme affinity and
increased antibacterial activity against MRSA and E. coli.
In addition, these studies revealed, that a carboxylate moiety
can be incorporated into the PLA without compromising the
ability to gain access to the target enzyme—DHFR. Scoc-
chera’s team, based on high-resolution crystal structures of
the compounds 88 and 89 (Fig. 8) conjugates with S. aureus
DHFR, reported, that their affinity in the active site was
enhanced by water-mediated contacts between the carbox-
ylate and Arg57 [153].

In another report, Reeve et al. [154] reported the first
identification of two plasmid-borne genes found in clinical S.
aureus isolates from United States hospitals, as well as
identify the molecular mechanisms of resistance to several
common antibiotics. The clinical impact of these genes, dfrG
and dfrK, is significant as the resulting proteins confer high
levels of TMP resistance and render this commonly used
antibiotic useless. A series of charged propargyl-linked anti-
folates are presented that directly target the acquired resistance
elements and potently inhibit the resistant enzymes and bac-
teria. Several of PLA (UCP1039, UCP1164, UCP1172,
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UCP1173, and UCP1175) presented highly potent activity
against TMP-resistant strains [154]. Furthermore, it was
noticed, that compounds, which contained a pyridyl C-ring
UCP1039 and series possessing an ionized carboxylic acid on
the distal C-ring (UCP1164, UCP1172, UCP1173, and
UCP1175) showed the most potent activity. Overall, the
PLAs were most potent against strains carrying dfrG and dfrK
with MIC values as low as 0.1563 mg ml~!, twofold lower
than the MIC for TMP against wild-type S. aureus [154].
Compound UCP1173 showed the most potent activity against
strains possessing dfrA with MIC values of 1.25 and 2.5 mg
ml~!. Interestingly, compound UCP1172 is the antipodal
point of UCP1173 but does not significantly inhibit dfrA-
possessing strains [154].

In successive report, Reeve et al. [155] have designed,
synthesized, and evaluated a series of another 12 PLAs. These
compounds were generally much more potent than TMP
against TMP resistant DHFR from S. aureus. Analysis of
several resistant clinical isolates shows that the mutation
FO8Y is highly prevalent, especially in combination with
secondary mutations, H149R or H30N [156]. Importantly, the
presence of a carboxylate moiety (91-94) (Fig. 9) exhibited
good potency (Ki values less than 16 nM)against the difficult
double mutant enzymes e single mutant enzymes F98Y/
H30N. The analogue 90 bound to NADPH and S. aureus
mutations, as well as suDHFR (F98Y), saDHFR (H30N), and
saDHFR (F98Y/H30N) show that the mutations specifically
diminish the binding of the 2- and 4-amino groups on the
pyrimidine ring [155]. The carboxylate moiety forms water-
mediated hydrogen bonds with an active site arginine, com-
pensating for some of the lost pyrimidine interactions and
restoring affinity to the mutant enzymes [155]. It was the
noticed that the —COOH moiety formed water-mediated
hydrogen bonds with an active site Arg, improved affinity to
mutant enzymes and also compensated some of the lost
pyrimidine interactions. The PLA—-COOH compounds led to
maintain potency for wild-type enzymes overcome the resis-
tance caused by mutations in enzymes and pathogens [155].

In next study, Keshipeddy et al. [157] have demonstrated
a series of enantiomerically pure PLA that displays low
nanomolar inhibition of the wild-type DHFR and potent
activity against a range of MRSA strains (MIC values
0.04-0.72ugml ™). It was confirmed, that the stereo-
genicity of the propargyl center is critical for activity.
Among ten of enantiomerically pure PLA, Keshipeddy et al.
[157] have identified, ten enantiomerically pure PLA,
enantiomer S-27 (Fig. 9) was strong both at enzymatic and
cellular level against the wild-type and mutant F98Y
DHFR. Unexpectedly, crystal structures of a pair of indi-
vidual enantiomers in the wild-type DHFR revealed that the
single change in configuration of the stereocenter drove the
selection of an alternative NADPH cofactor, with the minor
a-anomer appearing with R-27 [157].

Antibiotic resistance is a naturally evolving phenomenon,
it is critical to map compound design to contemporary resis-
tance profiles found in clinical strains of bacteria to properly
target the prevailing molecular mechanisms during lead
optimization. Therefore, medicinal chemistry efforts are often
successful at overcoming these resistance mechanisms
through rational modification of the antibiotic structure,
leading to successive generations of agents with improved
activity. Often, these efforts require innovations in synthetic
chemistry to efficiently access significant new derivatives.

Other targets

DHER is a ubiquitous enzyme and exists in a wide range of
organisms, but is a drug target, that has not been thoroughly
investigated in Leishmania and Trypanosomes [158, 159].
One of the urgent directions for new drugs design is the
treatment of parasitic diseases caused by protozoa, such as
leishmaniasis, African trypanosomiasis and Chagas’ dis-
ease. Molecular modeling suggests, that there are significant
differences in the structures of the actives sites of the
leishmanial and trypanosomal enzymes compared with the
human enzyme, which should make it possible to selec-
tively DHFR inhibitors [160]. In preliminary studies, Sir-
awaraporn et al. [161] prepared an extensive series of
substituted 5-benzyl-2,4-diaminopyrimidines (with general
structure 95) (Fig. 10). They evaluated these against the
enzymes from Leishmania major (a causative organism of
leishmaniasis), Trypanosoma cruzi (the causative organism
of Chagas’disease) and Trypanosoma brucei (the causative
organism of African trypanosomiasis) compared the
hDHFR. Modeling studies suggested, that there may be a
hydrophobic pocket adjacent to the 6-position of the pyr-
imidine ring. These studies for the compounds 99-100 with
substituents at this position (Fig. 10) indicated, that an ethyl
substituent may increase the inhibitory activity and selec-
tivity [161]. Based on these conclusions, Chowdhury et al.
[162] described the design of a set of 6-substituted pyr-
imidines, band the preparation and evaluation of new
compounds 101-105 (Fig. 10). The compounds were
examined against the recombinant DHFR from L. major, T.
cruzi, T. brucei, and hDHFR [162].

Biological assays revealed, that, both the heptyloxy and
octyloxy compounds showed a small increase in activity
and selectivity towards L. major DHFR on the addition of a
6-substitutent, however, the effect seemed largest with the
ethyl substituent (100 and 102) [162]. In the case of the T.
cruzi enzyme, there was a marginal effect on activity on
addition of the ethyl group (100 and 102) but a large loss in
activity and selectivity with larger substituents (benzyl 101
and propyl 103). Compound 105 showed surprising activ-
ity, but showed no selectivity [162].
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Fig. 10 Structures of TMP
analogues directed at new
targets
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DHFR enzyme as anticancer target

Folate metabolism has long been recognized as an impor-
tant and attractive target for chemotherapy because of its
crucial role in the biosynthesis of nucleic acid precursors
[163]. DHFR inhibition has long been recognized as a target
for the development of therapeutic agents against certain
cancers as well as bacterial, parasitic infections, and chronic
inflammatory diseases [164]. DHFR is an essential enzyme
which catalyzes the reduction of dihydrofolate acid (DHF)
to tetrahydrofolic acid (THF) using reduced NADPH as a
cofactor and plays a major role in the biosynthesis nucleic
acids. Therefore, DHFR couples with thymidylate synthase
(TS), which catalyzes the reductive methylation of deox-
yuridine monophosphate in deoxythymidine monopho-
sphate using N5 -N10-methylenetetrahydrofolate (5,10-
Methylene THF) as a cofactor [165-168]. Despite the
extensive targeting of DHFR in pathogenic organisms
[153, 169-171], hDHFR is also targeted by anticancer
agents [172-175]. MTX targets h"DHFR and is a well-
known anticancer drug for the treatment of leukemia, breast
cancer, lung cancer, osteosarcoma, and lymphoma [176].
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MTX is a strong competitor of DHF with regard to binding
hDHEFR, as it causes elevated accumulation of DHF when it
binds ADHFR, which in turn induces the feedback inhibi-
tion of TS. Over the last 30 years, many research projects
have focused on the search for new compounds active
against this enzyme, most often derivatives of MTX, which
is confirmed by extensive literature in this field [176, 177].
However, there are only a few reports that would confirm
the biological activity of TMP analogues targeting to
anticancer properties. Singh et al. [178] modified anti-
bacterial agent TMP to compounds 106 and 107 (Fig. 10)
with promising anticancer applications. These two com-
pounds had significant tumor growth inhibitory activities
over 60 human tumor cell lines and exhibited appreciable
interactions with DHFR [178]. Algul et al. [179] have
developed a new nonclassical series of propargyl-linked
DHFR inhibitors. It was observed, that interactions
propargyl-linked inhibitors with Leu 22, Thr 56, Ser 59, Ile
60 could potently inhibit ADHFR, opposite to weak inhi-
bition of ADHFR by TMP. Therefore the novel potent
propargyl-linked antifolates could provide structures, that
may be excellent anticancer drugs?. Based on SARs, Algul
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et al. [179] reported, that hydrophobic substitutions at C6
and the propargylic position impart increased anticancer
potency. Significantly, propargyl-linked compound 108
(Fig. 10) exhibited 3500-fold greater potency than TMP. In
addition, this propargyl linker was valuable in extending the
trimethoxyphenyl ring closer to critical hydrophobic resi-
dues, including Leu 22, Thr 56, Ser 59, and Ile 60 [179].
The new direction of research is using amide bond as a
linker in the TMP derivative molecule. So far, there have
been no reports that would present the synthesis and study
of biological activity of TMP analogues with the proposed
modification of the methylene bridge replacement by an
amide bond. Designed and obtained by us TMP derivatives,
with general structures 107a—c and 108a—c (Fig. 10), had an
amide bond, fragment of the structure, which makes the
molecule similar to netropsin, representative of the group of
minor groove binding agents [180, 181]. These com-
pounds are well-known for their strong affinity for DNA.
They bind within the minor groove of B-DNA at sites
consisting of four or five consecutive AT base pairs [182].
So new compounds could bind to DNA structures and also
have an increased affinity to the human enzyme DHFR, so
thus show anticancer effects [180, 181]. Recent trends in
medical chemistry suggest the developing of multi-
targeting and multifunctional compounds, in addition it is
a worldwide medical research strategy [183]. The term
“designed multiple ligands” was coined by Morphy and
Rankovic to describe the abovementioned compounds
[184]. The mode of designed multiple ligands could offer
several potential advantages as increase of therapeutic
efficacy or decrease development of cancer drug resis-
tance [185, 186]. In another attempt, the quinazoline
analogues were synthesized to have closed resemblance
with MTX and inhibited the mammalian DHFR in can-
cerous cells [187]. The application of these quinazoline
analogues was also recommended for combined inhibition
of epidermal growth factor receptor and ADHFR. Besides
its use in cancer therapy, nDHFR is also known as an
important target for the treatment of rheumatoid arthritis
[1, 188]. Potential inhibitors of ADHFR (109-111)
(Fig. 10), were identified recently by Rana et al. [189]
using 3D-QSAR pharmacophore modeling. 3D-QSAR
pharmacophore modeling has become an increasingly
acceptable approach for probing novel lead candidates in
computational drug designing as fundamental platforms to
develop effective chemotherapeutics in cancer and rheu-
matoid medications [189].

Conclusions and perspectives

DHFR identified in 1958 as a target for TMP synthetic
antimicrobial agents, has been considered to be a

universal enzyme present in various organisms. This
enzyme is actively studied as a target for many new
compounds. Following the successful marketing of TMP
and cotrimoxazole, intensive research on improved TMP
and the search for new DHFR inhibitors was carried out.
Search for an improved TMP continued within the Roche
group in the 70s and 80s; the nature of desired improve-
ment was, however, not well defined. The focus was on
broad-spectrum agents. Activity better than TMP against
Gram-negative bacteria was, however, never reached.
However, successful discovery of the Hitchings’s group
about the structural variation of diaminopyrimidines and
related structures led to obtaining highly selective and
potent agents and many useful drugs, as TMP. Nowadays,
TMP seems to be the optimal benchmark for the devel-
opment of antimicrobials with a broad spectrum of action
against Gram-negative bacteria e.g., E. coli, Staphylo-
cocci, parasites as P. falciparum, several protozoa as
Toxoplasma and fungi e.g., P. carinii. The evaluation of
antifolates as inhibitors of the DHRF enzyme has been
and still is the subject of work of many scientific teams.
Based on the above overview it could be seen, that one of
the significant strategies to obtain new potential com-
pounds is combine potency of known drugs e.g., TMP,
MTX, or PTX. Importantly, molecular docking, dynamic
molecular simulations, and pharmacokinetic studies help
to identify promising directions for new projects.
Recently, Shah et al. [190] synthesized and evaluated
several of new 6-substituted pyrrolo[2,3-d]pyrimidines as
DHFR inhibitors using ADHFR X-ray crystal structures
and P. jirovecii homology models were used to design and
predict potent and selective p/DHFR inhibitors. In turn,
Ouyang et al. [191] synthesized potential antitubercular
derivatives of TMP, on the pattern of a docked compound
and M. tuberculosis DHFR complex. These evaluations
provided to obtain three series of compounds containing a
hydrophobic side chain with affinity to the enzyme
pocket. In another report, Thakkar et al. [192] described
design and synthesis of new benzothiazole analogues as
novel antimalarial and antimicrobial analogues, however
important stage of rational drugs design was in silico
docking study and pharmacokinetic evaluations. These
approach provided to further development of lead
compounds.

On the other side, MDR bacteria, caused by gene
mutation, that encode DHFR enzyme, anticancer, and
rheumatoid arthritis diseases, still encourage many kinds
of research to develop new molecules. TMP, and other
nonclassical antifolates are excellent templates to design
new active, both antibacterial and anticancer drugs. The
above literature review presents an extensive range of
research literature on the first and most recent achieve-
ments on DHFR inhibitors and underlines new directions
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in developing and modeling DHFR inhibitors, that can be
useful to design new structures.
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