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Abstract
Parasitic diseases have a serious impact on the world in terms of health and economics and are responsible for worldwide 
mortality and morbidity. The present review features the hybrid targeting involving three main enzymes for the treatment 
of different parasitic diseases. The enzymes Dihydrofolate reductase, thymidylate synthase, and Serine hydroxy methyl-
transferase play an essential role in the folate pathway. The present review focuses on these enzymes, which can be targeted 
against several diseases. It shed light on the past, present, and future of these targets, and it can be assessed that these targets 
can play a significant role against several infectious diseases. For combating viral and protozoal infectious diseases, these 
targets in combination should be addressed.

Keywords Infectious diseases · DHFR · TS · And SHMT

Introduction

Dihydrofolate reductase (DHFR) and thymidylate synthase 
(TS) are the enzymes involved in the folate cycle and have 
gained a lot of attention as the prime targets for malaria 
and leishmania. Serine hydroxy methyltransferase (SHMT), 
which is also involved in the folate cycle, is now considered 
an important target for leishmania, bacterial, and protozoal 
diseases [1]. DHFR and TS are also prominent drug targets 
against different diseases such as various parasitic infec-
tions and cancer. However, the lack of effective treatment 
owing to the toxicity and resistance are the main hurdles and 
have prompted researchers to find new drugs against para-
sitic diseases [2]. DHFR and TS are bifunctional enzymes 
existing as a single unit in prokaryotes, whereas in mam-
mals, the two proteins are distinct monofunctional enzymes 
[3]. Dihydrofolates are converted into folate derivatives by 
three enzymes: DHFR, SHMT, and TS [4]. SHMT plays an 

essential role in the synthesis of the pyrimidine pathway in 
malarial parasites. Pterin and folates are required by Auxo-
trophic Trypanosomatids for their growth and depend on 
the pathway for the conversion into the reduced cofactors by 
pteridine reductase and dihydrofolate reductase-thymidylate 
synthase, respectively [5].

It was observed that among three known inhibitors of 
human TS (hTS), pemetrexed (PMX), raltitrexed (RTX) and 
nolatrexed (NTX) (Tables 1 and 2), NTX was found potent 
for Trypanosoma brucei (tb) TS while the other two were 
found potent for tbDHFR, hence indicating that tbTS can 
be assessed in the future for highly potent compounds [6]. 
SHMT expression has been correlated in tumor growth and 
prognosis, while it is also being targeted against malaria and 
has attracted a lot of attention as a drug target [7]. The two 
types of SHMT isoforms, cytosolic (SHMT1) and mitochon-
drial (SHMT2) are reported to be a potential target against 
cancer as they are involved in purine and pyrimidine biosyn-
thesis and therefore play a critical role in the metabolism of 
cancer cells. The two isoforms have different cellular envi-
ronments and play a separate role in folate metabolism. For 
SHMT2, the tetrahydrofolae inhibition is maintained even at 
alkaline pH while for SHMT1 it is absent. [8]. SHMT1 iso-
form (cytoplasmic) overexpression has been in lung cancer, 
and its lesser activity in lung cancer cell lines was followed 
by cell arrest and apoptosis [9]. 
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Table 1  Drugs targeting DHFR (status and structure of drugs targeting DHFR)

Drugs Status Diseases

Pyrimethamine Approved Antimalarial

 

N

N

H2N NH2

Cl 
Cycloguanil Approved Antimalarial

 

N

N

N

NH2

H2 lCN

 
Methotrexate Approved Leukemias, choriocarcinoma, 

different cancers

 

O

OH

O

HO

HN

O

N

N

N

N

N

NH2

H2N

 
Trimetrexate Approved Pneumocystis pneumonia

Antineoplastic and antiviral 
activity

 

N

N NH2H2N

NH2

O

O

O
 

Pentamidine Approved African trypanosomiasis

 O O

NH

H2N

NH

NH2

 
Pemetrexed Approved Chemotherapeutic agent

 O

HO

O
OH

N
H

O
NH

N

NH

O NH2

 
Sulfadoxine Approved Antimalarial (Sulfadoxine targets 

Plasmodium dihydropteroate 
synthase and dihydrofolate 
reductase)

 

S

O

O

N
H

N N

O

O

H2N

 
Chlorproguanil Approved Prophylactic plasmodium

 

N

H2N

N

NH

Cl

Cl

H2N
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Table 1  (continued)

Drugs Status Diseases

Proguanil Approved Malaria

 
N

NH2

N N
H

Cl
NH2

 
Urea Approved Keratolytic

 H2N

O

NH2 
Pralatrexate Approved Chemotherapeutic agent

 

NH

O

OH

O

HO

O

N

N

N

N

H2N

NH2

 
Lamotrigine Approved Antiepileptic drug

 NN

N

H2N

NH2 ClCl

 
Trimethoprim Approved Antibiotic for bacterial infections

 

N

NH2N

NH2

O

O

O

 
Gentamicin Approved Antibiotic for bacterial infections

 

O

O

O O

H2N

H
N

N
H

OH
HO

NH2OH

NH2

 
Folic acid Approved Certain types of anemia

 

O

HO

HN

O

HN

N

O

HN

H2N

N

N

O

HO

 
Aminopterin Withdrawn

 

HN

O

HO

O

HO

HN
NC

N

H2N N N

O

NH2

OH 
P218 Under investi-

gation
Antimalarial

 

N

NH2N NH2

O O O
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Table 1  (continued)

Drugs Status Diseases

Brodimoprim-4,6-Dicarboxylate Under investi-
gation

Investigational

 

N

N

NH2

NH2

O

Br

O

O

O

OO

 
2,4-Diamino-5-(3,4,5-Trimethoxy-

Benzyl)-Pyrimidin-1-Ium
Under investi-

gation
Investigational

 

NH+

N

O

O

O

NH2

H2N

 
7-[2-Methoxy-1-(methoxymethyl)

ethyl]-7 h-pyrrolo[3,2-f] quinazo-
line-1,3-diamine

Under investi-
gation

Investigational

 

N

N
N

NH2

H2N

O

O

 
7-(1-Ethyl-Propyl)-7 h-Pyrrolo-[3,2-F]

Quinazoline-1,3-Diamine
Under investi-

gation
Investigational

 N

N
N

NH2

NH2 
5-Phenylsulfanyl-2,4-Quinazolinedi-

amine
Under investi-

gation
Investigational

 

N

N

NH2

H2N

S

 
5-Chloryl-2,4,6-Quinazolinetriamine Under investi-

gation
Investigational

 

N

N

H2N

NH2

NH2

Cl

O

O

 
5-[4-Tert-Butylphenylsulfanyl]-

2,4-Quinazolinediamine
Under investi-

gation
Investigational

 
N

N

H2N

NH2

S

 
5-[(4-Methylphenyl)Sulfanyl]-

2,4-Quinazolinediamine
Under investi-

gation
Investigational

 

N

N

NH2

H2N

S
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Table 1  (continued)

Drugs Status Diseases

5-(4-Morpholin-4-Yl-Phenylsulfanyl)-
2,4-Quinazolinediamine

Under investi-
gation

Investigational

 

N

N

NH2

H2N

SNO

 
5-(4-Methoxyphenoxy)-2,4-Quinazo-

linediamine
Under investi-

gation
Investigational

 

N

N

NH2

H2N

OO

 
2,4-Diamino-5-Methyl-6-[(3,4,5-Tri-

methoxy-N-Methylanilino)Methyl]
Pyrido[2,3-D]Pyrimidine

Under investi-
gation

Investigational

 N

N

N

N O

O

O

NH2

H2N  
6-(Octahydro-1 h-Indol-1-Ylmethyl)

Decahydroquinazoline-2,4-Diamine
Under investi-

gation
Investigational

 

HN

H
N

H2N
NH2

N

 
N6-(2,5-Dimethoxy-Benzyl)-N6-Me-

thyl-Pyrido[2,3-D]Pyrimidine-2,4,6-
Triamine

Under investi-
gation

Investigational

 

N

N

N

H2N

NH2

N

O

O

 
2,4-Diamino-6-[N-(3',4',5'-

Trimethoxybenzyl)-N-Methylamino]
Pyrido[2,3-D]Pyrimidine

Under investi-
gation

Investigational

 

N

N

N

N

O

O

ONH2

H2N

 
Sri-9662 Under investi-

gation
Antifolate

 

N

N N

NH2 CH3

O

O

H2N

 



6664 Molecular Biology Reports (2022) 49:6659–6691

1 3

Table 1  (continued)

Drugs Status Diseases

Epigallocatechin gallate Under investi-
gation

Flavonoid

 

O

O

OH

HO

HO

O
HO

HO

OH

OH

OH

 
(S)-iclaprim Under investi-

gation
In vitro activity against Gram-

positive bacteria

 

N

N

H2N

NH2 O

OO

 
5-[3-(2,5-dimethoxyphenyl)prop-1-yn-

1-yl]-6-ethylpyrimidine-2,4-diamine
Under investi-

gation
Investigational

 

N

N

NH2H2N

O

O

 

5-[[(2R)-2-cyclopropyl-7,8-dimeth-
oxy-2H-chromen-5-yl]methyl]
pyrimidine-2,4-diamine

Under investi-
gation

Investigational

Biopterin Under investi-
gation

Endogenous enzyme cofactors

 

HN

N

N

N

O

OH

OH

H2N

 
5-[(3R)-3-(5-methoxybiphenyl-3-yl)

but-1-yn-1-yl]-6-methylpyrimidine-
2,4-diamine

Under investi-
gation

Investigational

 

NN

NH2

NH2

O  
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Table 1  (continued)

Drugs Status Diseases

5-[(3R)-3-(5-methoxy-4'-methylbiphe-
nyl-3-yl)but-1-yn-1-yl]-6-methylpy-
rimidine-2,4-diamine

Under investi-
gation

Investigational

 

NN

NH2

NH2

O  
5-[(3R)-3-(5-methoxy-3',5'-dimethylb-

iphenyl-3-yl)but-1-yn-1-yl]-6-meth-
ylpyrimidine-2,4-diamine

Under investi-
gation

Investigational

 

NN

NH2

NH2

O
 

5-[(3R)-3-(5-methoxy-2',6'-dimethylb-
iphenyl-3-yl)but-1-yn-1-yl]-6-meth-
ylpyrimidine-2,4-diamine

Under investi-
gation

Investigational

 

NN

NH2

NH2

O
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The present review focuses on the three enzymes that 
can be targeted against many diseases and in this regard 
hybrid drug designing can play a significant role in com-
bating the targets together. The manuscript discusses the 
diseases in which these enzymes can be targeted. Fur-
thermore, it describes the importance of targeting these 
enzymes by discussing folate pathways and also sheds 
light on the challenges in targeting these enzymes. The 
structure of the enzymes and the SAR can be used in the 
future for designing hybrid compounds. The current drugs 
and the drugs in investigational phases have also been dis-
cussed with the structures provided in Tables 1, 2, 3.

Diseases

Malaria, an infectious disease, is caused by a parasite and 
has become one of the significant health issues amounting 
to many deaths among children, pregnant women, and oth-
ers. Chemotherapy still is the most effective treatment for 
malaria, but parasite resistance is the primary concern of 
failure in the clinical treatments and therefore requires new 
therapeutics for its control [10]. The main objective is to 
search for anti-malarial therapy, to identify the new molecu-
lar targets and new compounds with known mechanisms of 
action [11]. The malarial parasites cannot save pyrimidine 
and therefore are dependent on pyrimidine biosynthesis, 

Table 1  (continued)

Drugs Status Diseases

2,4-Diamino-6-[N-(2',5'-
Dimethoxybenzyl)-N-Methylamino]
Quinazoline

Under investi-
gation

Investigational

 

N

N

N

O

ONH2

H2N

 

2,4-Diamino-6-[N-(3',5'-
Dimethoxybenzyl)-N-Methylamino]
Pyrido[2,3-D]Pyrimidine

Under investi-
gation

Investigational

 

N

N

N

N

O

ONH2

H2N

 
5-[3-(2,5-dimethoxyphenyl)prop-1-yn-

1-yl]-6-ethylpyrimidine-2,4-diamine
Under investi-

gation
Investigational

[N-(2,4-Diaminopteridin-6-YL)-
methyl]-dibenz[B,F]azepine

Under investi-
gation

Investigational

 

N N

N

N

N

H2N

NH2

 
(4aS)-5-[(2,4-diaminopteridin-

6-yl)methyl]-4a,5-dihydro-2H-
dibenzo[b,f]azepin-8-ol

Under investi-
gation

Investigational

 

N

HO

N

NN

N

H2N

NH2H

 
(2R,6S)-6-{[methyl(3,4,5-trimethoxy-

phenyl)amino]methyl}-1,2,5,6,7,8-
hexahydroquinazoline-2,4-diamine

Under investi-
gation

Investigational

 
N
H

N

H2N

NH2

N O

O

O
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Table 2  Drugs acting targeting TS

Drugs Status Diseases Structures

Raltitrexed Approved Chemotherapy drug

 

NH

O

HO

OHO

O S
N

NH

N

O

 
Pemetrexed Approved Chemotherapy drug

 O

HO

O
OH

N
H

O
NH

N

NH

O NH2

 
Pralatrexate Approved Chemotherapy drug
Flucytosine Approved Antifungal

 N

NH

O

F

H2N  
Capecitabine Approved Chemotherapy drug

 

H
NO

O N N

O

F

O
OH

OH

 
Gemcitabine Approved Chemotherapy drug

 

O

HO

HO

F

N

N

NH2

O

F  
S,S-(2-Hydroxyethyl)Thiocysteine Approved Investigational

 

H2N

S O

OH

S

HO

 
Trifluridine Approved Antiviral agent

 
N
H

N

OO

F

F

F

O

OH

OH

 
Fluorouracil Approved Anti-metabolites

 

N

ON
H

O

F
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Table 2  (continued)

Drugs Status Diseases Structures

Methotrexate Approved Anti-metabolites  
O

OH

O

HO

HN

O

N

N

N

N

N

NH2

H2N
 

ANX-510 Approved Folate-based biomodula-
tor drug

 

O

OH

HN

O

N
N

ON
H

H2N

N

HN

O
-O

 
Thymectacin Approved Colon cancer

  
Tegafur-uracil Approved Chemotherapy drug

 

N

O

HN

O

F

O

 
10-Propargyl-5,8-Dideazafolic acid Approved Investigational

 

N

N
H

H2N

O

N

O

N
H

HO O

O

OH

 
(6S)-5,6,7,8-tetrahydrofolic acid Approved Investigational

 

O

HO

HN

O

HN

NH

O

HN

H2N

N

HN

O

HO

 
5-Fluoro uracil E. Coli
5,10-Methylene-6-Hydrofolic acid Antineoplastic antimetabolite

 

O

OH

HN

O

N
N

ON
H

H2N

N

N

O

HO

 
2-(2-chloropyridin-4-yl)-4-methyl-1H-isoin-

dole-1,3(2H)-dione
Investigational

 

N

O

O

N

Cl
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Table 2  (continued)

Drugs Status Diseases Structures

2-(4-hydroxybiphenyl-3-yl)-4-methyl-
1H-isoindole-1,3(2H)-dione

Investigational

 

N

O

O

OH  
4-(4-methyl-1,3-dioxo-1,3-dihydro-

2H-isoindol-2-yl)benzonitrile
Investigational

 

N N

O

O  
3-Diphenol-6-nitro-3 h-benzo[de]isoch-

romen-1-one
Investigational

  
Floxuridine Chemotherapy drug

 

O
N

NH

O

OH

O

F

HO

 
OSI-7904L Investigational

 

O OH

O

OH
N

O
N

N

NH

O

 
2,4-Diamino-5-phenyl-6-ethylpyrimidine Investigational

 N

N

H2N NH2 
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Table 2  (continued)

Drugs Status Diseases Structures

N-[2-Chloro-5-(trifluoromethyl)phenyl]
imidodicarbonimidic diamide

Investigational

 

N NH2

NH2

NH

HN
F

F

F

Cl  
N-(3,5-dimethoxyphenyl)
imidodicarbonimidic diamide

Investigational

 

N

H2N

NH2

NH

HN

O

O

 
6,6-Dimethyl-1-[3-(2,4,5-trichlorophenoxy)

propoxy]-1,6-dihydro-1,3,5-triazine-
2,4-diamine

Investigational

 

N

N

NH2N

NH2

O

O

Cl

Cl

Cl  
LY231514 tetra glu Investigational

 

N

N
H

N
HH2N

O

NH
O O

OH
O

NH

HO
OH

N

O

HO

O

O

HO

O

O

HN

 
l-methionine (S)-S-oxide Investigational

 

NH2

S

O

OH

O  
Tosyl-d-proline Investigational

 

N

OHO

S

O

O
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Table 2  (continued)

Drugs Status Diseases Structures

N-Carboxymethionine Investigational

 
N
H

S

OHO
O

OH
 

LY341770 Investigational

 
O

OH

N

H
N

N

N

O

H
N

HN

N

HN

OH2N  
N,O-Didansyl-l-Tyrosine Investigational

 
N
H

O OHO

S

N

OO

S
N

O

O

 
SP-876 Investigational  

S

O

NH

HO

O O

N

O
O

O

OH
O

 

N-[Tosyl-d-Prolinyl]Amino-Ethanethiol Investigational

 

SH

NH

N

O

S

O

O
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while mammalian cells can transport pyrimidine bases and 
nucleosides and can convert them to nucleotides. TS has 
gained attention as an anti-malarial target as it is involved 
in pyrimidine biosynthesis and is also metabolically linked 
to DHFR. Even TS partial inhibition may lead to cell death 
due to nucleotide imbalances [12]. Plasmodium SHMT has 
also gained importance as a new target for malaria, as it is 
involved in folate recycling and the dTMP synthesis cycle 
[13].

SHMT was an obvious candidate for the first folate bio-
synthetic enzymes to be quantified due to its relatively high 

abundance in plasmodial extracts compared to other folate 
biosynthetic enzymes. It is now believed that malaria can be 
cured by multiple target drug therapy [14–17]. The bifunc-
tional enzyme structure of DHFR-TS also offers in designing 
the specific inhibitors for targeting the active sites at both 
domains [18].

Toxoplasma gondii (tg) is a parasite responsible for caus-
ing Toxoplasmosis, a disease involving a retina and is a con-
genital infection. Apart from parasitic diseases, the role of 
these enzymes in several viral diseases cannot be ignored. As 
in the case of Flaviviruses which have played a significant 

Table 2  (continued)

Drugs Status Diseases Structures

1,4-Dithiothreitol Investigational

 

SH

OH

HO

SH 
Sp-722 Investigational  

O

HO

O

OH

O

NH

S

O

O

N

O
OH

 

S,S-(2-Hydroxyethyl)Thiocysteine Investigational

 

H2N

S O

OH

S

HO

 
4-Chloro-3',3''-dibromophenol-1,8-naph-

thalein
Investigational

 Cl

O O

Br

OH

HO

Br

 
2-{4-[2-(2-Amino-4-oxo-4,7-dihy-

dro-3 h-pyrrolo[2,3-d]pyrimidin-5-yl)-
ethyl]-benzoylamino}-3-methyl-butyric 
acid

Investigational

 

O
OH

H
N

O
N

N
H

HN

OH2N  
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Table 3  Drugs targeted bifunctional DHFR-TS and SHMT

Bifunctional DHFR 
 TS*

SHMT

Drugs Status Diseases Structures

Pyrimeth-
amine

Antima-
larial

Levoleucovorin Approved Osteosarcoma
O

HO

HN

O

HN

N

O

HN

H2N

N

HN

O

HO
O

 
Proguanil Antima-

larial
Pyridoxal phosphate Approved Active form of 

vitamin B6
N

OHO

P

O

OHO

OH

 
Sulfadoxine Antima-

larial
N-Pyridoxyl-Glycine-

5-Monophosphate
Investiga-

tional

NH

O

HO

N

HO

P
O

O

HO
OH

 
(6R)-Folinic acid (M) Anticancer

HN

HNHN

N
O

N

H2N

HN

O

O

O

OH

O

HO  
Artenimol (c) Antimalarial

O

O

O

HO

O

 
Mimosine (M) Antineoplastic

NH2
N

HO

O O OH
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role in the burst of infectious diseases like dengue, West 
Nile and Zika fevers, etc [19–22]. Zika virus infections have 
gained a lot of attention recently as it has caused abnormali-
ties in the babies following maternal infections [23]. Dengue 
virus infection is a mosquito-borne infection and is a wide-
spread infection. It may cause mild to severe dengue fever, 

even dengue shock syndrome (DSS) [24]. Viruses such as 
Ebola, Marburg, and filoviruses have also emerged as patho-
gens, which may result in outbreaks of severe hemorrhagic 
fever having very high mortality rates [25].

Zika virus is responsible for serious public health issues 
in recent years; methotrexate, a well-known DHFR inhibitor 

*Structures mentioned earlier

Table 3  (continued)

Bifunctional DHFR 
 TS*

SHMT

Drugs Status Diseases Structures

Triglu-5-formyl-tetrahy-
drofolate©

Investigational

H
N N

H
N

O

NH

N NH2

O

O

H
N

HO

O

O

OH

O

HN

O

O OH

OH

O

 
5-hydroxymethyl-5,6-di-

hydrofolic  acid©
Investigational

O

OH

O

OH

O

NH

NH

N

NH

N

N

O

HO

NH2

 
Tetrahydrofolic  acid© Folic acid 

derivative O

HO

HN

O

HN

NH

O

HN

H2N

N

HN

O

HO

 
Lometrexol (M) Antifolate

O

HO

O

HO

HN

O

N

HN

HN

O

H2N

 
JPC-2056 Methoxypy-

rimidine

F3CO Cl

O O
N
H

N
H

NH

N
H

NH

 
JPC-2067-B

F3CO Cl

O O
N N

NH2

N NH2 
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[26] showed an antiviral effect against the Zika virus through 
inhibition of DHFR. Henceforth, the DHFR pathway can be 
used to target the Zika virus replication, which is related to 
other published results against flavivirus [27]. Moreover, TS 
pathways have also been shown as a new therapeutic target 
for antiflaviviral drug development. It has been reported that 
flavivirus is highly susceptible to the inhibitors of thymidine 
synthesis and, therefore, can serve as an important target for 
developing antivirals [28]. Two thymidylate synthase inhibi-
tors were effective against the Zika virus [29]. In one more 
study, another inhibitor of TS was found to inhibit Zika virus 
multiplication, which further supported that inhibitor against 
this target can prove to be an important antiviral drug against 
the Zika virus [30].

Methotrexate owing to its close structural similarity with 
DHFR substrate (dihydrofolic acid) has a strong binding 
affinity for the DHFR enzyme. It has shown a complex mode 
of action involving different pathways [26]. This drug has 
proved to be an important therapeutic agent with profound 
activities as an anticancer, anti-inflammatory, and immuno-
suppressant [31]. Methotrexate and floxuridine have been 
reported to slow the Dengue virus replication by targeting 
host DHFR and TS enzymes [27].

Influenza A is treated by targeting either M2 ion channel 
or viral neuraminidase by antivirals, however, the resistance 
of drugs for a target confer problems in the treatment of 
influenza A [32]. In one study, influenza A and B virus and 
respiratory syncytial virus (RSV) were shown to be inhibited 
by targeting host DHFR enzymes using cycloguanil-based 
analogs as 1-aryl-4,6-diamino-1,2-dihydrotriazines [33]. 
These compounds were found to be effective against hDHFR 
and showed potent activities against the influenza B virus; 
moreover, kinetic studies revealed the competitive inhibition 
behavior of cycloguanil [33]. Moreover, cycloguanil deriva-
tives were also found to be effective against tbPTR1 [34]. 
Henceforth cycloguanil-based analogs can prove to be a lead 
molecule for antiparasitic treatments, while chloroquine, 
amodiaquine, quinacrine, and other antimalarials were found 
to be effective against strains of influenza A (H1N1) virus. 
Hence, it was concluded that drugs that are currently availa-
ble in markets could be used for targeting host cell pathways 
[32]. Hydrophobic interaction of iclaprim with DHFR was 
found to be effective against even for the resistant enzyme 
and was found to be equally effective against Haemophi-
lus influenzae, and Moraxella catarrhalis [35]. From these 
studies, it is prevalent that more studies in this direction 
could make a breakthrough for these viruses.

It was observed that a phosphorylated brivudine (anti-
herpesvirus drug) showed binding to the TS of Varicella-
zoster virus (human herpesvirus), which is the cause of vari-
cella, a highly infectious disease in humans. This binding 
was confirmed by solving a complex structure of the drug 
with the enzyme [36]. It was demonstrated that pemetrexed 

inhibited Kaposi’s sarcoma-associated herpesvirus, revers-
ibly inhibiting TS or DHFR proteins by interfering with 
DNA replication [37]. Pteridine derivatives as methotrexate, 
pralatrexate, and triamterene have shown diverse biologi-
cal activities and can apply to several other diseases such 
as diabetes, osteoporosis, ischemia, or neurodegeneration. 
In the future, their value as therapeutics cannot be ignored 
while most of the derivatives are in clinical trials, and more 
profound research in this area is required [38].

It has also been reported that inhibitors of viral thymidine 
kinase if given in combination with TS inhibitors, were more 
effective against herpetic diseases [39].

Kaposi’s sarcoma-associated herpesvirus (KSHV), also 
regarded as human herpesvirus is widespread cancer in 
untreated patients of HIV [40] and can be fatal in immuno-
compromised patients [37]. Numerous nucleoside analogs 
targeting viral polymerase have been reported for KSHV 
infections. Pemetrexed, as a potent anti-KSHV agent, was 
identified for the KSHV infection and also had anti-herpes 
virus activity [37].

The role of SHMT is well defined as an antibacterial and 
antitumor target as it supplies C-1 units for dTMP synthesis 
in all living organisms [41]. SHMT2 expression has been 
found very high in cancer cell lines and tumor tissues, and 
currently, anticancer drugs targeting this enzyme are under 
investigation [42].

Folate pathway

DHFR is a critical enzyme in the biosynthesis of the folate 
pathway and was primarily a target for anticancer drug dis-
covery. Methotrexate and aminopterin belonging to the class 
diaminopteridines are well-known DHFR chemotherapeu-
tic agents and are the analogues of folic acid [43], while, 
Lometrexol in hSHMT was found to inhibit both isoforms 
of SHMT [44].

The importance of DHFR inhibition can be assessed by 
the fact that it is currently used as a target in the treatment 
of diseases like cancer, malaria, leishmanias, and its inhibi-
tion leads to cell death by interference in nucleotide metabo-
lism. However, its analogues with propargyl diaminopteri-
dine were found to have antiparasitic, immunosuppressant, 
antibacterial activities [43]. TS is responsible for the oxi-
dation of cofactor to dihydrofolate (DHF), and this func-
tion is unique to TS only [45]. DHFR is responsible for the 
reduction of dihydrofolate to tetrahydrofolate, which is fur-
ther converted into the N5, N10-methylenetetrahydrofolate. 
This N5, N10-methylene tetrahydrofolate is further used as 
a reducing agent and as a source of a methyl donor by TS for 
the formation of 2-deoxythymidine-5-monophosphate from 
2-deoxyuridine-5-monophosphate. Hence, it is apparent 
that the inhibition of DHFR or TS interferes with the DNA 
replication process and causes cell death [46]. Bifunctional 
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dihydrofolate reductase–thymidylate synthase (DHFR-TS) 
is a validated target in African trypanosomes [47]. DHFR-
TS is essential for parasitic survival and can be a promising 
target for tb [48].

It was reported that Berberine suppressed the growth 
of cisplatin-resistant cells by interfering with folate cycle 
enzymes such as DHFR and TS [49]. Berberine is a natu-
ral compound and has shown promising anticancer activi-
ties through multiple target approaches. However, further 
derivatization is in the process of improving its anticancer 
efficacy, and improvement in its pharmacokinetic profile is 
also in research for future anticancer compounds [50]. How-
ever, its use as an antiparasitic drug is yet to be established. 
Adequate levels of tetrahydrofolate (THF) are maintained by 
DHFR in most living creatures, as THF is involved in the 
biosynthesis of deoxy Thymidine monophosphate (dTMP). 
Deoxyuridine monophosphate (dUMP) and 5, 10-meth-
ylenetetrahydrofolate (Met-THF) are converted to dTMP 
and dihydrofolate (DHF), respectively by TS, while DHF 
is reduced to THF by DHFR. Finally, 5, 10-methylenetet-
rahydrofolate is regenerated by SHMT for the continuation 
of dTMP biosynthesis. In the cycle, one dTMP is formed 
after each THF molecule is oxidized to DHF, while THF is 
essential for synthesizing dTMP and purine nucleotides as 
shown in Supplementary figure (SFig. 1). Henceforth, the 
formation of new dTMP molecules may be stopped by inhi-
bition of DHFR or any other enzymes in the cycle resulting 
in DNA synthesis interruption leading to cellular death [51]. 
Thymidylate (dTMP) biosynthesis impairment leads to thy-
mine less death by decreasing levels of deoxythymidine 
triphosphate (dTTP) [52]. SF 1 shows the schematic pathway 
of the folate cycle with the role of three enzymes at differ-
ent stages. In Leishmania, the Folates are reduced by the 
bifunctional DHFR-TS and also involve pteridine reductase 
(PTR1). PTR1 acts as a bypass enzyme when the activity 
of DHFR-TS is inhibited. Hence it is also regarded as one 
of the targets against trypanosomatids [53]. 4-diaminopy-
rimidine derivatives have been reported to possess a dual 
activity against PTR1 and DHFR-TS. 2,4 diaminopyrimidine 
derivatives, with substitution at 6, are competitive inhibitors 
for both enzymes [54].

Pteridine ring, para-aminobenzoic acid, and glutamate 
make folic acid, which is also called pteroylglutamic acid. 
However, it differs from naturally occurring folates as pteri-
dine rings are in reduced form, and they can be regarded 
as polyglutamated derivatives with additional single carbon 
units at different positions. So, the folic acid term is used 
as a fully oxidized compound, while folate includes folic 
acid and naturally occurring folates. Anti-folates have been 
extensively used to treat malaria, bacterial infections, vari-
ous cancers, rheumatoid arthritis, and psoriasis [55]. The 
close resemblance of the heterocyclic rings of the antifolates 
in the methotrexate, pyrimethamine, and trimethoprim with 

the substrate make them compete with it in the recombi-
nant DHFR-TS enzyme by producing an inhibitory effect. 
However, methotrexate is more potent than others due to the 
presence of a pteridine ring and glutamic acid [56].

Challenges in targeting the enzymes

Folate synthetic pathway in various pathogens has been suc-
cessfully targeted by drugs, and these antifolates are consid-
ered safe and well-tolerated. However, in malaria, the rapid 
emergence of resistance has posed difficulty in the treat-
ment by these antifolates. The resistance to the antifolates 
is accountable due to point mutations in the enzymes [4].

In Plasmodium.vivax(Pv) the mutations at three 
DHFR codons as 57, 58, and 117 were highly common in 
the antifolate resistance which was also found to be equiva-
lent to the mutations concurring pyrimethamine resistance 
in P. falciparum at residues 59 and 108 [54]. In the case of 
TS PCR mutagenesis studies showed that mutations were 
more common near to the active site (Cys195) and the loop 
(Arg50) loop [53].

Mutations at A16V and S108T in P. falciparum DHFR 
induced resistance to cycloguanil while mutations at posi-
tions 51, 59, 108, and 164 were related to resistance to 
pyrimethamine and cycloguanil [57].

Similarly in the case of T. Gondii in vitro mutagenesis 
studies showed W25R, L98S, and L134H might be respon-
sible for drug resistance. It was also concluded that T83N 
mutation might concur resistance to pyrimethamine [58].

The SHMT2 structure with antifolate was resolved 
just recently, and few inhibitors for the SHMT have been 
reported, such as sulfonyl fluoride triazine derivative, leu-
covorin (5-formyl-THF) serine analogues, and amino acid 
derivatives, but none were found to be successful. Analogs 
of pyrazolopyran-based inhibitors were designed to target 
the SHMT [59]. Initially, these pyrazolopyrans based com-
pounds were reported to be inhibitors for plant SHMT, and it 
was shown that further derivatization with a meta-thiophene 
substitution led to inhibition of plasmodium SHMT [60]. 
Moreover, these compounds were also found to show activity 
against human SHMT [9]. In another work, a pyrazolopyran 
scaffold-based highly potent compound was designed, how-
ever, it was observed that these compounds were not usable 
in vivo models owing to their rapid clearance. It was con-
cluded that pyrazolopyrans related compounds were unsta-
ble and were found to have poor in vivo half-lives [60]. In 
another study, spirocyclic ligands were designed based on 
both 2-indolinone or dihydroindene scaffolds and a pyra-
zolopyran core. Few of the compounds were found to be 
potent against SHMT. Several compounds were found to be 
selective for pfSHMT [61]. However, research is still ongo-
ing to find the inhibitors for SHMT, and pyrazolopyrans 
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based compounds with drug-like properties can prove to be 
a promising drug.

In the case of anti-malarial drug designs also, now the 
focus is more on the single hybrid drug designing by linking 
two pharmacophores together into a single agent. Therefore, 
the hybrid anti-malarial drug may be endorsed as the next-
generation anti-malarial drug. However, good bioavailabil-
ity, selectivity, and toxicity of the drugs, if specified will 
be offered several applications such as dosage compliance, 
minimized toxicity, and most importantly, can delay the 
resistance for the drug [62].

Drug resistance owing to the mutations in amino acids 
was the major obstacle for the treatment of diseases. Hence, 
DHFR-TS structural similarity from parasitic and viral 
strains can be used to find the conserved region and novel 
sites for drug targeting can be analyzed.

Structure and SAR of the selected enzymes

DHFR-TS In humans, the DHFR and TS enzymes exist as 
monomers, while in parasites, they exist as dimers on the 
TS-TS interface on the same polypeptide chain [22]. The 
protein–protein interface can serve as an essential target for 
small molecules. DHFR-TS homodimer consists of a junc-
tion region; crossover helix is present between positively 
charged domains of a DHFR of the adjacent monomer with 
a linker region that connects DHFR domains with TS. The 
bifunctional enzyme is believed to be involved in substrate 
channeling, where dihydrofolate is transferred from TS to 
DHFR sites. Sequence alignment between human TS and 
DHFR and bifunctional DHFR-TS showed that TS to be 
more conserved. The complex structure of the active site has 
shown that DHFR N-terminal is present on the TS domain 
shoulders. Various species of parasites have been classified 
into 1 and 11, based on the absence and presence of junction 
region in the bifunctional DHFR-TS enzyme, respectively. 
As in the case of LmTS (Leishmania major), the domain 
is present in the majority of the interface; however, for T. 
gondii (Tg), bifunctional monomer consists of 252 residues 
in DHFR, 322-610 for the TS domain, and 69 for the junc-
tion region while the crossover helix makes a curve due to 
proline292 [63].

In one of the studies, the DHFR of the 15 protozoal spe-
cies was compared with human DHFR (hDHFR), and a com-
parison was made. It was observed that all DHFR constitute 
the L-shaped cavity of the active site, with the inner portion 
occupied by electronegative and hydrophobic residues. This 
inner portion is important for catalytic function, followed by 
a narrower cavity with a solvent-accessible region towards 
the cavity's mouth. Thirty-five residues in hDHFR form the 
active site, and it has been reported that among humans and 

in protozoan DHFR, seven residues W24, T38, P66, L67, 
R70, G116, and T136 are conserved.

Moreover, V8, A9, F34, T56, S59, P61, and Y121 are the 
residues that are conserved in all DHFR with variations in 
only one or two species.

In another work, it was reported that binding pocket ana-
lyzed for seven inhibitors included V26, V27, A28, D48, 
M49, F52, T80, I84, P85, L91, I154, Y160, and T178 with 
the cofactor NADPH in tcDHFR (Trypanosoma cruzi) and 
constituted hydrophobic feature [64]. It has been reported 
that for wild-type DHFR-TS, hydrophobicity is important 
for the inhibitors, while for the A16V + S108T mutant steric 
factor is essential [65].

Assessing the overall charges of the residues in the active 
site, it was apparent that in most of the cases, it was posi-
tively charged, while CaDHFR (Crithidia Acanthocephali), 
LdDHFR (Leishmania donovani), and LmDHFR it was over-
all neutral. It was also concluded that the substrate-binding 
site is highly hydrophobic in most of the DHFR enzymes, 
while for BgDHFR (Babesia gibsoni) and hDHFR it was 
found to be neutral [66].

Analogues of cycloguanil were shown to inhibit PfD-
HFR (P. falciparum) of the wild type or mutants due to 
antifolate resistance. It has been reported that cycloguanil 
and pyrimethamine-based inhibitors against the mutant 
PfDHFRs S108N can be obtained if the steric clash can be 
avoided. The di-aminodihydrotriazine core of inhibitors was 
found to make core interaction with active site residue D54 
of the enzyme. The most common interaction with inhibitors 
was observed with sulfur-aromatic M55 with the aromatic 
ring and halogen-aromatic with the phenyl ring of F116 [67].

It has been observed that the pyrimethamine affinity for 
TgDHFR (T. gondii) was found to be slightly greater than 
hDHFR, and selectivity was the main issue for TgDHFR 
inhibitors. DHFR is a validated target against toxoplasmosis, 
chemical optimization of marketed lipophilic drugs loaded 
to JPC-2056, which is in clinical development for malaria, 
but also JPC-2067-B (a prodrug JPC-2056) was found to be 
active against the TgDHFR enzyme [68]. A methoxypyrimi-
dine based compound with enhanced potency and selectiv-
ity for TgDHFR was found while it has entered in phase I 
clinical trial [69].

It was observed that G22 in TgDHFR created a cavity 
containing a hydrophobic residue L23 that could accom-
modate a small molecule, while G22 is replaced by a D21 in 
hDHFR. Moreover, in TgDHFR, side chains of F32 and F91 
near the substrate cavity can make π–π stacking interactions 
with inhibitors [70].

In tg,  peptide conjugated phosphorodiamidate mor-
pholino oligomers when conjugated to arginine octamers 
created peptide-conjugated PMOs (PPMOs) that were found 
to knockdown TgDHFR [71].
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Three crystal structures of DHFR-TS from different pro-
tozoans, tc (PDBID: 3INV), tg (PDBID: 4ECK), and pf 
(1J3J), were super imposed using the matchmaker tool of 
Chimera [73] and visualized using Discovery Studio.

Three DHFR-TS proteins, 3INV.pdb (tc), 4ECK.pdb (T. 
gondii), 1J3J.pdb (P. falciparum) from protein data bank 
[72] were overlapped using the matchmaker tool of Chimera 
[73] and visualized using Discovery studio [74]. From Fig. 1 
of selected pdbs, it is apparent that TS is mostly conserved, 
and the junction region in each enzyme was different. Simi-
larly, DHFR was not found to be having similar sequences 
of amino acids in observed pdbs. Moreover, the junction 
region of P. falciparum (Fig. 1) was found to be larger than 
the other two parasitic regions, as discussed earlier. Hence, 
designing inhibitors that may interact with DHFR or TS 
at the same time or junction region may have a positive 
outcome.

The interaction profile of DHFR-TS from several spe-
cies with different ligands was assessed: C. hominis DHFR-
TS with methotrexate (PDBID: 4Q0D) (Fig. 2a, b), while 
Fig. 2c, d tc with C-448 antifolate (3INV.pdb), Fig. 2e, fTg 
with folic acid (4eck.pdb), and Fig. 2g, h P. falciparum with 

pyrimethamine 1J3J.pdb depicts the binding interaction of 
the DHFR active site. Figures 2a, b and e, f showed that the 
Pteridine motif was involved in pi-pi stacking and hydrogen 
bonding with mostly Valine, Alanine, Phenylalanine, Threo-
nine, and Asparagine. While Arginine was found to make 
a charge and van der Waals interaction with the carboxyl 
group of the compounds. Figures 2c, d and g, h indicated the 
triazine group to interact in the form of hydrogen bonding 
and pi–pi stacking with Aspartate, Phenylalanine, Isoleu-
cine, and Alanine while chloro benzene was found to pi–pi 
bond with Phenylalanine and Isoleucine.

The DHFR active site is just opposite to the orthogo-
nal active site of the TS in the same monomer, while the 
distance of the active site TS to that of the DHFR active 
site on the adjacent monomer on the same face is ~ 75 Å. 
ChDHFR-TS (C. hominis) and PfDHFR-TS showed a similar 
orientation of the active sites. However, for LmDHFR-TS, 
TS constitutes the majority of the interface region through 
β-sheet from each monomer, and active sites are present 
on the same side of the monomer. LmDHFR-TS has a very 
short junction of 2 amino acids. The conserved residues 
involved in the binding of the ligand and substrates were 

Fig. 1  TS-DHFR structures of a T. cruzi, b T. gondii, c P. falciparum, d overlapped structures of all three parasites
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Fig. 2  DHFR domain 3D and 2D interaction profile of the a, b 4Q0D.pdb, c-d 3INV.pdb, e, f 4eck.pdb, g, h 1j3j.pdb
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R344, R510, R469, and R470 from the adjacent monomer, 
and I402, D513, L516, F520, and M608 [63]. Figure 3a, b 
shows the binding interaction profile of the Cryptosporid-
ium hominis with 2-amino-4-oxo-4,7-dihydro-pyrrolo[2,3-
d]pyrimidine-methyl-phenyl-l-glutamic acid (4Q0D.pdb), 
Fig. 3c, d tc with UMP (3INV.pdb) and Fig. 3e, f Tg with 
10-Propargyl-5,8-dideazafolic acid (4eck.pdb). Figures 3a, b 
and e, f Tryptophan, Methionine was found to interact with 
pyrimidine and nitrogen rings. Isoleucine, while Fig. 3c, d 
Aspargine and Valine with triazine amine group Isoleucine 
and phenylalanine with Chloro amine group.

In the case of L. major, electrostatic channeling is sup-
posed to be responsible for transferring the dihydrofolate to 
the active site of DHFR from the active site of TS so it can 
be converted into tetrahydrofolate. The shallow grooves with 
mostly basic residue were found to connect the two enzyme 
active sites. It has been suggested that targeting this shal-
low groove can prove to be significant for specific therapies 
against protozoal diseases [75].

There is the presence of additional interdomain contacts 
in PfDHFR-TS owing to its large junction region and two 
additional sequences (insert region) in the DHFR domain 
from residues 20–36 and residues 64–98. However, the 
ChDHFR-TS one insert region is present. It has been sug-
gested that for DHFR and TS functions, the role of N is 
important; based on protozoal DHFR-TS structures and 
sequences, it has been classified into two structural families. 

One case is characterized by a long junction region, a part of 
which is used for attachment of DHFR-DHFR and DHFR-TS 
interdomain as in PfDHFR-TS and ChDHFR-TS. The second 
case is characterized by a short junction and the presence 
of a long N-terminal extension for the contact of DHFR-TS 
interaction [76].

It has been observed by the ChDHFR-TS crystal structure 
that one DHFR domain of the dimer is linked to the other 
DHFR domain by the crossover helix making hydrophobic 
interactions. It moves back to the original monomer to com-
plete the DHFR and TS domains [22]. From E. coli DHFR-
folate-NADP+ ternary complex, it was observed that the 
M20 loop adopts different confirmation as open-close or 
occluded according to the catalytic cycle, which is also the 
most flexible region of the DHFR [77].

SHMT

SHMT, a pyridoxal 5′ phosphate-dependent enzyme, is 
responsible for the formation of glycine from serine [78], 
and its activity has been observed in different parasites such 
as Trypanosoma cruzi (tc), Trypanosoma rangeli, Leishma-
nia spp., and Crithidia fasciculata [79]. The crystal struc-
tures of SHMT from prokaryotes, protozoans, and eukary-
otes have been found to show a similar characteristic fold 
as other types I pyridoxal phosphate (PLP) enzymes [78].

Fig. 2  (continued)
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Fig. 3  TS Domain 3D and 2D interaction profile of the a, b 4Q0D.pdb, c, d 3INV.pdb, e, f:4eck.pdb
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Mostly all prokaryotic SHMTs are homodimers, while 
eukaryotic consist of homotetramers, it is regarded as highly 
conserved protein. It has different isoforms, and in most 
eukaryotes, it exists in cytosolic and mitochondrial isoforms 
[80].

Plasmodium falciparum (pf) and Leishmania have two 
isoforms of SHMT, one localized primarily to the cyto-
sol and the other to the mitochondrion. tc Coccidians, tg, 
and Neospora caninum have one isoform of SHMT mainly 
to be existing in the cytoskeleton [79]. However, in trypano-
some C. fasciculata it exists in three isoforms i.e., mitochon-
drion, cytosol, and glycosome.

It has been reported from 55 SHMT sequences and 
structures of the enzymes that K71, Y72, R80, D89, W110, 
S202, C203, H304, H306, and H356 residues are essential 
for upholding the oligomeric structure, whereas D227 and 
K256 were found to be involved in maintaining the tetra-
meric structure and catalysis [81].

In humans, two isoforms are present, having shares 66% 
amino acid sequence resemblance with similar catalytic 
characteristics. SHMT2 in mitochondria is responsible 
for the synthesis of glycine and formate, while cytosolic 
SHMT1 is played a role in the biosynthesis of deoxythymi-
dylate (dTMP) [82].

The binding profile of lometrexol, methotrexate, and 
raltitrexed in hSHMT was found to be similar to those of 
leucovorin and the chemical structures of all these drugs are 
shown in Tables 1, 2 and 3 [83]. Leucovorin was found to 
show inhibition at low micromolar levels for both isoforms 
but could not be used clinically due to its conversion in other 
folic acid derivatives [44].

It has been reported that hSHMT2 undergoes a transition 
from a dimer to a tetramer after PLP binding. Lometrexol in 
hSHMT was found to be a more potent inhibitor for both iso-
forms. It was also observed that the binding site residues of 
the two isoforms were entirely conserved, with the only dif-
ference with the two residues Y176 and F317 in hSHMT2, 
which are F153 in hSHMT1. Moreover, the PLP cofactor 
was formed internal aldimine with K280 in hSHMT2-PTX 
complex while it formed glycine-PLP external aldimine in 
the mSHMT1 [44].

Trichomonas vaginalis, a unicellular parasite, is respon-
sible for trichomoniasis, one of the most common dis-
eases which are sexually transmitted. Trichomonas vagi-
nalis SHMT consists of K251 as an active site residue that 
forms internal aldimine with PLP and exists as a dimer. For 
hSHMT presence of His158 is vital to create a dimer inter-
face with other H158. Thereby forming a symmetric tetra-
meric quaternary structure [80].

Plasmodium spp. consists of two SHMT isoforms, 
SHMT1, which is functional, and an SHMT2 (putative 
allele). These isoforms are not similar and share only 20% 
similarity. It is believed that SHMT1 is important for the 

survival of the malarial parasite. It has also been reported 
that the initial N terminal region of PfmSHMT is important 
for targeting [84]. It has been hypothesized that PvSHMT 
exists as a dimeric protein and is similar to PfSHMT1, and 
there is a difference between the PvSHMT1 and hSHMT1. 
Hence a selective drug can be designed for the inhibition of 
plasmodium SHMT [85]. As the most abundant folate path-
way protein in PfSHMT was the first protein to be searched 
for its inhibition has shown to be lethal to the parasite. A few 
of its structural characteristics are also different from other 
reported SHMTs. The two distinct cysteine pairs viz C125 
and C364 are absent in hSHMT, and in parasites, they serve 
as a redox switch for regulating the THF-dependent catalytic 
function of the enzyme.

Moreover, a ligand binding environment is different in 
malarial and human SHMT; hence it can assist in design-
ing parasite specific-inhibitor [86]. It has been reported that 
SHMT can be an effective target for vector mosquito popu-
lation control [87] while malarial SHMT can be a suitable 
target for parasite malaria [7]. Plasmodium-DHFR mutations 
at residues 51, 59, 108, and 164 have concurred resistance 
to antifolate drugs [88]. In plasmodium SHMT, there is a 
presence of two loops and a cysteine pair which is absent in 
human SHMT. Analysis has shown that these two residues 
act as a switch for the regulation of THF-dependent catalytic 
function. Henceforth it has been suggested that this enzyme 
inhibitor could be selective against a parasitic enzyme [86]. 
Among two isoforms of SHMT in Plasmodium spp. SHMT1 
has been indicated as a valid target anti-malarial drug [84].

PvSHMT (Plasmodium vivax) exists as a homodimer with 
two active sites in each monomer, and both active sites can 
be targeted for the ligands [59]. In human SHMT1, a flap 
motif is present, which connects the β strand and α-helix. 
However, this motif is not present in PvSHMT. It is hypoth-
esized that this motif might have a role in THF binding to 
the substrate and inhibition. In the case of PvSHMT, the 
THF binding pocket consists of catalytic dyad C125 and 
C364, which act as a redox switch [89]. However, designing 
a selective inhibitor against parasitic SHMT will be chal-
lenging, while the outcome may be beneficial owing to the 
conserved nature of the protein.

Two pdbs were selected from the protein data bank [72], 
as 4O6Z.PDB (P. falciparum), 4TMR.PDB (P. Vivax), and 
visualized in Discovery studio [74] as shown in Fig. 4a. The 
THF molecule consists of a pterin moiety, para-aminoben-
zoic acid (pABA), and a glutamate tail, as shown in Fig. 4b. 
Similarly, there are two sub-pockets; one is a pterin binding 
pocket with a small lipophilic pocket within it, while the 
second one is the pABA channel, which is aligned by hydro-
phobic residues as shown in Fig. 4c, d [61].

Each monomer of PfSHMT homodimer consists of three 
domains, N-terminal (1-34), the C terminal (291-442), and 
the largest of all domains, the PLP/substrate-binding domain 
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Fig. 4  a SHMT over lapped structures of 4tmr.pdb with 4o6z.pdb, b structure of folate, c, d structures of 4tmr.pdb and 4o6z.pdb with high-
lighted molecule as plp of 4o6z.pdb, e, f 3D and 2D interaction profile of the 4TMR.pdb
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(35-290). The C-terminal domain of each protomer along 
with the PLP binding domain makes the THF and PLP bind-
ing sites. The residues involved in substrate binding were 
observed by overlapping the crystal structure with EcSHMT, 
and it was found that S34, Y54, Y64, H129, T183, D208, 
H211, T234, H236, G272, and R371 are important for bind-
ing [86].

To design anti-malarial inhibitors of PfSHMT, it has 
been suggested to avoid using glutamate tail of 5-formyl-
6-hydrofolic acid (FFO), and if the tail is more extended, 
then both negative and positive charges should be balanced 
at the right positions [90].

The two proteins were overlapped, as shown in Fig. 4a; 
it was observed that most of the regions were conserved, 
as shown in Fig. 4a. The inhibitor in the 4TMR.pdb struc-
ture was used to indicate the binding residues of 4O6.pdb, 
as shown in Fig. 4c, d. PLP is also highlighted in Fig. 4d 
to show its binding site in the two proteins. The pyrazo-
lopyran core binds in the pteridine pocket, making several 
H-bonds to the protein, while the biaryl motif is present in 
the extended channel and the pABA side chain of THF, as 
shown in Fig. 4e, f. The bicyclic pyrazolopyran (Fig. 4e, 
f) was found to show a similar interaction pattern as THF 
aminopyrimidinone moiety. T357, E56, T183, L124, and 
G128 were involved in the hydrogen bonding. L130 and 
H129 were involved in the van der Waals interactions. Y64, 
R371, S184 were also involved with ligand interactions, as 
shown in Fig. 4e, f. Figure 4e, f Oxygen of the ring makes 
hydrogen bonding with Leucine while Glycine, Serine, and 
Threonine were found to interact with Nitrogen of the ring. 
Cysteine was found to interact with a sulfur ring.

Drug design and new molecules

To treat complex diseases, multi-target inhibitors have 
presented a new vision for the pharmaceutical industry, 
but designing such inhibitors is a significant challenge for 
medicinal chemists [91].

Different heterocyclic nitrogen-containing compounds are 
not only part of natural compounds but are also playing an 
important role in modern drugs. Some of the heterocyclic 
nitrogen-containing compounds that have shown activities 
against different infectious diseases are discussed below. 
A quinazolinone is a building unit of alkaloids that occur 
naturally [92] has shown a range of activities like antimicro-
bial, anti-malarial, anticonvulsant, anticancer, antileishma-
nial, anti-inflammatory, etc. [93]. Few of the quinazolinone 
hybrid compounds had potent anti-malarial activity and an 
in silico studies were also carried out for these compounds 
[94]. Methoxylated 2-benzyl thioquinazoline-4(3H), which 
also belongs to this class, has been reported to target DHFR 
and possess antitumor activity [92].

A TS inhibitor of this class as raltitrexed is an antifolate-
based quinazoline analog with antitumor activities [95], 
while OSI-7904L is a benzoquinazoline folate analog with 
liposomal-encapsulation of OSI-7904 [16]. OSI-7904 is a 
potent TS inhibitor structurally related to the folate cofac-
tor, and its binding to TS in the complex with dUMP is not 
affected by 5,10-methylenetetrahydrofolate [96]. Trimetrex-
ate also belongs to this class of compounds [97]. Trimetrex-
ate glucuronate (non-classical antifolate) used to treat Pneu-
monocystis carinii pneumonia in AIDS patients shows its 
effect by inhibiting DHFR [98]. Trimetrexate/folinic acid, 
also referred to as leucovorin combination, is both effec-
tive and nontoxic in the treatment of pneumocystis carinii 
[99]. Several available drugs such as metolazone, meth-
aqualone, ketanserin [16] have been approved for different 
health conditions. However, the most recent patents focus 
more on the anticancer activities of quinazoline and quina-
zolinone scaffold-containing molecules [100]. Theoretically, 
these compounds have shown excellent therapeutic values 
on several drug targets. It is highly possible that optimized 
quinazoline analogs along with SAR on the targets can play 
a significant role in enhancing the potency and eliminating 
the side effects of this class of compounds. It has been sug-
gested that the substitution on the basic quinazoline nucleus 
may further enhance its activity by utilizing hybrid pharma-
cophore and bio-isosteric incorporation [101].

Among a series of fluorine-containing quinoline hybrids, 
the thiosemicarbazide analogues possess good anti-malarial 
activities [102]. A hybridized 4′-fluoro-amodiaquine was 
more effective than chloroquine for the resistant P. falci-
parum strain [103]. 4-Aminoquinolines have shown anti-
malarial activity due to the quinolinic ring, which modifies 
the parasite heme metabolism and has shown strong interac-
tion with PfDHFR in docking studies. Different combination 
of artemisinin with other anti-malarials or antibiotics is now 
prescribed for the treatment of malaria as it is believed that 
the combinations act synergistically or possess a different 
mechanism to prevent drug resistance. Benzophenanthridine 
alkaloid, which is derived naturally, showed potent activity 
against DHFR [104]. Pyrroloquinoline alkaloids, naturally 
occurring alkaloids such as febrifugine and isofebrifugine 
were found to have excellent anti-malarial activity [100]. 
However, its anti-malarial efficacy is reduced in intravenous 
administration [105], and strong side effects have restricted 
them from treatment against malaria. However, their deriva-
tive with lesser side effects may help in the treatment of 
malaria and other infectious diseases [106].

Anti-malarials have proven to be potent agents against 
toxoplasmosis and the anti-malarials as quinolines, endop-
eroxides, pyrazolo[1,5-a]pyrimidines, and nature-derived 
peptide-based parasiticidal agents can serve as good thera-
peutics against toxoplasmosis chemotherapy [107].
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Different hybrid compounds such as quinoline–ferro-
cene, quinoline-antibiotics as cinnamic acid, quinolines, and 
anticancer drugs, quinoline-mercaptopurine, quinoline, and 
sulphonamide moieties, quinoline, and other ring systems 
were also reported with good anti-malarial activity. Hybrid 
compounds containing piperazine ring were found to show 
a high level of cross-resistance and in silico docking studies 
showed strong interactions with plasmodial DHFR enzyme 
[108]. Hybrid drugs were prepared by incorporating endop-
eroxide in aminoquinoline or acridine moiety and were 
highly active against malaria. The trioxaquine, a hybrid 
compound that has 1,2,4-trioxane and an aminoquinoline 
as pharmacophores, are in the clinical stage and may be used 
via the oral route [62]. However, biochemical targets spe-
cific for trioxaquines, and the trioxolaquines could not be 
elucidated [109].

The pyrimidine and triazine-based analogues possess 
potent antileishmanial agents, along with other pharma-
cological activities [92]. Anti-malarial activity of pABA-
substituted 1,3,5-triazine derivatives series was tested, 
and two potent compounds were assessed from the series 
[110]. Molecular hybrids having pyrimidine and aryl/heter-
oaryl groups linked by 1,2,3-triazole were found to possess 
in vitro anti-plasmodial activity [111].

Among arylpiperazine series 5-(4-(3-(2-methoxypyrimi-
din-5-yl)phenyl)piperazine-1-yl)pyrimidine-2,4-diamine 
was found to be a good inhibitor for tg DHFR and can be 
further tested for pre-clinical trials [20]. The new hits of 
thiazole-1,3,5-triazine derivatives were identified as anti-
malarials targeting Pf-DHFR [112]. Lamotrigine, a phenyl-
triazine is a weak inhibitor of DHFR. Table 1 shows the list 
of compounds in the approval and investigational process 
against the DHFR target [15–17].

In one of the reviews, the therapeutic importance of sulfur 
compounds mostly, the sulfonyl or sulfonamide analogues 
were presented, which were found to have a broad range of 
activities from antimicrobial, anti-inflammatory, antiviral, 
anticonvulsant, antitubercular, antidiabetic, antileishmanial, 
carbonic anhydrase, anti-malarial, anticancer and others, etc. 
It has been proposed that these compounds can serve as good 
therapeutic agents against several fetal diseases [113]. Sulf-
adoxine is a sulfonamide pyrimidine targeting DHFR, while 
tosyl-d-proline and N-[Tosyl-d-Prolinyl]amino-ethanethiol 
are the p-toluenesulfonamides inhibiting TS.

The number of hybrid drugs with amine peroxide bridge 
was reported for tetraoxanes and trioxolanes (ozonides), 
which were found to be potent peroxidic anti-malarials. 
Among trioxolanes, arterolane was the first one that reached 
clinical trials but was withdrawn in phase 2 due to its stabil-
ity issues. Artefenomel or OZ439 is another trioxolanes that 
have reached phase 3 of the clinical trials and have shown 
potent anti-plasmodial activity [114].

Moreover, OZ277 (RBx-1160) is in phase 3 trials, and 
its combination with piperaquine has also shown promising 
results. Peroxide-based molecules alone or as hybrid mol-
ecules could open up a new research area in the future as 
they are showing promising results, and few of them have 
entered the clinical stages [62]. Moreover, combinations 
of chlorproguanil hydrochloride dapsone-artesunate were 
designed as potent anti-malarial drugs, but they failed in 
phase 3 trials due to toxicity issues [62].

Acyclic nucleoside bisphosphonates were found to be 
inhibitors of the P. falciparum and showed anti-malarial 
activities [115]. Folate and nucleotide analogs are the two 
main categories of the TS enzyme. Inhibitors with fluo-
rouracil (5FU) were the first of the TS inhibitor and were 
found to be antineoplastic agents. Six folate analogs of TS 
inhibitor are currently in clinical trials as AG337, raltitrexed, 
pemetrexed, nolatrexed, ZD9331, and GS7904L. Orotate 
analogs are found to be more selective towards parasites 
than uridine derivates. The most potent are precursors of 
the anticancer drug 5FU, 5-fluoro-orotic acid (5FO). Moreo-
ver, polyglutamate folates were found to be better substrates 
than monoglutamate. Two anticancer analogs with thymi-
dine were tested as an anti-malarial TS, but activity was 
found to be poor [45]. Pyrimidine compound pralatrexate 
is a pteridine flucytosine analog that has shown antifungal 
activity. The active metabolites of tegafur (a combination 
of (1-(2-tetrahydrofuryl)-5-fluorouracil) and uracil), inhibits 
the enzyme thymidylate synthase (5-fluoro-deoxyuridine-
monophosphate) and intercalate into RNA (5-fluorouridine-
triphosphate). Tegafur is in the clinical trial, as shown in the 
table for cancer treatment [16]. Trifluridine, a fluorinated 
pyrimidine nucleoside, is an irreversible thymidylate syn-
thase inhibitor and suppresses DNA synthesis. It is an anti-
viral drug for herpes simplex virus (HSV) infection [116]. 
5,6-Dihydro-5-fluorouracil, also known as 5-fluorodihydro-
uracil, a hydropyrimidines has shown a cytotoxic activity in 
murine and human tumor cells that may in part be explain-
able by the reversible transformation to FU [117].

2,4-diamino-meta-diazine pharmacophore in diamino-
antifolates is reported to be an important pharmacophore 
for DHFR inhibition. Inhibition of parasitic TS had been 
achieved using 5-fluoroorotate, thereby killing all malarial 
parasites; however, it was found to be toxic to the host due 
to 5-fluoropyrimidine incorporation into the nucleotide pool. 
It was also observed that when TS inhibitor as 1843U89 was 
combined with thymidine it resulted in less toxicity to the 
host and was found to be selective for the parasite [118]. 
Tables 2 and 3 shows inhibitors in the approval and investi-
gational phase with structures [15–17]. Pyrimethamine and 
P218 are antifolates, while ANX-510 (CoFactor) is a folate-
based biomodulator drug. P218 was selective against bifunc-
tional DHFR-TS of P. falciparum (PfDHFR-TS) and was 
found to be effective against drug‐resistant mutants [119].
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Leucovorin, a bio-modulator, and after chemical con-
version becomes the active form of folate. It has also been 
reported that targeting PTR1 and DHFR-TS can lead to 
the development of potential drugs for Leishmaniasis. Two 
types of DHFR-TS inhibitors have been reported so far, the 
classical one, which resembles folic acid structure, and the 
non-classical, which are lipophilic antifolates lacking the 
glutamate sidechain. The series of class 5-benzyl-2,4-di-
aminopyridimines was reported to be the first inhibitor 
of DHFR against L. major 2,4-diaminoquinazolines was 
also reported as DHFR inhibitors against Trypanosoma 
and Leishmania. The DHFR-TS was found to be lethal 
to leishmania [120]. 2, 4 diaminopyrimidine derivatives 
were competitive inhibitors against recombinant enzymes 
LcPTR1 and LcDHFR [121]. It was found that 2,4 diami-
nopyrimidine derivatives are inhibitors of recombinant 
LcPTR1 and LcDHFR-TS \enzymes [121]. It has been 
established that a strong complex is formed by human TS 
and DHFR in vitro and they co-localize in the cytoplasm 
and nucleus of human normal and colon cancer cells [122]. 
For Cryptosporidiosis, effective treatments are required, 
as currently nitazoxanide, is moderately effective in chil-
dren and not effective in AIDS patients. It is believed that 
nitazoxanide and paromomycin failure may be due to the 
fact that they don't kill parasites [123]. Hence, efforts 
are underway to find its potent and selective inhibitors. 
The selective inhibitor (2-amino-4-oxo-4,7-dihydro-
pyrrolo[2,3-d]pyrimidin-methyl-phenyl-l-glutamic acid) 
for Ch TS was obtained, and X-ray structures with inhibi-
tors were also resolved for human TS and ChTS, which 
helped further in the selectivity of compounds [124]. In 
another study, a thiol-substituted 2-hydroxy-N-phenylben-
zamide was found to show good activity against ChDHFR-
TS [22]. Methylenedioxyphenyl-aminophenoxypropanol 
analogues were discovered by virtual screening against 
ChTS [125]. More efforts are required in this direction, 
and perhaps already approved DHFR-TS inhibitors may 
also be effective against this parasite.

Several acid derivatives have been reported to inhibit 
DHFR and bifunctional DHFR-TS as well. Methotrexate 
(amethopterin), a glutamic acid, inhibits the DHFR result-
ing in the inhibition of purine nucleotide and TS [16]. Simi-
larly, SP-722 is also a derivative of glutamic acid, while 
LY231514 is a pentacarboxylic acid derivative. LY341770 
are compounds containing hippuric acid, in which a benzoyl 
group is linked to glycine [16]. Glutamic and hippuric acid 
derivatives have shown profound activities against DHFR-
TS, and in the future, compounds from this class can prove 
to be effective in the treatment of various parasitic diseases. 
LY231514 and pemetrexed are the antifolate inhibitors of 
TS. LY231514 not only inhibits TS but also targets DHFR 
and is also referred to as multitargeted antifolate [126]. 
SP-876 is a hybrid peptide that links two different amino 

acids through a peptide bond. l-methionine (S)-S-oxide 
belongs to the class of compounds known as 1-alpha-amino 
acids, while mimosine (M) 2-amino-3-(3-hydroxy-4-oxo-1-
pyridinyl)propanoic acid is an alpha-amino acid. However, 
these drugs are in the investigational process, and their effec-
tiveness is yet to be ascertained in clinical and pre-clinical 
trials.

It has been proposed that metformin and other biguanides 
could target folate metabolizing enzymes [127]. Chlorpro-
guanil is a dichloro derivative of proguanil which is also 
known as chloroguanide and belongs to the class of 1-arylbi-
guanides. Trimethoprim, also known as proloprim is an ani-
soles compound. Gentamicin is a broad-spectrum aminogly-
coside antibiotic. Sri-9662 belongs to the class pyrido[2,3-d]
pyrimidines, while iclaprim is a novel diaminopyrimidine. 
N,O-Didansyl-l-tyrosine is a compound from the phenyla-
lanine and derivatives class.

1,4-dithiothreitol are polyols, while pyridoxal phos-
phate is a pyridoxal derivative. N-pyridoxyl-glycine-
5-monophosphate belongs to pyridoxamine 5′-phosphate 
compounds. Artenimol is an artemisinin derivative. Penta-
midine (diether) having pentane 1,5-diol with 4-amidinophe-
nyl groups in place of both hydroxyl hydrogens.

Several TS inhibitors are currently in clinical trials as 
non-polyglutamylatable, antifolate analog ZD9331. The 
other most potent inhibitor of TS is GW1843U89, which 
is the benzoquinazoline compound [95]. Human cytosolic 
SHMT was found to be inhibited by antifolate lometrexol 
[44].

Pyrazolpyran derivatives were found to inhibit plant 
SHMT1; however, modelling studies have revealed that the 
compound can be a good target for SHMT, and for the first 
time, the crystallized structure of SHMT2 with lometrexol 
and pemetrexed was reported. It was concluded that they are 
potent inhibitors for both isoforms [44]. SHMT has gained 
a lot of importance as an anticancer target for the devel-
opment of new drugs. Methotrexate and pemetrexed were 
crystallized with two isoforms of the SHMT plant. Hence, 
it has been suggested that antifolates can serve as SHMT 
inhibitors [128].

COVID 19

Pyrimethamine has also been found to possess antitumor 
activities. However, its target in cancer cells is still not 
clear, and it was observed that pyrimethamine could inhibit 
cancer cells of the lungs via DHFR. It was also observed 
that only pyrimethamine could also inhibit the epithelial-
mesenchymal transition (EMT), metastasis, and invasion 
of lung cancer cells. Hence, it can be concluded that the 
mechanism of pyrimethamine involves more than one tar-
get, not necessarily DHFR. It is believed that thymidine 
phosphorylase (TP) is closely associated with the EMT of 
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cancer cells. It was concluded that pyrimethamine plays 
an act as a dual inhibitor by targeting DHFR and TP in a 
tumor [129]. In HIV-infected patients, pyrimethamine and 
leucovorin combination was more effective and safer as 
compared to trimethoprim/sulfamethoxazole in primary 
prophylaxis of Pneumocystis jiroveci pneumonia and Toxo-
plasma encephalitis [130].

The use of chloroquine/hydroxychloroquine in SARS-
COV-2 patients has already been approved with a high risk 
of adverse effects [131, 132]. However, the use of these 
drugs in COVID-19 patients still requires further high-
quality clinical trials [133].

Fungal infections P. jirovecii pneumonia affects people 
with weak immune responses and, in some cases, are fatal. It 
results in asymptomatic lung colonization in normal people 
which may serve as carriers to spread it to immunocom-
promised individuals. It is considered a serious respiratory 
infection in AIDs patients. Its cases have declined due to 
prophylaxis and antiretroviral therapy. First-line prophylaxis 
treatment includes a combination treatment of dapsone, leu-
covorin, and pyrimethamine [134].

Conclusion

It is assessed that simultaneously using inhibitors for the two 
or three targets as DHFR, TS, and SHMT may be effective 
against several diseases. The aforementioned targets play a 
pivotal role in the folate pathway since the folate pathway is 
significant for the survival of many parasites. Hence it can 
be assessed that inhibition of these targets may be benefi-
cial. For combating viral and protozoal infectious diseases, 
these targets in combination should be addressed. From the 
structural analysis of different organisms and SAR, it can be 
concluded that hybrid drugs may be designed for combating 
these targets simultaneously. The conserved regions of the 
enzymes can be utilized for this purpose. Structural eluci-
dation can be utilized in the future for designing the drugs. 
These enzymes can be targeted against several diseases and 
can be assessed that these targets can play a significant role 
against a number of infectious diseases.
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