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Dihydrofolate reductase (DHFR) is a key enzyme involved in the
folate pathway that has been heavily targeted for the develop-
ment of therapeutics against cancer and bacterial and protozoa
infections amongst others. Despite being an essential enzyme
for Mycobacterium tuberculosis (Mtb) viability, DHFR remains an
underexploited target for tuberculosis (TB) treatment. Herein,
we report the preparation and evaluation of a series of
compounds against Mtb DHFR (MtbDHFR). The compounds

have been designed using a merging strategy of traditional
pyrimidine-based antifolates with a previously discovered
unique fragment hit against MtbDHFR. In this series, four
compounds displayed a high affinity against MtbDHFR, with
sub-micromolar affinities. Additionally, we determined the bind-
ing mode of six of the best compounds using protein
crystallography, which revealed occupation of an underutilised
region of the active site.

Introduction

Tuberculosis (TB) is an infectious disease that still affects around
a third of the world’s population, particularly in Africa and
South-East Asia. TB is caused by Mtb and is the highest cause of
death from a single infectious agent, although this title was
temporarily lost at the height of the COVID-19 pandemic, with
an estimated 1.4 million deaths in 2021.[1] Of particular concern
is the emergence of multi-drug resistance (MDR), which involves
resistance to isoniazid and rifampicin, the two most commonly
used drugs against TB. MDR TB strains greatly increase treat-
ment cost, regime duration, and treatment failure possibilities.
For these reasons, the development of new treatment options

with novel modes of action to combat this disease is urgently
needed.[2]

Dihydrofolate reductase (DHFR) is a key enzyme for the
biosynthesis of tetrahydrofolate (THF), which is involved in a
variety of critical cellular processes. THF is vital for de novo
biosynthesis of purines, various amino acids, and thymine.[3]

DHFR is a well-established target for an array of diseases, with
drugs that target DHFR being used as antibacterial, antifungal,
antimalarial, and anticancer agents.[4] The drugs used as
antimicrobials are distinct from those used as anticancer
because of their specificity to the enzyme active site.[5]

Trimethoprim (TMP) and pyrimethamine (PYR) are antifolates
used for bacterial and malaria infections, respectively (Fig-
ure 1).[6] Although in Mtb, it has been shown that inhibition of
the folate pathway leads to cell death,[7] currently DHFR
inhibitors are unsuitable for TB treatment due to lack of
selectivity, inability to penetrate the mycobacterial cell wall, or
low affinity for MtbDHFR.[8] DHFR can still be considered a
potential drug target for Mtb, however it requires the develop-
ment of new molecules to inhibit its activity. Such molecules
can be discovered using different strategies, including frag-
ment-based drug discovery (FBDD) approaches.

Fragment-based approaches rely on a strategy in which
high-affinity compounds are developed starting from low
complexity fragments, typically weighing less than 300 Da, and
assessing them via various biophysical methods.[9] Starting from
small chemical compounds (fragments), precise occupation of
the desired region can be achieved through fragment merging,
linking, and growing.[10,11] Through FBDD, different companies
have already generated over 40 new drugs that entered clinical
trials, with six of them being approved for clinical use.[12]

In a previous work carried out by our research groups, an
FBDD approach was applied to MtbDHFR.[13] Based on a
fragment screening campaign that utilised a range of biophys-
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ical methods, including differential scanning fluorometry,
nuclear magnetic resonance, and isothermal titration calorim-
etry, we confirmed the binding of twenty-one fragments, and
we obtained X-ray crystal structures of MtbDHFR in complex
with nine of them. Several of these fragment hits provided
potential starting points for fragment elaboration attempts,
with a particular interest towards fragment 5 (Figure 2). Two
molecules of 5 were observed to bind independent of each
other to the MtbDHFR substrate binding region. One of these
was found to occupy a unique region adjacent to the binding
region of traditional antifolates, known as the glycerol-binding
pocket (GBP, orange region in Figure 2).[14] This region is a
unique area when compared to the human analogue of DHFR,
being hydrophobic for the human equivalent and hydrophilic
for MtbDHFR, and substantially smaller in the human analogue.
It is named GBP since the first structure reported of MtbDHFR, a
molecule of glycerol from the cryogenic protecting solution is
bound in this cavity.[14] Consequently, targeting this region

could allow the development of a novel series of high affinity
compounds for MtbDHFR inhibition.

Hajian et al. have reported that a series of propargyl-linked
antifolates that have good activity in vitro and in vivo against
Mtb.[15] These compounds (such as 3, Figure 3), were observed
to inhibit MtbDHFR and were synthesised based on a pyrimidine
scaffold. In a superposition of a crystal structure obtained with
a propargyl-linked antifolate and 5, it can be observed that the
pyrazole and pyrimidine rings are in close proximity in different
regions of the active site (Figure 3b).

In this work, we hypothesised that merging the pyrazole
ring identified from the fragment-based approach from 5 and
the pyrimidine ring from known antifolate structures such as 3,
would lead to high affinity compounds for MtbDHFR, expanding
into an unexplored region for current DHFR antifolates (Fig-
ure 3a). This combination would still allow for the traditional
hydrogen-bonding interaction of various residues with the
amines in the pyrimidine ring and hydrophobic with the alkynyl

Figure 1. Chemical structures of trimethoprim (TMP, 1) and pyrimethamine (PYR, 2).

Figure 2. Left: electrostatic surface of MtbDHFR with NADPH (purple), methotrexate (yellow), and glycerol (green). Electrostatic surface bar included showing
red regions are of negative charge and blue of positive. Right: MtbDHFR active site displaying four main regions: Purple – negatively charged region classically
occupied by pyrimidine scaffolds. Green – apolar region classically occupied by PABA moiety. Red – positively charged region classically occupied by
glutamate moiety. Orange – glycerol binding pocket (GBP), a unique pocket compared to the human analogue.
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and R group associated, but also allow expansion into the GBP
for novel interactions (Figure 3b).

Thus, in this work, we carried out a fragment elaboration
strategy based on 5. Based on that, we have obtained
compounds with up to +9.3 °C thermal shift against MtbDHFR
and KD of 0.47 μM, a sizable improvement from 5, with a
thermal shift of +1.2 °C and KD of 640 μM. Additionally, we
have obtained the binding mode of these compounds through
protein crystallography of MtbDHFR in complex with NADPH
and a variety of pyrimidine derived compounds which indicates
that these compounds bind to the GBP.

Results and Discussion

Synthesis strategy

The majority of compounds were synthesised from 2,6-diamino-
4-chloropyrimidine (6), which was iodinated using N-iodosucci-
nimide, affording compound 7 (Scheme 1) (Supporting Informa-
tion Methods 2). Through a Sonogashira coupling, a cyclo-

propylacetylene (34) was introduced in place of iodine ortho to
the chlorine. Suzuki couplings with aryl boronic acids carried
out on compound 8 then allowed the generation of a variety of
substituted pyrimidines (9–25, Table 1). Sonogashira coupling
with cyclopentylacetylene (34) and phenylacetylene (35) were
also performed giving compounds 28 and 29 respectively, with
subsequent Suzuki coupling leading to compounds 30–33
(Scheme 1c). For 26 and 27 no iodination and subsequent
Sonogashira coupling occurred, and only a Suzuki coupling at
the chloro position was performed (Scheme 1b). Compounds 8,
28, and 29 were taken forward without the subsequent Suzuki
coupling, with the chlorine atom remaining part of the
compound.

Biological assays

With this series of compounds synthesised (Supporting Informa-
tion Methods 3), characterisation of the interactions and affinity
with MtbDHFR with differential scanning fluorimetry (DSF),
monitoring thermal shifts, utilised as an initial assay (Table 2).

Figure 3. a) Merging of a fragment previously discovered within the group (5) and a known inhibitor (3) to form a pyrazolpyrimidine (4). b) Overlap of crystal
structure of 5 (green) in MtbDHFR (white, NADPH in pink, PDB: 6VS5) overlapped with crystal structure of a propargyl-linked antifolate in MtbDHFR (PDB:
6DDP, cyan).[15]
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The isoxazolpyrimidine derivative 9 showed a substantial
increase in thermal shift compared to the original fragment 5,
from +1.5 °C to +4.5 °C (Table 2). No thermal shift was
observed when the isoxazole ring was removed (compound 8),
showing the importance of an aromatic group in this position
for affinity. Removal of the cyclopropyl group (26 and 27) also
lead to no thermal shift, suggesting occupation of the lipophilic
region adjacent to NADPH in conjunction with the GBP is

required for affinity. The replacement of isoxazole with the
phenyl moiety, 10, led to further increased thermal shift, from
+4.5 °C to +6.0 °C, allowing a wider range of derivatisation due
to commercially available phenyl substituents to be explored
without worry of lost affinity from this ring alteration.

A lightly electron donating methyl substituent in the ortho
position was tolerated, with 11 increasing the thermal shift
from +6.0 °C of the unsubstituted phenyl 10, to +9.0 °C. Other

Scheme 1. Synthetic scheme for compounds a) 6 to 25, b) 26 and 27, and c) 28 to 33.
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groups synthesised, such as F and OMe for 19 and 20
respectively, appeared to destabilise interactions reducing the
thermal shift to +5.1 °C and +4.4 °C respectively.

Meta substitution of the aromatic ring with larger functional
groups, such as -NHCOMe for 12 and -NHSO2Me for 25,
appeared favourable, leading to increases in thermal shift to
7.0 °C and 8.5 °C respectively. At the same meta position, the
smaller group -CF3 of 21 appeared to destabilise MtbDHFR
binding, reducing the shift from +6.0 °C in the unsubstituted
compound 10, to +4.5 °C. In the para position, larger functional
groups again seemed most suited for increasing affinity. 13, 15,
and 16 all showed an increase of thermal shift, particularly 16
increasing to +9.3 °C, the highest increase in thermal shift
obtained. Interestingly, the functional group for 16, -NHSO2Me,
is the same for the strongest meta substituent tried 25,
highlighting this functional group as one of interest within the
GBP. Decreases in thermal shift from 10 were observed for
some smaller substituents in the para position: 22, 23, and 24.

Compound 14 bucked this trend, being a smaller functional
group tried but leading to an increased thermal shift to +7.5 °C.

Replacement of the aromatic ring was also undertaken, with
the change to a 5-substituted indole (17) leading to a small
increase of thermal shift to +6.3 °C, and the change to a
pyridine ring (18) leading to a reduction to +4.0 °C. This
reduction for 18 may be due to the reduced hydrophobic
nature of the ring, leading to a more hydrophilic moiety in a
hydrophobic region.

Replacement of the cyclopropyl group was also examined,
using the same substitution in the GBP as for 14 and 15.
Changes to p-CF3 (14) lead to a complete loss of thermal shift
gain, changing to +1.5 °C and � 0.5 °C for the cyclopentyl and
phenyl, respectively. Changes to p-NHCOMe (15) lead to a
decrease to +1.5 C when substituted with a phenyl ring, but
surprisingly when substituted to a cyclopentyl for 31, an
increase was observed to +8.5 °C. This is a 0.9 °C increase in
shift compared to the cyclopropyl compound 15. It could be
reasoned that the larger size of the cyclopentyl moiety occupies

Table 1. Compounds obtained by Suzuki coupling of aryl boronic acids to 8.

Ar group Yield [%] Ar group Yield [%] Ar group Yield [%]

9

25

10

12

11

13

12

27

13

28

14

20

15

33

16

33

17

56

18

13

19

18

20

54

21

46

22

22

23

52

24

15

25

29
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the region more fully than cyclopropyl, and the phenyl has
limited affinity due to its size or aromaticity, although it is
unclear why a substantial reduction is then observed for 30.
Removal of the GBP portion of the compound for 28 and 29 led
to no affinity for MtbDHFR.

Beside TSA assays, ITC was also performed for a number of
the synthesised compounds (Supporting Information Table 1).
As a starting point 9 was assessed, giving a KD of 3.9�1.2 μM, a
significant increase from the starting fragment 5 of 640�
120 μM. 11 exhibited an increase in the affinity compared to 9,
with a KD value of 2.4 �0.8 μM. It is interesting that the thermal
shift observed for this compound (+9.0 C) was the second
highest in the series. Despite exhibiting slightly lower thermal
shift increases, compounds 12, 14, and 15 displayed stronger
affinity to MtbDHFR than 11, with KDs of 0.87�0.17 μM, 0.62�
0.12 μM, and 0.76�0.20 μM respectively. The compound with
the largest thermal shift of the series, 16, also displayed a KD

value of 0.47�0.14 μM. Consequently, this is the compound
with the highest affinity synthesized in these series, which an
increase of 1000 times from the initial fragment 5, with a KD of
640 �120 μM.[13] The affinity of the compounds discussed
above were measured using ITCand these showed good heats
of binding. However, for a number of compounds (see Table 1),
the heats of binding were poor and accurate affinities for these
were not obtained.

To obtain insights into the interactions of molecules from
these series with MtbDHFR, co-crystallisation or soaking experi-
ments of compounds with MtbDHFR was undertaken (Support-
ing Information Table 2). The protein complexes for 14, 15, 16,
and 25 were obtained (Figure 4). In all four, it was observed

that the pyrimidine-cyclopropane moieties remain in the same
position (Figure S1), with the pyrimidine interacting through
hydrogen bonding with T113, D27, I5, I94, and Y100 and the
cyclopropane occupying the more hydrophobic region near I94.
The acetamide group of 14 interacts with R23 in the GBP
through hydrogen bonding, but no interaction with Gln28
(Figure 4a). The trifluoro group of 15 is in closer contact with
the Q28 but losing any interaction with the Arg23 (Figure 4b).
The sulphonamide of 16, instead, forms tighter hydrogen bonds
with both R23 and Q28, with both bonds being under 3 Å
(Figure 4c). These interactions, along with a greater occupation
of space due to the larger functional group size, may explain
the greater affinity displayed by 16 compared to the com-
pounds with crystal structures obtained. 25 does not directly
interact with either R23 or Q28. However, the sulphonamide
group of this compound indirectly interacts through a water
molecule with R23 (Figure 4d). In addition, the methyl group of
the sulphonamide is in close proximity to the cyclopropane
group, experiencing London dispersion forces between them.
Crystal structures of 13, 19, and 20 were also obtained, with a
binding position similar to others obtained, although less
hydrogen bonding interactions within the GBP were observed,
possibly explaining their weaker affinity (Figure S2).

Amongst the compounds tested, 14, 15, and 16 displayed a
sizable increase in thermal shift, along with sub-micromolar KD

values, with increases over 1000-fold in relation to the original
fragment 5. In addition, 25 and 33 displayed strong thermal
shift increases. Interestingly, compounds 16 and 25 contain the
sulphonamide moiety, at the para and meta position respec-
tively, interacting in the GBP (Figure S3). Bar the initial fragment

Table 2. Thermal shift (TS) and isothermal titration calorimetry (ITC) data obtained from the initial compounds synthesised.

Compound Structural modification MtbDHFR (0.5 mM) TS (°C) MtbDHFR KD

5 – +1.2 640�120 μM
8 No Ar +0.0 –
9 isoxazole +4.5 3.9�1.20 μM
10 Phenyl +6.0 [a]
11 o-Me +9.0 2.40�0.81 μM
12 m-NHCOMe +7.0 0.87�0.17 μM
13 p-COOMe +7.6 [a]
14 p-CF3 +7.5 0.62�0.12 μM
15 p-NHCOMe +7.6 0.76�0.20 μM
16 p-NHSO2Me +9.3 0.47�0.14 μM
17 5-indole +6.3 [a]
18 pyridine +4.0 –
19 o-F +5.1 –
20 o-OMe +4.4 [a]
21 m-CF3 +4.5 [a]
22 p-CONH2 +4.5 [a]
23 p-OCF3 +3.0 –
24 p-Cl +5.8 [a]
25 m-NHSO2Me +8.5 [a]
26 No propargyl, p-COOMe +0.0 –
27 No propargyl, p-CF3 +0.0 –
28 No Ar, cyclopentane � 1.5 –
29 No Ar, Phenyl � 0.5 –
30 Cyclopentane, p-CF3 +1.5 –
31 Cyclopentane, p-NHCOMe +8.5 [a]
32 Phenyl, p-CF3 � 0.5 –
33 Phenyl, p-NHCOMe +1.5 –

[a] The ITC was measured for these compounds however they showed weak heats of binding and an accurate Kd was not obtained.
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5, this is the first series of compounds confirmed to interact
with the MtbDHFR active site and occupy the GBP. A number of
these compounds were screened against Mtb (H37Rv) (Support-
ing Information Methods 1) however they showed MIC >50 μM
(Supporting Information Table 3) and further optimisation is
needed to improve the mycobacterial cell wall permeability.

Conclusions

In conclusion, combining fragment 5, discovered from a
previous fragment screen within our research group, and
structural moieties from classical antifolates, 27 compounds
were synthesised as part of a new series to assess the
occupation of the previously unexplored and unique GBP
region within MtbDHFR. Through TSA and ITC, 3 compounds
were determined to be strong candidates for MtbDHFR
inhibition, exhibiting sub-micromolar affinity, along with the
crystal structure confirming their position in the active site and
occupation of the GBP.

Experimental Section

MtbDHFR expression and purification

For non-crystallisation characterisation, MtbDHFR was prepared
according to the protocol established by Dias et al.[16] For crystal-
lisation experiments, a histidine-tag free MtbDHFR was prepared as
reported by Ribeiro et al.[17] For purification of the histidine-tag free
MtbDHFR, the supernatant was loaded onto a methotrexate-
agarose column and washed with 3 column volumes (CVs) of
phosphate buffer (20 mM K2HPO4, 50 mM KCl, pH=7.5). The protein
was eluted with 3 CVs of elution buffer (20 mM K2HPO4, 50 mM KCl,
DHF 2 mM, pH=7.5). The eluted fraction was dialysed against
phosphate buffer. The fraction was further purified using an
Superdex 200 16/60 gel filtration chromatography column previ-
ously equilibrated with phosphate buffer. Fractions deemed to
contain MtbDHFR based on SDS-PAGE analysis were pooled,
concentrated at 15 mg/mL and flash frozen in liquid nitrogen and
stored at � 80 °C. The purity of the sample was monitored by SDS-
PAGE 12%.

Differential scanning fluorimetry (DSF)

The thermal shift assays (TSA) were performed with a CFX Connect™
instrument (BioRad) using 96-well plates. Each well contained 3 mM
of DHFR, 1 mM of NADPH, 5 X SYPRO Orange and 0.5 mM or 1 mM
of compounds, with a final concentration of 20 mM phosphate
buffer, 50 mM KCl at pH 7.0. The final DMSO concentration in each
well was 5% v/v. The plate was centrifuged prior to the experiment

Figure 4. Crystal structure of MtbDHFR in complex with NADPH and ligands. a) MtbDHFR (white) in complex with NADPH (pink) and 14 (cyan) with electron
density of 14 displayed (PDB: 8CQA). b) MtbDHFR (white) in complex with NADPH (pink) and 15 (cyan) with electron density of 15 displayed (PDB: 8CQ9).
c) MtbDHFR (white) in complex with NADPH (pink) and 16 (cyan) with electron density of 16 displayed (PDB: 8COP). d) MtbDHFR (white) in complex with
NADPH (pink) and 25 (cyan) with electron density of 25 displayed (PDB: 8COX). All the electron density contours are from 2Fo� Fc maps.
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at 1500 rpm for 1 min. The temperature was increased at a constant
rate of 0.5 °C/min from 25 to 95 °C. The data in the format of
Microsoft Excel were analysed by plotting fluorescence intensity
versus the temperature (in °C). Minima of the first derivative of the
curve can be used to find the melting temperature (Tm). The
difference in the Tm in the presence and absence of the compounds
are defined as thermal shift (ΔTm).

Isothermal titration calorimetry (ITC)

ITC experiments were conducted on a MicroCal auto-iTC200 instru-
ment (Malvern Instruments). All the experiments were performed in
the presence of 1 mM of NADPH and in the buffer containing
20 mM phosphate (pH 7.0) and 50 mM KCl. The volume of DMSO
(from 3 to 7%) used was dependent on the solubility of the ligands.
MtbDHFR concentration of 40 mM and ligand solutions concen-
trations of 500 mM were used. Typically, ligand solution was
titrated to the protein solution over 19 injections with a time
intervals of 200 seconds duration; initial titration of 0.4 μL
(discarded during data processing), followed by successive 19 x
2 μL titration. Control experiment was performed in the absence of
protein and the heat was subtracted from ligand to protein
titrations. The data were analysed using Origin Analysis software,
by fitting the values to a one-site binding model.

MtbDHFR crystallization and structure determination

All crystallisation experiments were performed by hanging drop
vapour diffusion method as described by Ribeiro et al..[17] The
protein solution consisted of 10 mg/mL MtbDHFR, and 10 mM
NADPH. Briefly, 1 μL of Tag-free MtbDHFR at 10 mg/mL, previously
incubated with 2 mM of NADPH, was mixed in a coverslip with 1 μL
of a crystallisation condition constituted of 1.6 M ammonium
sulfate, 100 mM MES (2-(N-morpholino)ethanesulfonic acid), pH 6.5,
10 mM CoCl2 and inverted down against the 1000 μL of crystal-
lisation solution added in the wells of Linbro plate (Hampton
Research) and bipyramidal crystal of MtbDHFR appeared after 3–
4 days at 20 °C. Ternary complexes of MtbDHFR with different
compounds were obtained by co-crystallisation or soaking as
described in the Table S2. The co-crystallisation attempts contained
1.5 mM compound of interest with the follow variation in each well,
ratios of 1 : 1, 1 :2, and 2 :1 of protein and precipitant. For the
soaking experiments, 10–20 mM of compounds dissolved in DMSO
were individually added to drops with MtbDHFR crystals in complex
with NADPH. Co-crystals or soaked crystals were flash freezing
using a cryogenic solution containing 20% glycerol using liquid
nitrogen.

The X-ray data collection was performed at Diamond Light Source
(UK), PETRA-III (Germany) or LNLS (Brazil). The data was processed
by XDS and scaled by Aimless from CCP4i suite.[18–20] The structures
were solved by molecular replacement using Phaser MR from
Phenix crystallographic suite and the PDB entry 6VS5 as a search
model.[21,22] The crystallographic refinement was performed using
Phenix. Refine followed by manual inspection using COOT.[23,24] The
quality of the models were checked by MolProbity.[25] The figures
from the crystal structures were prepared using PyMOL.[26]
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major global health problem, with
rising resistance increasing the need
for more therapeutic options.
Through the use of fragment-based
drug discovery, a compound found
from screening was merged with
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compounds with sub-micromolar
affinity against Mtb dihydrofolate
reductase, an essential enzyme for
Mtb.
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