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Abstract: Malaria remains a major threat to mankind due to
the perpetual emergence of resistance against marketed
drugs. Twenty-one pyrazolopyran-based inhibitors bearing
terminal biphenyl, aryl sulfonamide, or aryl sulfone motifs
were synthesized and tested towards serine hydroxymethyl-
transferase (SHMT), a key enzyme of the folate cycle. The
best ligands inhibited Plasmodium falciparum (Pf) and Arabi-
dopsis thaliana (At) SHMT in target, as well as PfNF54 strains
in cell-based assays in the low nanomolar range (18–56 nm).

Seven co-crystal structures with P. vivax (Pv) SHMT were
solved at 2.2–2.6 � resolution. We observed an unprecedent-
ed influence of the torsion angle of ortho-substituted bi-
phenyl moieties on cell-based efficacy. The peculiar lipophilic
character of the sulfonyl moiety was highlighted in the com-
plexes with aryl sulfonamide analogues, which bind in their
preferred staggered orientation. The results are discussed
within the context of conformational preferences in the li-
gands.

Introduction

Medicinal chemists enjoy diverse computational tools to sup-
port their drug development efforts, going from pKa or logD
calculations to more sophisticated predictions of preferential
ligand docking modes by molecular modeling or protein–
ligand binding energies by free energy calculations.[1–3] Dock-
ing and modeling of protein–ligand interactions have become
a common routine to prioritize ideas for synthesis. The gain in
Gibbs protein–ligand binding energy becomes enhanced with
increasing degree of preorganization of the ligand; in other
words, the preferred conformations of bound and unbound li-
gands should be similar.[4, 5] A difference in conformational
energy between free and bound state of DDGunbound!bound

�1.4 kcal mol�1 already translates into a tenfold decrease in
Gibbs binding energy.[6, 7] Some reports suggest to set the
threshold for the bioactive conformation at 3 kcal mol�1 of the
lowest energy conformation,[6, 8] whereas others give a maxi-
mum Gibbs energy difference of 5 kcal mol�1.[1, 9] While the en-
ergetics of the conformations of free and bound ligand can be
evaluated by computational methods,[5, 10] conformational pref-
erences of small molecules are best extracted from searches in
the Cambridge Structural Database (CSD),[11–14] reaching more
than 875 000 entries in 2017.[15, 16] The potential of conforma-
tional searches in the CSD was nicely illustrated by Brameld
et al. ,[7] who reported a comprehensive study on most of the
structural motifs used in medicinal chemistry. Recently Cottrell
et al. expanded this CSD search to various ring fragments.[17]
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Herein, we report two new series of ligands based on a pyra-
zolopyran core that inhibit the enzyme serine hydroxymethyl-
transferase (SHMT) and analyze how their molecular conforma-
tions profoundly affect binding geometry and biological activi-
ty. This enzyme is a crucial component of the folate synthesis
cycle,[18, 19] which is an essential pathway for the replication of
Plasmodium parasites causing malaria. SHMT is a pyridoxal 5’-
phosphate (PLP)-dependent enzyme catalyzing the one-
carbon-unit transfer from serine to tetrahydrofolate (H4F)
(Figure 1).[20–24] We previously reported pyrazolopyran-based li-
gands as the first inhibitors of Plasmodium falciparum (Pf)
SHMT with both target affinities IC50 (half maximal inhibitory
concentration) and high in vitro efficacy EC50 (half maximal ef-
fective concentration) against the P. falciparum strain NF54 in
the low nanomolar range, as illustrated for (�)-1 (Figure 1 c).[25]

Lately, we showed that optimized inhibitors targeting SHMT
induce a significant reduction of parasitemia in vivo in a
mouse model.[26] In this optimization program, we also investi-
gated a series of seven ligands bearing an ortho-substituted
terminal phenyl ring, replacing the thiophene ring in (�)-1. We
report here the influence of the nature of the ortho-substituent
on biological activity. The torsion angles of ortho-substituted
biphenyl motifs were investigated in CSD and Protein Data
Bank (PDB)[27, 28] searches, as well as by a computational study,
in order to understand the observed conformational ef-
fects.[29–31] We show that the torsion angle of the biphenyl frag-
ment does not affect target affinity much, but rather influences
cell-based efficacy with a steep structure–activity relationship
(SAR), presumably by impacting cell-penetration and/or trans-
porter-mediated uptake and efflux. In parallel, a second series
of fourteen ligands, incorporating aryl sulfonamide or aryl sul-
fone moieties, was prepared and studied. We aimed at improv-
ing binding affinities to PfSHMT by taking advantage of the

distinct conformational preferences of these fragments[7, 32–41]

to establish interactions of lipophilic substituents on the ligand
with the hydrophobic residues lining the channel (Figure 1 c),
which hosts the para-aminobenzoate (pABA) side chain of the
natural substrate H4F. However, no significant gain in inhibitory
activity could be measured with those extended ligands. From
new co-crystal structures with Plasmodium vivax (Pv) SHMT, we
document the profound preference of the sulfonyl moiety in
the ligands to bind into hydrophobic, rather than hydrophilic
environments, thereby exposing the hydrophobic substituents
to solvent. Seven new co-crystal structures, paired with small-
molecule X-ray crystallography, also enabled a comparison be-
tween the conformations of the bound and unbound biphenyl,
aryl sulfonamide, and aryl sulfone ligands.

Results and Discussion

Ligand design

Molecular modeling with MOLOC,[42] using the two previously
obtained co-crystal structures with pyrazolopyran-based inhibi-
tors,[25] guided the structural modifications of the ligands. A
schematic representation of the binding mode of (+)-1 at the
active site of PvSHMT (PDB ID code: 4TMR) is depicted in Fig-
ure 1 c. Two sub-pockets are conspicuous: the pyrazolopyran
core binds into the pteridine binding pocket, which normally
hosts the pteridine core of H4F (PDB ID code: 4OYT).[24] The
second sub-pocket is the pABA channel, which is occupied by
the pABA side chain of H4F. We designed two new series of li-
gands to establish improved interactions with the hydrophobic
amino acid residues lining this channel. The pyrazolopyran
core and its alkyl substituents (methyl and isopropyl) were
kept intact. The CN moiety of (+)-1 on the phenyl ring depart-

Figure 1. a) The one-carbon-unit transfer reaction catalyzed by SHMT. Dihydrofolate reductase (DHFR), SHMT, and thymidylate synthase (TS) are the three en-
zymes involved in the folate cycle. SHMT converts H4F to 5,10-methylenetetrahydrofolate (5,10-CH2-H4F), a crucial component for the conversion of deoxyuri-
dine monophosphate (dUMP) to the DNA precursor deoxythymidine monophosphate (dTMP) by TS. b) Molecular structure of H4F. c) Schematic depiction of
the binding mode of the initial lead (+)-1 as seen in a co-crystal structure analysis (PDB ID code: 4TMR).[25] Intermolecular hydrogen bonding is indicated by
red dashed lines.
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ing from this core was exchanged for a CF3 substituent, which
was found to considerably improve ligand potency.[26] All other
modifications are reported in the following.

Synthesis

The same synthetic pathway[25, 26] was followed to prepare all
pyrazolopyran-based ligands ((�)-2–22) reported in this manu-
script (Scheme 1; for the full structures of all ligands, see
Tables 1 and 2 below). Brominated 23 was either converted
into the pinacol boronate ester 24 prior to a Suzuki cross-
coupling[43] (for (�)-2–20) or directly subjected to a Buchwald–
Hartwig cross-coupling[44] (for (�)-21 and (�)-22) leading to in-
termediates 25 a–u. A subsequent Knoevenagel condensa-
tion[45] gave access to the dinitrile precursors 26 a–u needed
for the one-pot synthesis of the pyrazolopyran core involving a
Michael addition of 3-methyl-1H-pyrazol-5(4H)-one, followed
by an intramolecular cyclization to provide (�)-2–22 (for de-
tails, see the Supporting Information, Section S1).

Biphenyl series

Biphenyl is the most common motif found in small-molecule
drugs, therefore, it is important to understand its preferred
conformation depending on its substitution pattern.[7] The ge-
ometry of a biphenyl motif can be tuned depending on intra-
molecular interactions. Modification of the substitution pattern
often aims at improving protein–ligand interactions by orient-
ing the two rings and the attached exit vectors in a precise
way. Incorporation of heteroatoms can also strongly influence

the overall conformation, for instance by sulfur/lone-pair inter-
action (chalcogen bonding) as reported recently.[9]

ortho-Substituted biphenyl analogues (�)-2–8 (Table 1) were
at first prepared to improve the intermolecular interactions
with hydrophobic residues within the pABA channel, such as
Tyr63, Leu124, Leu130, and Phe134 (Figure 1 c). For instance,
modeling of (�)-8 suggested the establishment of several fa-
vorable contacts with these four residues and additionally with
Phe266 and Pro267 (Supporting Information, Section S5, Fig-
ure S12). Nevertheless, the unsubstituted analogue (�)-2 was
the most active ligand of the series in the target assay against
PfSHMT (IC50 = 111�5 nm, Table 1) and introduction of larger
substituents led to weaker binding. IC50 values were also mea-
sured against Arabidopsis thaliana (At) SHMT to refine the SAR,
as the plant enzyme and PfSHMT are highly similar with 45 %
of sequence identity.[26, 46] Stronger inhibition was obtained on
AtSHMT with IC50 values ranging from 7.3 to 32.0 nm (Table 1).
Overall, a rather flat SAR was revealed in both target-based
assays. In contrast, the nature of the ortho-substituent exerted
a significant influence on the cell-based potency (EC50) and a
steep SAR was obtained. Increase in size of the ortho-substitu-
ent led to considerable decrease in antiparasitic efficacy from
EC50 = 18 nm ((�)-2) to 665 nm ((�)-8) (Table 1). No direct corre-
lation between cellular potency and lipophilicity (clogP) is dis-
tinguishable.

To explain these observations, we examined the torsion
angles (t) of biphenyl motifs in the CSD and the PDB.[47] An in-
crease in size of an ortho-substituent directly translates into a
larger torsion angle between the two ring planes (Table 1), sim-
ilarly to the report by Brameld et al.[7] (Figure 2). However, it is
essential to keep in mind that differences may occur between
the solid and solution phase and that unsubstituted biphenyl
is especially susceptible to crystal packing effects.[48] For in-
stance, the torsion angle for biphenyl without any substituent
is located around 358 (Figure 2 a) and is slightly lower than the
average torsion angle in the gas phase of 448.[48] By introduc-
ing any substituent, the torsion angle shifts to higher values
located above 508 (Figure 2 b and Supporting Information, Sec-
tion S3, Figure S1). A small-molecule X-ray crystal structure re-
corded for (�)-6 displayed a torsion angle of 57.58, which is
nearly identical to the median value found in the CSD search
(Supporting Information, Section S6.2.1, Figure S24). Not sur-
prisingly, the ortho-CF3 biphenyl possesses the highest torsion
angle, although some caution is advised as only 6 structures
were found in the CSD (Table 1 and Supporting Information,
Section S3, Figure S1).

Next, a potential energy scan (PES) at the B3LYP/cc-pVDZ
level of theory (in water with polarizable continuum solvent
model) using Gaussian 09[49] was performed for each com-
pound by incremental rotation of the terminal ring around the
biphenyl axis (Supporting Information, Section S4, Figures S8
and S9). The most favorable biphenyl torsion angles calculated
for all compounds (�)-2–8 range from 36.58 to 62.08, in agree-
ment with the CSD search results. Additionally, the energy gap
between the least stable, co-planar geometry and the most
stable conformations increases with the size of the ortho-
substituent. For example, for (�)-2 without an ortho-substitu-

Scheme 1. Representative synthesis of pyrazolopyran-based ligands (�)-2–
22. Reagents and conditions: a) bis(pinacolato)diboron, KOAc,
[PdCl2(dppf)]·CH2Cl2 (2.0 mol %), toluene, mw, 150 8C, 6 min, 99 %; b) 23 and
corresponding aryl boronic acid or 24 and bromoaryl analogue,
[PdCl2(PPh3)2] (5.0 mol %), Na2CO3, THF/H2O 4:1, 60 8C, 4–16 h; c) 23, corre-
sponding amine, Cs2CO3, [Pd2(dba)3] (2.0 mol %), X-Phos (8.0 mol %), 1,4-diox-
ane, 110 8C, 16 h; d) malononitrile, TiCl4, pyridine, CHCl3, 63 8C, 48–72 h; e) 3-
methyl-1H-pyrazol-5(4H)-one, piperidine, 1,4-dioxane/EtOH 1:1, mw, 65 8C,
3.5 h. dba = dibenzylideneacetone; dppf = 1,1’-bis(diphenylphosphino)ferro-
cene; THF = tetrahydrofuran; X-Phos = 2-dicyclohexylphosphino-2’,4’,6’-triiso-
propylbiphenyl; mw = microwave irradiaton.
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ent, the energy difference between these two conformations is
2.4 kcal mol�1, whereas it is calculated as 9.4 kcal mol�1 for the
CF3 derivative (�)-8.

It is likely that the substituent-dependent conformation of
the biphenyl moiety influences the cell-based efficacy by af-
fecting cell permeation. Cell permeation occurs by means of
passive diffusion, carrier proteins (transporters), and channel
proteins.[50, 51] Passive diffusion is thought to be the main con-
tributor to permeation and is less sensitive (or not sensitive at
all) to the stereochemistry of a drug, whereas configuration
and conformation matters with transporters.[50] Transporters
are complex systems to study and in P. falciparum their
number has not been clearly defined yet. Gardner et al. first re-
ported a limited number of transporters, around 50.[52] Later, a
bioinformatics analysis by Martin et al. revealed twice as many
transporters.[53] Carrier proteins can be drug targets, but play
also a role in resistance mechanism. Indeed, the P. falciparum
chloroquine-resistant transporter (PfCRT) is responsible for the
resistance developed towards chloroquine.[54] Regarding our
series of inhibitors (�)-2–8, it is conceivable that the biphenyl
moiety needs to adopt a conformation close to co-planarity for
the biphenyl to better penetrate into the cell. To our knowl-
edge, such an effect of a torsion angle on cell-based efficacy
has not been observed so far. Nonetheless, it is important to

mention a study involving inhibitors of the ABCC2/MRP2 trans-
porters, in which the affinity for the transporter was influenced
by the conformation of a biphenyl moiety.[55] In this study,
larger torsion angles led to improved inhibition.

Disparity in serum albumin binding across this series of li-
gands could be another explanation for the cell-based SAR.
However, our assay was supplemented with only 0.5 % of AL-
BUMAX� II and it is therefore rather unlikely that the discrep-
ancies in efficacy arose from protein binding. Finally, it should
be emphasized that cell permeation can be influenced by sev-
eral factors, such as lipophilicity, and that the measured cellular
efficacy is certainly not solely governed by the torsion angle of
the biphenyl motif.

Crystal structure determination of PvSHMT in complex with
(�)-3, (�)-4, (�)-5, and (�)-7

PvSHMT was crystallized from a ternary complex of PvSHMT,
glycine, and either (�)-3, (�)-4, (�)-5, or (�)-7 by using the
microbatch method. The co-crystals diffracted to 2.5, 2.4, 2.2,
and 2.6 � resolution, respectively, and belong to the C2 space
group. The structures were solved by molecular replacement,
using the coordinates of a chain A protomer of PvSHMT (PDB
ID code: 4OYT) as the template.[24] Despite using a racemic

Table 1. Biological activities of biphenyl analogues (� )-2–8.

Cpd.
EC50

PfNF54
[nm]

IC50

PfSHMT�SD
[nm]

[a]

IC50

AtSHMT
[nm]

Biphenyl
Median
t [8][b]

clogP[c]

R

(�)-
2

18 111�5 18.6 30.3 5.2

(�)-
3

20 144�0 7.3 43.2 4.9

(�)-
4

27 263�11 30.9 55.5 5.3

(�)-
5

51 165�4 20.9 51.3 5.5

(�)-
6

81 471�8 32.0 56.8 5.5

(�)-
7

356 289�13 26.2 46.1 4.7

(�)-
8

665 330�22 18.5 71.8 6.0

[a] Standard deviations are given. [b] Derived from the CSD searches in CSD 5.38 (February 2017). [c] Calculated with ACD/Percepta (GALAS prediction
model) from ACD/Labs, release 2016.2.
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mixture of ligands for co-crystallization, only the (+)-(S) enan-
tiomer was present in the structures. Importantly, both active
sites of PvSHMT were populated with a ligand in each complex
(Supporting Information, Section S6.1.1, Figure S15).

Binding modes of (+)-3, (+)-4, (+)-5, and (+)-7

The pyrazolopyran core of (+)-3, (+)-4, (+)-5, and (+)-7 occu-
pies the pteridine binding pocket (Supporting Information,
Section S6.1.1, Figure S16), as previously seen in other com-
plexes with wild-type PvSHMT.[25, 26] It establishes an array of
polar interactions, through the vinylogous cyanamide and the
pyrazole ring, with key amino acids of PvSHMT (Glu56, Leu124,
Gly128, and Thr357). The measured torsion angles, ranging
from 478 to 628 (Supporting Information, Section S6.1.1, Fig-
ure S17), are in good agreement with the CSD search (Table 1)
and with the optimized structures (B3LYP/cc-pVDZ) (Support-
ing Information, Section S4, Figure S7). Although, it should be
noted that the calculated structure of (+)-5 exhibits a dihedral
of 588, which is markedly different than the 498 measured in
the complex with PvSHMT.

The main difference between those four co-crystal structures
lies in the positioning of the ortho-substituent of the terminal
phenyl ring (Figure 3). On the one hand, the halo ligands (+)-3
and (+)-5 adopt an anti-parallel alignment of their C�F/C�Cl
bond dipole relative to the C�O dipole of Tyr63 (Figures 3 a
and 3 c). The fluoride and chloride substituents in (+)-3 and

(+)-5, respectively, are in close proximity to Tyr63 and establish
favorable local direct interactions[56–61] with the phenolic ring.
On the other hand, the respective methyl and cyano moieties
of (+)-4 and (+)-7 point towards Cys364 (Figures 3 b and 3 d).
The torsion angle of (+)-4 is equal to 628, which sterically pre-
cludes the ortho-methyl group to lie below Tyr63. Indeed, with
such torsion angle, the Me group would be at a sub-van der
Waals distance to Tyr63. Instead of adopting a slightly different
conformation to avoid a steric clash, ring flip occurs thereby
enabling the Me group to interact with Leu124 and Cys364
(Figure 3 b). Similarly, in order to avoid any repulsion of the
C�N moiety with the phenol ring of Tyr63, this substituent of
(+)-7 also points to Cys364 and lies almost orthogonally to
one CH3 group of Leu124 (Figure 3 d). These structural distinc-
tions, however, only have little impact onto target affinities
(Table 1).

In the complexes with (+)-4 and (+)-5, a water molecule
(W1 or W2) solvating Tyr63 was resolved (Figures 3 b and 3 c).
Additionally, W2 is in the vicinity of the chloroarene ring of
(+)-5 and establishes a weak O�H···p interaction.[62] Solvation
of Tyr63 was also observed in a previous co-crystal structure of
a pyrazolopyran-based ligand with PvSHMT (PDB ID code:
5GVN).[26] Superimposition of the three co-crystal structures re-
vealed a quasi-identical positioning of W1, W2, and W3 nearby
Tyr63 (Supporting Information, Section S6.1.1, Figure S18).

Interestingly, in the second active site of the complex with
(+)-7 the cysteine bridge formed by Cys125 and Cys364 was
found to be in its oxidized form (Supporting Information, Sec-
tion S6.1.1, Figure S19). It is likely that the ligand bound to the
active site in its reduced form and after a prolonged seeding
period the disulfide bond was formed. Nevertheless, the bind-
ing mode of (+)-7 remained identical to the one where the di-
sulfide bridge is in its reduced form.

Aryl sulfonamide/aryl sulfone series

Sulfonamide motifs are widely used in chemical research, par-
ticularly in drug discovery, as illustrated with the antimalarial
sulfadoxine,[63] and with the more recently approved drugs
Asunaprevir (treatment of hepatitis C virus), Belinostat (antitu-
mor agent), Glanatec� (treatment of glaucoma and ocular hy-
pertension), or Vonoprazan fumarate (treatment of gastric
ulcer).[64] As elegantly described by Kuhn et al. , sulfonamides
can be considered as “molecular chimeras, which are found to
form hydrogen bonds as well as interact with unipolar environ-
ments within proteins”.[8]

We were interested in improving the binding affinities in our
class of inhibitors by harvesting favorable nonpolar contacts
with residues such as Lys139, Val141, Ser263, and Pro267 at
the exit of the pABA channel (Supporting Information, Sec-
tion S5, Figures S13 and S14). We implemented a sulfonamide
group into a series of extended derivatives (�)-9–17 to proper-
ly orient the terminal lipophilic moieties. In the modeling pro-
cess, care was taken to consider the preferred orientation of
aryl sulfonamide and aryl sulfone moieties. Previous studies
showed that the sulfonamide conformation can markedly influ-
ence target affinity as in the development of factor Xa inhibi-

Figure 2. Torsion angle histograms derived from the CSD ligands (blue) and
bound ligands in the PDB (green). a) Biphenyls without any ortho-substitu-
ent. b) ortho-Substituted biphenyls.
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tors.[38, 39] There are two distinct dihedral angles in aryl sulfona-
mides and one in aryl sulfones that determine the conforma-
tional preferences of these fragments.

The first is the torsion angle about the Csp2�S bond in both
moieties. An extensive CSD search by Brameld et al. pinpointed
the favored conformation of aryl sulfonamides and aryl sul-
fones, in which the p orbital of the ipso-carbon atom bisects
the SO2 angle,[7] a conformation described for the first time in
1986 by Beddoes et al. in an X-ray crystallographic analysis.[33]

Since the number of structures deposited in the CSD increases
exponentially over time, we performed a new search to update
the results obtained by Brameld et al. (Figure 4 a). In both
motifs the torsion angles converge towards a maximum locat-

ed around 908, highlighting the conformation in which the p

orbital of the ipso-carbon atom bisects the SO2 angle. This fa-
vored conformation for aryl sulfonamides and aryl sulfones
was also computed by density functional theory (DFT) (Fig-
ure 4 b and Supporting Information, Section S4, Figure S10),
which is in agreement with calculations performed in 2006.[37]

Comparable results were obtained when searching in the PDB
(Supporting Information, Section S3, Figure S2). However, a
broader distribution was observed due to the lower accuracy
in the determination of small-molecule conformation preferen-
ces in macromolecular X-ray structures, as several ligand poses
can be fitted to electron densities.[65]

Figure 3. Co-crystal structures showing the protein-ligand interactions of PvSHMT (grey) and pyrazolopyran ligands: a) (+)-3 (orange; PDB ID code: 5XMS,
2.5 �); b) (+)-4 (lime; PDB ID code: 5XMU, 2.4 �); c) (+)-5 (gold; PDB ID code: 5XMV, 2.2 �); d) (+)-7 (cyan; PDB ID code: 5XMT, 2.6 �). The surface spans the
volume of the pABA channel. Water molecules (W1 and W2) are represented as red spheres. PLP is omitted for clarity. Distances are given in �. Color code:
Cprotein grey, C(+)-3 orange, C(+)-4 lime, C(+)-5 gold, C(+)-7 cyan, Cl green, F light cyan, N blue, O red, S yellow.
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The second dihedral angle of interest in aryl sulfonamides is
the Csp2-S-N-Csp3 angle. This angle can adopt either an eclipsed
or a staggered conformation (Figure 5). Early ab initio calcula-
tions on N-methylmethanesulfonamide predicted the eclipsed
conformation to be the more stable with an energy barrier
ranging from 1.46 kcal mol�1 (at the RHF/6-31G* level of
theory)[34] to 2.63 kcal mol�1 (at the MP2/6-31G* level of
theory).[35] Later, those results were contrasted by the crystal
structure of N-methylmethanesulfonamide found in the stag-
gered conformation only.[36]

In most of the molecules in the CSD and the PDB ligands,
the Csp2-S-N-Csp3 torsion angles are in a range between 608 and
908 meaning a clear preference for the staggered conforma-
tion with the nitrogen lone pair bisecting the SO2 angle (Fig-

ure 6 a and Supporting Information, Section S3, Figure S3). This
conformational preference goes in parallel with decreased N-
pyramidalization. The retrieved distances (<0.40 �) between
the nitrogen atom and the plane of its three substituents are
characteristics of sulfonamides. The nitrogen atoms are gener-
ally slightly less pyramidal than in acyclic tertiary amines
(d(N···plane)�0.45 �).[7] In addition, PES at the B3LYP/cc-pVDZ
and B3LYP/cc-pVTZ levels of theory (in water with polarizable
continuum solvent model) for the fragments PhSO2NH2,
PhSO2NHMe, and PhSO2NMe2 (Supporting Information, Sec-
tion S4, Figure S11), are in good agreement with the CSD and
PDB searches. At both levels of theory, the staggered confor-
mation was found to be favored over the eclipsed one. The
preference for this conformation can be explained by stereo-
electronic and steric effects. The nitrogen lone pair interacts in
an antiperiplanar orientation with the s* orbital of the weakest
bond, which is the Csp2�S bond. Steric repulsion might also

Figure 4. a) Torsion histogram derived from CSD ligands for aryl sulfona-
mides (blue) and aryl sulfones (green). b) Relative energy while driving the
dihedral angle t(C1-C2-S-N) of an aryl sulfonamide from 0–1808. DFT-B3LYP/
cc-pVDZ calculations carried out in water (with polarizable continuum sol-
vent model) using Gaussian 09.[49]

Figure 5. a) Stable conformation of aryl sulfonamides/aryl sulfones relative
to the Csp2�S bond. b) and c) Two energetically stable conformations of sul-
fonamides relative to the N�S bond.

Figure 6. a) Scatterplot for N,N-disubstituted sulfonamides derived from the
molecules in the CSD. The distance between N and the plane of its three
substituents is plotted against the Csp2-S-N-Csp3 torsion angle. The absolute
value of the larger of the two alternative Csp2-S-N-Csp3 torsion angles was
chosen. b) ORTEP plot at the 50 % probability level of the small-molecule
crystal structure of (�)-9 (for clarity hydrogen atoms are omitted and only
(+)-9 is shown). c) Front view of the sulfonamide from (+)-9 showing the N-
lone pair bisecting the O-S-O angle. d) Front view of the sulfonamide from
(+)-9 showing the p orbital of the ipso-carbon atom bisecting the O-S-O
angle.
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favor the staggered over the eclipsed conformation, in particu-
lar if larger substituents are attached to the nitrogen atom.

The preference of the aryl sulfonamide moiety to adopt the
staggered conformation is nicely illustrated by the small-mole-
cule X-ray crystal structures recorded for (�)-9, (�)-11, and (�)-
16 (Figure 6 b and Supporting Information, Sections S6.2.2,
S6.2.3, and S6.2.4). The measured Csp2-Csp2-S-N torsion angles
are equal to 96.78, 90.98 and 79.98, respectively, matching
nicely the CSD search. In the three structures, the nitrogen
lone pair perfectly bisects the SO2 angle (Figure 6 c and Sup-
porting Information, Sections S6.2.2, S6.2.3, and S6.2.4).

A series of nine aryl sulfonamide analogues ((�)-9–17) was
synthesized and tested on Pf- and AtSHMT, as well as on the

sensitive strain PfNF54 (Table 2). All nitrogen substituents were
selected based on MOLOC modeling to generate favorable in-
teractions with the lipophilic residues at the exit of the pABA
channel. In the modeling, the more polar sulfonamide moiety
in the staggered conformation was oriented towards the sol-
vent. The outcome, however, was disappointing (Table 2).
While the IC50 values against AtSHMT were in the lower nano-
molar range from 22.8 to 87.7 nm, a meaningful SAR was not
recognizable (Table 2 and Supporting Information, Section S2,
Table S1). Similarly, mixed results were obtained in the cell-
based assay on PfNF54 (Table 2). The biological activities sug-
gested that no appreciable additional favorable contacts were
harvested by the lipophilic nitrogen substituents. This was

Table 2. Biological activities of sulfonamides and sulfones (� )-9–22.

Cpd.
EC50

PfNF54
[nm]

IC50

AtSHMT
[nm]

Cpd.
EC50

PfNF54
[nm]

IC50

AtSHMT
[nm]

R R

(�)-
9

114 22.8 (�)-17 104 73.9

(�)-
10

210 74.4 (+)-17 56 n.d.[a]

(�)-
11

657 43.0 (�)-17 1584 n.d.

(�)-
12

400 39.1 (�)-18 91 16.8

(�)-
13

391 29.0 (�)-19 1399 n.d.

(�)-
14

374 87.7 (�)-20 557 24.5

(�)-
15

872 79.1 (�)-21 200 22.4

(�)-
16

838 85.6 (�)-22 186 19.2

[a] n.d. = Not determined.
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later confirmed by co-crystal structures analyses, as shown
below.

The two enantiomers of the benzyl sulfonamide (�)-17 were
separated by chiral-phase HPLC to afford pure (+)-17 and
(�)-17. As already observed with other pyrazolopyran-based li-
gands,[25, 26] there is a high level of chiral recognition at the
active site of PfSHMT and large discrepancies in biological ac-
tivity were measured for (+)-17 and (�)-17. Ligand (+)-17 in-
hibited PfSHMT (IC50 = 150 nm) much more efficiently than
(�)-17 (only 38 % inhibition at 250 mm) (Supporting Informa-
tion, Section S2, Table S1). The preference for the (+)-enantio-
mer is not surprising when considering the binding mode of
pyrazolopyran-based ligands. Indeed, for all analogues co-crys-
tallized with PvSHMT in this program, exclusively the (+)-enan-
tiomers were found to be bound to the enzyme. Cell-based ef-
ficacy confirmed this trend, as (+)-17 was again much more
potent than (�)-17 (EC50 = 56 and 1584 nm, respectively)
(Table 2).

Three ligands containing an aryl sulfone moiety ((�)-18–20)
and two reverse sulfonamides ((�)-21 and (�)-22) were also
prepared, yielding target- and cell-based activities in a similar
range to the aryl sulfonamide ligands (Table 2 and Supporting
Information, Section S2, Table S1). Crystals of the reverse sulfo-
namide (�)-21 also featured a staggered conformation with a
Csp3-N-S-Csp3 torsion angle of �71.88 (Supporting Information,
Section 6.2.5, Figure S32). This moiety is twisted almost orthog-
onally with respect to the phenyl ring with a Csp2-Csp2-N-S tor-
sion angle of 77.68 (Supporting Information, Section 6.2.5, Fig-
ure S31).

Although several ligands of both biphenyl and aryl sulfona-
mide/aryl sulfone series proved to be highly potent in our in
vitro assays, they were not studied further due to their limited
metabolic stability in human liver microsomes (t1/2<10 min)
(Supporting Information, Section S2, Table S2). The terminal
fragments on the phenyl ring departing from the core are pre-
sumably responsible for this intrinsic instability and not the
pyrazolopyran core. Indeed, we recently reported a series of
pyrazolopyran-based ligands with half-lives up to 4 h.[26]

Crystal structure determination of C364A-PvSHMT in com-
plex with (�)-11, (�)-17, and (�)-20

Several attempts made to co-crystallize either (�)-11, (�)-17,
or (�)-20 with wild-type PvSHMT showed no electron density
of the bound ligands. Instead, a partial or full formation of the
disulfide bridge between Cys125 and Cys364 was observed. To
circumvent the cysteine oxidation and prevent the disulfide
bridge formation, which might be linked to the binding of the
ligands, Cys364 was mutated to Ala364. Subsequently, co-crys-
tal structures of (+)-11, (+)-17, or (+)-20 with the C364A-
PvSHMT mutant were obtained. The co-crystals diffracted to
2.4, 2.2, and 2.6 � resolution, respectively, and belong to the
C2 space group. The structures were solved by molecular re-
placement using the coordinates of a chain A protomer of
PvSHMT (PDB ID code: 4OYT) as the template.[24] Despite using
a racemic mixture of ligands for co-crystallization, only the
(+)-(S) enantiomer was present in all structures. In the three

protein–ligand complexes, both active sites were found popu-
lated by a ligand (Supporting Information, Section 6.1.2, Fig-
ure S20).

Binding mode of (+)-11, (+)-17, and (+)-20

Gratifyingly, the three co-crystal structures provided an explan-
ation for the lacking additional gain in affinity by the lipophilic
residues at the termini of the aryl sulfonamides and aryl sul-
fones.

The binding mode of the pyrazolopyran core was found to
be the same as in all other co-crystals with wild-type PvSHMT
solved so far, with a strong hydrogen-bonding network an-
choring this scaffold into the pteridine binding pocket (Fig-
ure 7 a and Supporting Information, Section S6.1.2, Figures
S21 a and S22 a). The sulfonamide moieties in (+)-11 and
(+)-17 and the sulfone in (+)-20 are nicely found in their
favored conformation with Csp2-Csp2-S-N (or Csp2-Csp2-S-Csp3) tor-
sion angles of 748, 868, and 988, respectively. However, the ori-
entation of the sulfonamide moiety in (+)-11 (Supporting In-
formation, Section S6.1.2, Figure S21 b) and (+)-17 (Figure 7 b),
and the sulfone moiety in (+)-20 (Supporting Information, Sec-
tion S6.1.2, Figure S22 b) was found to be opposite to that pre-
dicted by modeling (Supporting Information, Section S5, Fig-
ures S13 and S14). The SO2 moiety is pointing towards the hy-
drophobic residues at the exit of the pABA channel, while the
hydrophobic terminal substituents of the ligands are all point-
ing towards solvent instead of interacting with the protein.
Indeed, the sulfonamide moiety of (+)-17 is at close distances
to Val141 (d(O···H�CVal141) = 2.8 and 3.3 �) and Pro267 (d(O···H�
CPro267) = 3.2 �), establishing several van der Waals interactions
with apolar atoms and forming weak hydrogen-bond-type
contacts to aliphatic C�H moieties (Figure 7 b).[41] Very similar
interactions were found for (+)-11 and (+)-20 with contacts
ranging from 2.8 to 3.4 � (Supporting Information, Sec-
tion S6.1.2, Figures S21 b and S22 b). Those three C364A-
PvSHMT–ligand complexes highlight the low hydrophilicity of
the SO2 group, which resembles the low hydrophilicity of the
nitro group[66] that also prefers pointing into hydrophobic
pockets rather than into solvent. We performed a search in
both CSD and PDB for hydrogen bonding from strong hydro-
gen-bond donors (O�H and N�H, but excluding C�H) to the
SO2 group in aryl sulfonamides and aryl sulfones (Supporting
Information, Section S3, Table S3). Of 7856 hits in the CSD,
6617 sulfonamides formed no hydrogen bond and 1239 one
hydrogen bond. A higher frequency of single hydrogen bonds
was retrieved from the PDB, as 847 out of 1410 hits formed
one hydrogen bond. Cases of two hydrogen bonds were rarer
in both the CSD and PDB, with 37 and 496 hits, respectively.
Regarding structures containing a sulfone moiety, only 344 hits
out of the 2352 in the CSD established one hydrogen bond,
and approximately half of the hits in the PDB. Only a limited
number of sulfone formed two hydrogen bonds (Supporting
Information, Section S3, Table S3). The distances of the hydro-
gen bonds to the SO2 group are in a range of 2.8 to 3.5 � (Sup-
porting Information, Section S3, Figure S4) and no specific
directionality was observed as the hydrogen bonds cover the
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hemisphere around one of the S=O bonds (Supporting Infor-
mation, Section S3, Figures S5 and S6).

Conclusions

Based on X-ray co-crystal structures information, two series of
SHMT inhibitors featuring widely used chemical motifs, namely
biphenyl and aryl sulfonamide/aryl sulfone moieties, were syn-

thesized, and tested on targets At- and PfSHMT, and in vitro on
the PfNF54 strain. The aim of this study was to introduce lipo-
philic moieties on pyrazolopyran-based ligands to improve
their affinities by enhancing the lipophilic contacts with the
pABA channel of the enzyme.

Regarding the seven biphenyl analogues ((�)-2–8), similar
target affinities across the series were measured on AtSHMT
and PfSHMT. However, the cell-based potency of those
compounds was dramatically impacted by the nature of the
ortho-substituent with differences in EC50 values up to 37-fold.
To explain these results, we performed CSD and PDB searches,
as well as a potential energy scan (PES) of the considered bi-
phenyls. We found that the loss of cellular efficacy correlates
with the increase of the torsion angle of the biphenyl, which
depends on the size of its ortho-substituent. We postulate that
cell permeation was impacted by the conformational changes
of the biphenyls and this was accounted for the disparity be-
tween the efficacies on PfNF54. A total of four PvSHMT–ligand
co-crystal structures were solved for this series of molecules.
Interestingly, in the complexes with (+)-3 and (+)-5 the ortho-
halo substituent is turned towards Tyr63, undergoing antiparal-
lel dipolar C�X···C�O interactions with the C�O bond of Tyr63
and local direct electrostatic interactions with the aromatic
ring. In contrast, in the co-crystal structures with (+)-4 and
(+)-7, their respective methyl and cyano substituents point to
Cys364 to avoid steric repulsion with Tyr63.

In parallel, fourteen ligands bearing an aryl sulfonamide or
an aryl sulfone moiety ((�)-9–22) were examined. By CSD and
PDB searches, as well as by theoretical calculations, we demon-
strated that aryl sulfonamides and aryl sulfones preferentially
adopt a conformation in which the p orbital of the ipso-carbon
atom bisects the O-S-O angle.[7] We also showed the prefer-
ence for the nitrogen lone pair of sulfonamides to bisect the
O-S-O angle, resulting in a characteristic staggered conforma-
tion. Small-molecule X-ray crystal structures of pyrazolopyran-
based inhibitors nicely illustrated these favored conformations.
No significant activity gain was measured, regardless of the
size of the terminal apolar moiety grafted onto the sulfona-
mide/sulfone. This could be rationalized with the help of three
co-crystal structures of (+)-11, (+)-17, and (+)-20 with a
C364A-PvSHMT mutant, in which the respective sulfonyl moiet-
ies were found pointing towards the hydrophobic residues
lining the pABA channel and establishing several short van der
Waals interactions. That way, the terminal apolar groups graft-
ed onto the sulfonamide point into the bulk and cannot inter-
act with the protein to improve the binding affinity. These co-
crystal structures, complemented by CSD and PDB searches,
highlight the low hydrophilicity of the SO2 moiety, which
prefers to point to hydrophobic environments rather than into
polar ones. Effective chiral recognition at the active site was
shown, with the target binding of enantiopure ligand (+)-17
being largely preferred over (�)-17. Taken together, this inves-
tigation provided valuable input, not only regarding the devel-
opment of SHMT inhibitors, but also for the general design of
drug-like molecules that incorporate the discussed functional
groups.

Figure 7. Co-crystal structure (PDB ID code: 5XMQ, 2.2 �) showing the pro-
tein–ligand interactions of pyrazolopyran (+)-17 (lime) and C364A-PvSHMT
mutant (grey). a) Polar interactions between (+)-17 and the protein. b) Inter-
actions, largely dipole-dipole type, involving the sulfonamide moiety in the
pABA channel. The surface spans the volume of the pABA channel. The
water molecule (W1) is represented as a red sphere. PLP is omitted for clarity
in b). Distances are given in �. Color code: Cprotein grey, C(+)-17 lime, CPLP gold,
F light cyan, N blue, O red, P orange, S yellow.
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Experimental Section

Chemical synthesis : All synthetic protocols and analytical data of
the preparation of ligands (�)-2–22 and their respective intermedi-
ates are detailed in the Supporting Information, Sections S1, S7,
and S8.

In vitro antimalarial activity : The Plasmodium falciparum drug-
sensitive NF54 strain was cultivated in a variation of the medium
previously described, consisting of RPMI 1640 supplemented with
0.5 % ALBUMAX� II, 25 mm Hepes, 25 mm NaHCO3 buffer (pH 7.3),
0.36 mm hypoxanthine, and 100 mg mL�1 neomycin.[67, 68] Human er-
ythrocytes served as host cells. Cultures were maintained in an at-
mosphere of 3 % O2, 4 % CO2, and 93 % N2 in modular chambers at
37 8C. Compounds were dissolved in DMSO (10 mg mL�1), diluted
in hypoxanthine-free culture medium, and titrated in duplicates
over a 64-fold range in 96 well plates. Infected erythrocytes (1.25 %
final hematocrit and 0.3 % final parasitemia) were added into the
wells. After 48 h incubation, 0.25 mCi of [3H]hypoxanthine was
added and plates were incubated for an additional 24 h. Parasites
were harvested onto glass-fiber filters, and radioactivity was count-
ed using a MicroBeta2 plate liquid scintillation counter (PerkinElm-
er). The results were recorded and expressed as a percentage of
the untreated controls. Fifty percent effective concentrations (EC50)
were estimated by linear interpolation.[69]

Enzymatic PfSHMT assay: Assay reactions (200 mL total volume)
contained SHMT (�0.5 mM), l-serine (2 mm), (6S)-H4F (0.4 mm), b-
NADP+ (0.25 mm), and the coupling enzyme methylene tetrahy-
drofolate dehydrogenase (FolD, 5 mM) in 50 mm HEPES pH 7.0 con-
taining 1 mm DTT and 0.5 mm EDTA. To this mixture, inhibitors
(1 mL) with various concentrations were added and initial rates of
the reaction monitored to measure the activity of the enzyme. The
inhibitors were dissolved in DMSO, and the control assays without
inhibitor but in the presence of 0.5 % DMSO (final concentration)
were also carried out.

Enzymatic AtSHMT assay: Assay reactions (200 mL total volume)
contained SHMT (1 mg), l-serine (20 mm), (6S)-H4F (0.3 mm), b-
NAD+ (2 mm) and the coupling enzyme methylene tetrahydrofo-
late dehydrogenase (FolD, 20 mg) in 50 mm potassium phosphate
buffer pH 7.4, containing 7.5 mm DTT. To this mixture inhibitors
(10 mL) with various concentrations (final concentrations from 1–
1000 nm) were added and initial rates of the reaction monitored to
measure the amount of non-inhibited enzyme. The inhibitors were
dissolved in 80 % DMSO, and the control assays without inhibitor
in the presence of 1 % DMSO (final concentration) were also carried
out. The accumulation of NADH was followed for 20 minutes at
340 nm using a BioTek Synergy HTX plate reader.

Crystallization of recombinant PvSHMT and compounds (�)-3,
(�)-4, (�)-5, (�)-7, (�)-11, (�)-17, and (�)-20: PvSHMT (or C364A-
PvSHMT) was crystallized using a microbatch method in a 60-well
plate (Ø 1 mm at bottom of each well) covered with baby oil
(6 mL; Johnson; a mixture of mineral oil, olive oil, and vitamin E,
PZ Johnson, Thailand). Protein–ligand complexes were prepared by
mixing purified PvSHMT protein (60 mL; 20–25 mg mL�1) with 1 mm

PLP, 60 mm b-mercaptoethanol, 90 mm of glycine, and 5.7 mm (�)-
3, or (�)-4, or (�)-5, or (�)-7, or (�)-11, or (�)-17, or (�)-20. The
mixture was equilibrated on ice for 30 min to allow complete com-
plex formation. The crystallization drop was composed of 1 mL
each of a crystallization solution and the protein complex. Protein
crystals of PvSHMT were grown at 293 K in 20–24 % w/v PEG4000,
0.06–0.12 m NaCl, 0.1 m Tris-HCl buffer pH 8.5.

PvSHMT crystal structure data collection, structure determina-
tion and refinement: A single crystal was flash-vitrified in liquid ni-
trogen using 20 % glycerol in crystallizing agent as a cryoprotec-

tant. X-ray diffraction data were collected at 100 K at wavelength
of 1 � using ADSC Quantum-315 CCD detector at beamline 13B1,
NSRRC (Taiwan). Data were processed using the HKL2000 package.
X-ray diffraction data and refinement statistics are listed in Sup-
porting Information, Section S6.1.1, Table S4 and Section S6.1.2,
Table S5. The structure of PvSHMT (or C364A-PvSHMT) was deter-
mined by molecular replacement using Phaser in CCP4 suite with a
chain A protomer of PvSHMT coordinate (PDB ID code: 4OYT) as
the template. Model building and structure refinement were car-
ried out using Coot and Refmac5. The ligand structure was pre-
pared using HYPERCHEM.
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Mind the conformation! Two potent
series of pyrazolopyran-based inhibitors
of the enzyme serine hydroxymethyl-
transferase (SHMT), bearing either termi-
nal biphenyl, aryl sulfonamide, or aryl
sulfone motif are reported. The substan-
tial influence of the torsion angle of the
biphenyl moiety on the cell-based effi-
cacy is discussed. Additionally, the pre-
ferred conformations of aryl sulfona-
mide/aryl sulfone moieties and their lip-
ophilic character in the complexes with
P. vivax SHMT were analyzed.
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