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I know that I hung on a windy tree

for all of nine nights,s,

wounded by a spear and given to Óðinn,

myself to myself,

on that tree of which no one knows

the origin of its roots.s.

They blessed me with neither bread nor horn,

I peered down, I took up the runes,

screaming I took them. 

And thence I fell.

Nine mighty songs I learnt from the famous son

of BBB lþórr, father of Bestla,

and I got a draught of the precious mead,

poured from Óðrerir.

Then I began to germinate and to be wise,

and to grow and feel well. 

One word sought another in my words,

one action sought another in my actions.

Hár (Hávamál, stanzas 138-141)

















"Hearing I ask for from all the tribes,

both high and low, offspring of Heimdallar.

At Valflflfff ðr bidding, I will now speak the tales,

the oldest of all that I remember."

In ancient times, when Ymir lived,

there was neither sand nor sea nor cool waves.

No earth existed at all nor the sky above.

The gap was Ginnunga, and grass was there nowhere."

VVVVV lva (VVVVV luspá, stanzas 1, 3)

























"Then sought the gods, the mighty gods, 

their assembly seats, and council held:

they gave names to night and its kindred, 

called them morning and midday, 

afternoon and evening, to count the years.

They played at tables in the meadow, were merry, 

there was for them no whit of a want of gold.

Until three maidens of giants came,

immensely mighty, from JJJJJ tunheimr." 

VVVVV lva (VVVVV luspá, stanzas 6, 8)
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“I know a standing ash, Yggdrasill its name is,

a tall tree doused with white bright mud.

From there come dews, those that fall in dales.

Does it ever grow, green, above Urðr’s spring.

From there come the maidens, mighty in wisdom,

three from the dwelling near the lake beneath the tree.

Urðr is one named, Verðandi the next,

- on the wood they scored - and Skuld the third.

Laws they made there, and life allotted 

to the sons of men, and set their fates” 

VVVVV lva (VVVVV luspá, stanzas 19, 20)









“A hall I see, far from the sun,

on Nástrtrrrr nd it stands, the doors face north.

Venom drops, through the smoke-vent fall,

for around the walls, winding snakes.

There I see wading, through swift currents

perjured people and murder wolves,

and workers of ill, with the wives of men.

There Niðhðhh ggr sucked, the blood of the deceased,

and the wolf tore men. Would you know yet more?” 

VVVVV lva (VVVVV luspá, stanzas 37, 38)







FRANCISCO 
JAVIER LUQUE 
GARRIGA  - 
DNI 
35047889Y

Digitally signed by 
FRANCISCO JAVIER 
LUQUE GARRIGA  - 
DNI 35047889Y 
Date: 2025.04.15 
11:06:08 +02'00'



















Binding of Cholesterol to the N‑Terminal Domain of the NPC1L1
Transporter: Analysis of the Epimerization-Related Binding
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ABSTRACT: Cholesterol is a fat-like substance with a pivotal
physiological relevance in humans, and its homeostasis is tightly
regulated by various cellular processes, including the import in the
small intestine and the reabsorption in the biliary ducts by the
Niemann−Pick C1 Like 1 (NPC1L1) importer. NPC1L1 can
mediate the absorption of a variety of sterols but strikingly exhibits
a large sensitivity to cholesterol epimerization. This study examines
the molecular basis of the epimerization-related selective binding of
cholesterol by combining extended unbiased molecular dynamics
simulations of the apo and holo species of the N-terminal domain
of wild-type NPC1L1, in conjunction with relative binding free
energy, umbrella sampling, and well-tempered metadynamics
calculations. The analysis of the results discloses the existence of
two distinct binding modes for cholesterol and epi-cholesterol. The former binds deeper in the cavity, forming key hydrogen-bond
interactions with Q95, S56, and a water molecule. In contrast, epi-cholesterol is shifted ca. 3 Å to the mouth of the cavity and the
transition to the Q95 site is prevented by an energetic barrier of 4.1 kcal·mol−1. Thus, the configuration of the hydroxyl group of
cholesterol, together with the presence of a structural water molecule, is a key feature for effective absorption. Finally, whereas these
findings may seemingly be challenged by single-point mutations that impair cholesterol transport but have a mild impact on the
binding of cholesterol to the Q95 binding site, our results reveal that they have a drastic influence on the conformational landscape
of the α8/β7 loop in the apo species compared to the wild-type protein. Overall, the results give support to the functional role played
by the α8/β7 loop in regulating the access of ligands to NPC1L1, and hence to interpreting the impact of these mutations on
diseases related to disruption of sterol absorption, paving the way to understanding certain physiological dysfunctions.

■ INTRODUCTION

Cholesterol is an essential component of mammalian cell
membranes and a key precursor of several metabolites, such as
steroid hormones, vitamin D, and bile salts. It plays an
important role in the rigidity and fluidity of the cell membrane
and also in regulating the functional conformations of
membrane proteins. The multiple physiological roles modu-
lated by cholesterol demand a tight regulation of cholesterol
homeostasis, which involves three main processes: endogenous
biosynthesis, dietary absorption in the intestine, and net biliary
excretion and reabsorption.1,2 Alterations in the metabolic
pathways that control cholesterol homeostasis are implicated
in the etiology of various diseases and particularly have been
associated with a higher risk of cardiovascular disease,
neurodegeneration, and cancer.1,3,4
The Niemann−Pick C1 Like 1 (NPC1L1) protein is the

primary importer of cholesterol in the small intestine and the
reabsorption of sterols in the biliary duct.5 NPC1L1 is also the
molecular target of ezetimibe, which is one of the most
prescribed drugs to lower high blood cholesterol levels.6 From

a structural point of view, NPC1L1 consists of three large
extracellular (N-terminal, middle-luminal, and C-terminal)
domains and a large transmembrane region that comprises
13 helices (Figure 1A).7 The N-terminal domain (NTD) is
free to unbind from the NPC1L1 core to capture cholesterol in
extracellular media. Upon binding, the NTD folds over the
other luminal domains, creating a continuous hydrophobic
tunnel between the NTD and the membrane, thus enabling
cholesterol to reach the cellular membrane.7,8 Mutations in the
NPC1L1 gene are associated with lower cholesterol
absorption, which results in lower coronary heart disease and
infarction risk.9 Therefore, NPC1L1 inhibitors, such as
ezetimibe,10 open avenues for the effective regulation of
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cholesterol levels in plasma in patients with hypercholester-
olemia11 and sitosterolaemia12 and can be used as coadjuvants
in combination chemotherapies.13,14
NPC1L1 imports selectively cholesterol as well as sterol

precursors and vitamins.5 The molecular basis of its ligand
specificity is encoded into the structural features of the NTD
binding site.16,17 The X-ray structure of the apo NTD has been
solved in its closed conformation, which prevents access to the
binding site via the steric blockage by the side chain of L213 of
the α8/β7 loop (Figure 1B). Although there is no X-ray
structure for the cholesterol-bound NTD, details of the
binding mode have been gained from the holo species of the
homologous Niemann−Pick C1 (NPC1) protein (40%
identity and 57% similarity; 41% identity and 64% similarity
considering only the residues involved in the cholesterol-
binding site), which has been solved in complex with
cholesterol and 25-hydroxycholesterol.17 Whereas the
NPC1L1 structure shows an empty binding site, the structures
of cholesterol-bound NPC1 reveal the identification of the
binding mode of this compound as well as the hydration

pattern within the binding site (Figures S1 and S2). Inspection
of these NPC1 structures shows that residue Q200, equivalent
to L213 in NPC1L1, is exposed to the solvent and interacts
with helix α3, stabilizing the open conformation that enables
access to the binding pocket (Figure 1C). Therefore, it has
been hypothesized that the loop α8/β7 plays a key role in the
gating mechanism that regulates the sterol binding to
NPC1L1.16,17
The structural similarity between the homologous domains

of NPC1 and NPC1L1 paves the way to identifying the
molecular basis of the selective binding of cholesterol and
related sterols to the NPC1L1 transporter. In this regard, the
drastic reduction in transport efficiency triggered upon
epimerization of the hydroxyl group bound at carbon 3 in
cholesterol (Figure 1D) is in contrast with the effective
competition observed for other natural sterols that retain the β
configuration of the hydroxyl group in cholesterol.15,18 To gain
insight into the molecular basis of the epimerization-related
selective binding of cholesterol to NPC1L1, this study reports
a series of extensive molecular dynamics (MD) simulations
that have been used to explore the binding mode of cholesterol
and epi-cholesterol. The analysis of the trajectories reveals the
existence of distinct binding modes to the NTD domain of the
NPC1L1. Free energy calculations have been used to examine
the structural stability of the binding mode of these
compounds and to estimate the differences in binding affinity
between cholesterol and epi-cholesterol. The binding mode of
cholesterol has been confirmed for different sterols that retain
the β configuration of the hydroxyl group. Finally, the effect of
distinct mutations on the binding of cholesterol is discussed by
considering the impact of the mutated variants on the
structural features implicated in ligand binding. The results
highlight the subtle interplay between different factors in
modulating the binding mode and affinity of sterols for
NPC1L1, including the epimerization at the C3 position, the
role of water molecules in assisting the stability of the binding
mode, and the impact of mutations on the accessibility to the
binding pocket.

■ METHODS

Setup of the Systems. The NPC1L1-NTD domain was
modeled from the X-ray structure solved by Kwon et al. (PDB
entry: 3QNT, resolution 2.83 Å),15 which corresponds to the
closed conformation that occludes the sterol binding pocket
from solvent. The crystallographic structure of cholesterol in
the NTD of the homologous protein human NPC1 (PDB
entry: 3GKI, resolution 1.80 Å)18 was used as a template for
the binding mode of sterols in the ligand-bound complexes of
NPC1L1-NTD. Given the almost perfect overlay of the
residues that shape the binding pocket in the NPC1−
cholesterol complex and those present in the NPC1L1-NTD,
cholesterol was placed within the binding site of NPC1L1 by
translating the coordinates of the ligand bound to NPC1.
Indeed, only a slight steric overlap was detected between the
side chain of L213 and the aliphatic chain of cholesterol.
Nevertheless, it was alleviated through energy minimization of
the system, which was the first step of the heating and
equilibration protocol. The coordinates of the refined
cholesterol−NPC1L1 system were subsequently used to
model the binding of the sterol compounds.
The systems were solvated using a dodecahedral box of

TIP3P water molecules accounting for a 12 Å spacing between
the protein and the box edge. Counterions (Na+ and Cl−) were

Figure 1. (A) Representation of the N-terminal (NTD), middle
(MLD), and C-terminal (CTD) domains (shown as white, blue, and
green cartoons, respectively) of NPC1L1 present in the luminal space
and the transmembrane region. Detail of the entrance to the binding
site of the NPC1L1-NTD in (B) the apo (X-ray structure; PDB
3QNT)15 and (C) cholesterol-bound state. These structures illustrate
the open-closed conformational change of the α8/β7 loop, which
regulates the access of sterols to the binding site in conjunction with
residues I105, T106, F120, L213, and F205 (shown as blue sticks).
The crystallographic position of cholesterol in NPC1 is shown as
sticks (C atoms in orange). (D) Structure of cholesterol and epi-
cholesterol.
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added to maintain the neutrality of the simulated system at an
ionic concentration of 0.15 M following the SPLIT method.19
The simulation systems account for a total of ∼53,500 atoms
in a simulation box of 88 × 83 × 72 Å3. No crystallographic
waters were included in the initial setup, as none are reported
in any of the experimentally solved structures of the NPC1L1-
NTD (Tables S1 and S2). Nevertheless, a 15 ns long
equilibration protocol was used to ensure proper hydration
of the binding site (see the next section for additional details).
The amberff14sb force field20 was used for the protein, and

the sterol molecules were parametrized using the Lipid14 force
field.21 Joung and Cheatham III parameters were used for the
counterions,22 and the TIP3P model23 was used for the
solvent. Partial atomic charges for the ligands were derived
using the RESP protocol24 at the HF/6-31G(d) level of theory,
as calculated with Gaussian09.25 Finally, the parameters were
converted to Gromacs file-format using the AnteChamber
PYthon Parser interfacE (ACPYPE) tool.26
Molecular Dynamics Simulations. Each system was

minimized using 15,000 steps of steepest descent, followed by
5000 steps of conjugate gradient algorithm. Then, each system
was gradually equilibrated in 9 steps. The systems were heated
in the NVT ensemble from 100 to 300 K in three stages of 1 ns
(100−150, 150−250, 250−300 K) with 5 kcal·mol−1 positional
restraints on the backbone atoms of the protein and all of the
atoms of the ligand. Subsequently, the density of the system
was equilibrated for 12 ns in the NPT ensemble (pressure: 1
bar, T: 300 K). During the last 5 ns of the equilibration run,
the positional restraints were slowly released, decreasing 1.0
kcal·mol−1 per ns.
Production runs encompassed 4 replicas of 0.5 μs per

system, accounting for a total simulation time of 2 μs per
system (for a total of 28 μs of simulation time). Temperature
control was achieved using a V-rescale thermostat.27 Pressure
control was maintained by using the Parrinello−Rahman
method. All bonds involving hydrogen atoms were constrained
by the LINCS algorithm28 to allow for a time step of 2 fs. All
simulations were performed with the Gromacs 2022.4
package.29
Molecular Mechanics Poisson−Boltzmann Surface

Area (MM-PBSA) Calculations. The binding free energy of
sterol molecules to NPC1L1-NTD was estimated using MM-
PBSA calculations with the MMPBSA.py script available in
AmberTools22.30 The theoretical details of the method are
described in detail elsewhere.31 For each sterol-bound
complex, a total of 400 configurations (100 taken from each
independent replicate) were extracted and preprocessed to
include key structural water present in most of the simulations
(see below) as part of the receptor. Dielectric constants of 2
and 80 were used for the interior of the protein and the bulk
solvent, respectively, in conjunction with an ionic strength of
0.15 M.32 No entropic contributions were calculated since the
final aim was to estimate the relative binding free energies
(RBFE) of structurally related, largely rigid ligands that adopt a
similar arrangement in the binding pocket.
The cpptraj package was used for the analysis of the

simulated systems. The volume of the binding pocket was
calculated with MDPocket.33
Binding Free Energy Calculations. The relative binding

free energy (RBFE)34 between sterols was determined through
alchemical transformations where a ligand (L1) is converted
into a structurally related analogue (L2) in both the protein-
bound complex and in the unbound state in aqueous solution

(eq 1). Accordingly, independent sets of simulations were
carried out for the transformation between L1 and L2 in water
and in the protein.

G G

G

(L1 L2) (L1 L2)

(L1 L2)
bind bound

water

=

(1)

The transformation from L1 to L2 was split in a set of
windows, where λ = 0 and λ = 1 correspond to L1 and L2,
respectively, and the intermediate λ values correspond to a
linear interpolation between the parameters of the initial and
final systems.35 A dual topology alchemical perturbation
protocol was employed by using 21 evenly spaced λ-windows.
To smoothly transform L1 to L2, we applied soft-core
potentials using soft-core electrostatics36 as described in
AMBER2235 to the ring A of the sterol core. All of the λ
simulations were run for 6 ns, accounting for a total of 126 ns
per transformation (12 transformations, over 1.5 μs of RBFE
simulations). The Thermodynamic Integration (TI) estimator,
as implemented in alchemlyb,37 was used to estimate the free
energy change for each λ simulation. All simulations were
carried out with the GPU-accelerated TI implementation34,38
of Amber22.
The initial coordinates for each binding mode were

extracted from the unbiased MD runs. All of the systems
were carefully equilibrated with the dual topology using the TI
code in each transformation with λ = 0.5. Each system was first
heated in the NVT ensemble from 5 to 300 K (200 ps) and
subsequently equilibrated at 1 bar in the NPT ensemble (300
ps). During the equilibration protocol, the heavy atoms of the
protein and ligand were restrained with positional restraints (5
kcal·mol−1). Each λ state was then simulated in the NVT
ensemble at 300 K by using the Langevin thermostat and the
SHAKE algorithm for bonds involving hydrogen atoms.
Each simulation was repeated three times to assess

reproducibility of the free energy changes. The resulting
binding free energies were averaged, and their standard
deviations were used for the error analysis. Additionally, we
calculated the cycle closure error to assess the convergence of
the simulations. Convergence was reached when the cycle
closure errors were below 0.3 kcal·mol−1.

Umbrella Sampling (US) Calculations. To estimate the
potential of mean force (PMF) for the transition of epi-
cholesterol between the two binding modes in the ligand
cavity, a series of five steered MD simulations were performed
to sample the shift from the T128 anchoring site to the Q95
binding one.39 To this end, the distance between the N atom
of the Q95 side chain amide group and the O atom of epi-
cholesterol was chosen as a transition coordinate. Steered MD
simulations were started by using snapshots taken from the
unbiased MD runs, where the T128 binding mode was stable.
The transition of epi-cholesterol between the two anchoring
sites was driven by using a speed of 0.5 Å·ns−1 in conjunction
with a force constant of 500 kcal·mol−1 Å−2 (hence using the
stiff-spring approximation).
The trajectory that showed lower work profiles was selected

for the umbrella sampling (US) calculations, which were
performed to estimate the potential of mean force (PMF) for
the transition between the Q95 and T128 binding modes of
epi-cholesterol. The distance between the N atom of the Q95
side chain and the O atom of the epi-cholesterol molecule was
varied within a range of 2.5−8 Å and an interval of 0.5 Å,
accounting for a total of 12 bins. The initial coordinates of
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each bin were selected by choosing the snapshot of the steered
MD trajectories with the closest value to the ideal transition
coordinate. Harmonic potential restraints of 1 kcal·mol−1 Å−2

were applied to avoid deviations from the target values along
the transition coordinate that connects the two binding states.
Each bin was run for 6 ns using the same conditions described
in the MD section. Values of the reaction coordinates were
stored every 10 fs for postprocessing. The WHAM method40
was used to obtain the PMF profile as implemented in the
GROMACS package (gmx wham), and the error bars were
computed by bootstrapping 100 times.
Well-Tempered Metadynamics Simulations. To fur-

ther check the results obtained from the US calculations,
multiple-walkers well-tempered metadynamics simulations
(MW-WTM)41−43 were used to examine the transition of
epi-cholesterol between the two binding modes defined by
interactions with Q95 and T128 in the ligand cavity. Two
collective variables were defined to guide conformational
sampling. The first collective variable (CV1) accounts for the
difference between the distances of the H-bonds formed by the
oxygen atom of epi-cholesterol with the side chains of Q95 and
T128 (the Q95 and T128 binding modes are mapped onto the
negative and positive values of CV1, respectively). The second
collective variable (CV2) was chosen to follow the conforma-
tional fluctuations of the S-entrance by measuring the distance
between the center-of-mass (COM) of residues 212−214 of
the α8β7 loop and the COM of residues 104−106 of α-helix 3.
Lower and upper walls were placed to keep the distances
between the O atom of epi-cholesterol and the N/O atom of
the Q95/T128 side chain within the range of 2−10 Å.
Likewise, CV2 was maintained between 7 and 17 Å to sample
the conformational space of the S-entrance in the unbiased
MD simulations and to avoid drastic changes (i.e., unfolding)
in the α8β7 loop. Six independent walkers44 were used to
contribute simultaneously to the same history-dependent bias
potential and to explore the free energy surface (FES). The
deposition rate of the Gaussian biasing terms was set to 1 ps,
their initial height to 0.4 kcal mol−1, and a bias factor of 15.
Initial positions for each walker were set along the path that
connects the Q95 and T128 binding modes obtained from US
calculations. The system was simulated for a total of 1.2 μs,
and the bias potential was updated every 0.2 ps. The minimum
energy path between the Q95 and T129 binding modes was
obtained using the string method45,46 over the FES.
Principal Component Analysis (PCA). To explore the

conformational landscape of the S-opening in the NPC1L1-
NTD upon cholesterol binding and absorption impairing
mutations, we performed principal component analysis (PCA)
onto the apo and cholesterol-bound trajectories of wild-type
and mutant domains. We only included the main-chain atoms
(C, Cα, N, and O atoms) of the α8/β7 loop (from Q206 to
L216) and the α3 helix (from A93 to L110). The trajectories
were properly aligned to the equilibrated structure of
NPC1L1-NTD in the apo state. Then, the eigenvalues and
eigenvectors were calculated by diagonalizing the mass-
weighted covariance matrix of the system using the gmx
covar and gmx anaeig modules of the GROMACS 2022.4
package.
The relative population of each conformational state

sampled for the apo- and cholesterol-bound systems was
estimated after projection in the space defined by the first two
principal components (PCs), which account for 66% of the
total structural variance (see below). To this end, we used the

k-means clustering with 100 clusters to discretize the PC space,
and then these clusters were further classified into eight
conformational states (five for the apo and three for the
cholesterol-bound systems) using the Robust Perron Cluster
Analysis method (PCCA+)47 as implemented in the PyEMMA
2.0 module.48 The error bars of these populations were
obtained by bootstrapping 5 times. Fifty structures of each of
these conformational states were extracted for visualization and
structural analysis purposes.

■ RESULTS AND DISCUSSION

Conformational Changes of the α8/β7 Loop of
NPC1L1 upon Ligand. The NTD domains of both
NPC1L1 and NPC1 have a common protein fold, as noted
in a positional root-mean-square deviation (RMSD) of 1.6 Å
determined for the Cα atoms (Figures S1 and S2); however,
comparison of their structures highlights the subtle but
relevant rearrangement of the α8/β7 loop, which affects the
accessibility to the binding pocket. In the NPC1L1-NTD, the
side chain of L213 is buried into the entrance of the binding
site, thus preventing ligand binding. In contrast, residue Q200
of the α8/β7 loop of NPC1-NTD, equivalent to L213 of
NPC1L1-NTD, interacts with N86 of the α3 helix and
stabilizes the open conformation.17 This structural rearrange-
ment enlarges the entrance to the binding pocket in NPC1
compared to NPC1L1, as noted in the width of the cavity
mouth, which increases from 7.6 Å in NPC1L1-NTD (X-ray
structure 3QNT) to 9.3 Å in NPC1-NTD (X-ray structure
3GKI) measured as the distance between the Cβ atoms of
L213 and T106 of NPC1L1-NTD, and the Cβ atoms of Q200
and P90 of NPC1-NTD.
The structural stability of the apo- and cholesterol-bound

states of NPC1L1-NTD was examined by means of extensive
unbiased MD simulations. Four independent replicates, each
covering 0.5 μs, were run for each system, thus leading to a
cumulative simulation time of 2 μs for the apo and cholesterol-
bound forms of NPC1L1-NTD. Stable RMSD profiles were
obtained in the four replicates run for both apo and holo
systems (Figures S3 and S4)
Our simulations confirm that, in the apo state, the side chain

of L213 interacts with L103, T106, F120, and F205, thus
forming a stable hydrophobic cluster that keeps the closed
conformation, which hinders the entrance to the binding site
(Figure 2; see also Figure S5), also known as S-opening. These
residues bury the side chain of L213 in the binding site close to
the phenyl ring of F120 for most of the simulation time
(average distance of 5.4 ± 0.6 Å; present in 58% of the
simulation time). This conformation is further stabilized by a
H-bond interaction between the backbone of L213 and S102
on the α3 helix (average distance of 2.7 ± 0.1 Å; 45% of the
simulation time), which brings the α8/β7 loop upon the α3
helix and tightens this hydrophobic cluster. This causes a slight
distortion from the X-ray structure, as the RMSD of the Cα
atoms of the α8/β7 loop is on average 2.0 ± 0.9 Å,
accompanied by a decrease in the width of the cavity mouth,
which amounts on average to 6.5 ± 0.6 Å (average distance
from the Cβ atoms of the L213 and T106), compared to the
X-ray structure (distance of 7.6 Å). The side chain of L213 can
also adopt a distinct conformation that enables the interaction
with I105 (average distance of 5.5 ± 0.3 Å; 37% of the
simulation time) but without altering the entrance of the
binding site (6.3 ± 0.8 Å). Altogether, the two conformations
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adopted by L213 restrict the volume of the binding site, which
amounts to 374 ± 4 Å3.
Despite the hydrophobic nature of the cavity, between 6 and

16 water molecules were found in the binding site, with an
average number of 11 ± 2 waters for the four replicates (Figure
S6). The access of water molecules to the binding site occurs
through the W opening, which is shaped by the α1 and α2
helices that lie on top of the cavity. Also, the binding pocket
has a subset of polar residues composed of Q95, S56, Y156,
T128, and H124 (Figure 2) that interact with a network of
water molecules that fill the binding pocket. This network
overlaps nicely with the waters detected in the crystallographic
structure of the apo state of the NPC1 (Figure S7).17
The binding of cholesterol requires the conformational

rearrangement of the side chain of L213, which interacts with
the ligand’s side chain (average distance of 4.9 ± 0.1 and 5.2 ±
0.1 Å with the carbon atom of the methyl group in position
C18 of the sterol moiety and the first carbon atom of the
aliphatic side chain, respectively). This interaction is facilitated
by the fact that L213 adopts a conformation that mimics the
arrangement of Q200 in NPC1-NTD, where its side chain
points to I105 in the α3 helix (Figure S7). The presence of
cholesterol in the binding site forces the open conformation of
the pocket, which is stable and exhibits small fluctuations in
the four replicates (Figure 2; see Figure S3) in agreement with
previous studies.16 Thus, the average RMSD determined for
the Cα atoms of the α8/β7 loop relative to the X-ray structure
of NPC1-NTD is 2.3 ± 0.1 Å. Compared to the apo species,
the expansion of the cavity is reflected in the width of the
mouth of the binding site, which on average amounts to 8.3 ±

0.5 Å, and in the enlargement of the cavity volume (average
value of 1031 ± 18 Å3), it being around 3-fold larger than the
volume determined for the apo species.
The crystallographic binding mode of cholesterol was fully

maintained in the simulations of the complex with NPC1L1-
NTD (Figure 2). The hydroxyl moiety of cholesterol can
establish three H-bond interactions with neighboring residues:
the amide NH of Q95, the hydroxyl group of S56, and a water-
mediated interaction with the backbone of Q54 [let us note
that this water molecule is also present in the experimental
structure of NPC1 (Figure S7)].17 While the H-bond
interactions with Q95 are stable along all of the replicates
(average distance of 2.9 ± 0.1 Å; 66% of the simulation time),
the S56 side chain fluctuates between its interaction with the
ligand (average distance of 2.8 ± 0.1 Å; detected in 17% of the
simulation time) and the backbone carbonyl oxygen of D37.
The hydrophobic tetracyclic system of cholesterol interacts
with residues L99, L103, and H124 of the α-helices of the
NTD core and residues A214 and P215 of the α8/β7 loop.
Finally, the aliphatic chain is partially exposed to the bulk
solvent at the S-opening, where it interacts with L213 and
F205 (Figure S8). Hereafter, given the increased stability of
the interaction with Q95, this binding mode will be referred to
as the Q95 binding mode.
The binding of cholesterol displaces most of the water

molecules present in the binding site, which, however, still
contains an average number of 5 ± 1 water molecules (Figures
S7 and S9). The 50% occupancy isocontour of the water
density accounts for the water wire that extends from H124 to
Q95, highlighting the position of three structural waters. The
first two mediate interactions between residues H124 and
Y156, and the third establishes an H-bond interaction with the
ß-hydroxyl moiety of cholesterol. Let us note that the presence
of water molecules is not uncommon in cholesterol-binding
sites,49 and the homologous NPC1-NTD contains two
crystallographic water molecules that overlap with the water
wire positions (Figure S7).

Epi-Cholesterol Binds Using Two Binding Modes in
the NPC1L1-NTD Domain. To understand the molecular
basis of the inability of epi-cholesterol to effectively compete
with cholesterol for binding to NPC1L1-NTD, four
independent unbiased MD simulations of the epi-cholesterol-
bound complex were performed. We used the crystallographic
binding mode of cholesterol to NPC1-NTD as a template to
model the starting binding mode of epi-cholesterol in the
NPC1L1-NTD complexes.
The analysis of the trajectories showed that epi-cholesterol

displays two distinct binding modes (Figure 3; see also Figure
S10). In the first one, epi-cholesterol tries to adopt the Q95
binding mode of cholesterol. However, to keep the H-bond
with the side chain of Q95, the orientation of the hydroxyl
group forces the sterol core to move closer to the loops with a
concomitant displacement of the crystallographic water
(Figure 3A,C). In the second, epi-cholesterol is shifted toward
the S-opening to establish a H-bond interaction with the side
chain of T128 (Figure 3B,D; average distance of 2.8 ± 0.1 Å;
present in 72% of the simulation time). We have named this
alternative pose as the T128 binding mode. Binding to T128
enlarges the exposure of the aliphatic chain of epi-cholesterol
to the bulk solvent, although this effect is counterbalanced by
the interaction of the aliphatic side chain with M188 (6.4 ±
1.9% SASA of epi-cholesterol compared to the 3.8 ± 0.6%
SASA of epi-cholesterol in the Q95 binding mode).

Figure 2. Superposition of the final structures of the MD trajectories
of the apo (A, C) and cholesterol-bound states (B, D). (A, B) The
conformations sampled by the α8/β7 loop are shown in a blue
cartoon. (C, D) Shape and solvation pattern of the binding site of
NPC1L1-NTD for the apo and cholesterol-bound states. The protein
surface is shown as a gray surface. The red isosurface accounts for
50% of water occupancy in the binding site during the last 100 ns of
each replicate (aggregated 400 ns of simulation time).
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Furthermore, the shift of epi-cholesterol to the T128 binding
mode causes the side chain of L213 to move away from I105

while it becomes closer to F205. Therefore, the α8/β7 loop
opens slightly when epi-cholesterol binds to T128 compared to
the Q95 binding mode, leading to a slight increase of the cavity
volume (1153.2 ± 30.9 and 1095.0 ± 7.7 Å3, respectively) and
filling the cavity with a higher number of water molecules (9 ±
1 and 7 ± 1 water molecules; Figure S11).
It is worth noting that the binding of epi-cholesterol to the

Q95 and T128 binding sites exhibits different traits between
the four independent replicas. Thus, epi-cholesterol remains
primarily bound to T128 in replicas 1 and 3, whereas the
occupancy of the Q95 binding site is larger in replicas 2 and 4.
Furthermore, differences are also observed in the number of
exchanges between the two binding sites, as measured from the
difference between the distances of the H-bond interactions
formed by epi-cholesterol with Q95 and T128 in conjunction
with a threshold of 1.5 Å to split the two binding modes. This
analysis revealed that the transitions of epi-cholesterol between
Q95 and T128 sites varied from ∼30 exchanges in replica 2 to
almost 560 exchanges in replica 3. These differences seem to
arise from the behavior of the α8β7 loop, which must open
slightly to facilitate the transitions of epi-cholesterol in the
interior of the cavity (see above and Figure 3). Therefore, the
conformational plasticity of this loop appears to be a relevant
factor in assisting the binding of the ligands to NPC1L1-NTD.
On the other hand, these results point out that the sampling

obtained from the four independent MD simulations is not
complete, and a proper quantitative analysis of the preferences
for binding to the Q95 and T128 sites should be gained by
using enhanced sampling techniques. In this context, RBFE
calculations50,51 were first carried out to obtain a quantitative
estimate of the change in binding affinity due to epimerization
of the hydroxyl group in cholesterol. To this end, alchemical
transformations were performed for the conversion of
cholesterol and epi-cholesterol to cholestane, which lacks the
hydroxyl group and can therefore be used as a reference to
estimate the contribution of the H-bond to the binding of

Figure 3. Superposition of the final structures of the MD trajectories
of the Q95 (A, C) and T128 binding modes (B, D) of the epi-
cholesterol-bound states. (A, B) The conformations sampled by the
α8/β7 loop are shown in a blue cartoon. Epi-cholesterol is shown in
purple sticks. (C, D) Shape and solvation pattern of the binding site
of NPC1L1-NTD for the epi-cholesterol-bound states. The protein
surface is shown as a gray surface. The red isosurface accounts for
50% of water occupancy in the binding site during the last 100 ns of
each replicate (accumulated 200 ns of simulation time).

Figure 4. (A, B) Perturbation network of the chemical changes on position 3 of the cholesterol ring for the (A) Q95 binding mode and (B) T128
binding mode. Arrows indicate alchemical simulations carried out with computed relative free energies in kcal mol−1. Green numbers indicate
average cycle closure errors. (C) Relative free energy changes for the three replicates and the mean and standard deviation of the ΔΔG for each
transformation. CHL: cholesterol, ECL: epi-cholesterol, and C5N: cholestane.
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cholesterol and epi-cholesterol to the Q95 and T128 binding
sites. The simulation systems included the key water molecule
that assists the binding of sterols in the Q95 binding mode.52,53
The relative free energy values are obtained from the average
values of three independent runs (Figure 4).
The results point out that the H-bond formed by cholesterol

with Q95 has a net stabilizing contribution of 2.3 kcal·mol−1

relative to cholestane, whereas the contribution of the hydroxyl
group in epi-cholesterol is around 5-fold less favorable. Indeed,
cholesterol binds more favorably to the Q95 binding site than
epi-cholesterol by 1.8 kcal·mol−1, thus reflecting the inability of
the α-configuration of the hydroxyl group to form an effective
H-bond in the Q95 binding mode. On the contrary, epi-
cholesterol binds more favorably than cholesterol by 1.0 kcal·
mol−1 in the T128 binding mode, reflecting the formation of
the H-bond with T128, which is unfeasible for the β-
configuration of the hydroxyl group. In fact, the difference in
binding free energy between cholesterol and cholestane is ca.
0.3 kcal·mol−1.
These results provide a rationale for the stability of the

binding mode observed for cholesterol in the unbiased MD
simulations, which showed that the ligand remains tightly
bound to Q95, in contrast to the transition observed for epi-
cholesterol to the T128 binding mode in two trajectories.
Nevertheless, keeping in mind the limited sampling attained
from the four independent unbiased simulations, we employed
two enhanced sampling techniques to estimate the energetic
cost of the transition: one-dimensional umbrella sampling
calculations (US) using only the formation of the H-bond with
Q95 side, and bidimensional well-tempered metadynamics
simulations that also consider the opening of the α8β7 loop.
First, the potential of mean force (PMF) determined from US
calculations reveals the presence of two minima at 2.9 and 6.5
Å, which correspond to the Q95 and T128 binding modes,
respectively. The Q95 binding mode is destabilized by
approximately 1.1 kcal mol−1 with respect to the global
minima at the T128 binding mode. The energetic barrier for
the transition from the T128 binding site to the Q95 one is 3.6
kcal mol−1, whereas the barrier for the Q95 →T128 transition
is roughly 2.5 kcal mol−1. These energetic barriers were refined
using well-tempered metadynamics simulations, which exploit
the difference of distances between the O atom of epi-
cholesterol and the Q95 and T128 side chains (CV1) and the
opening of the α8β7 loop (CV2), defined as the distance
between the center-of-mass (COM) of residues 212−214
within the α8β7 loop and residues 104−106 located at the α3
helix.54 The resulting FES (Figure 5) shows two minima that
correspond to the Q95 and T128 binding modes. The global
minimum located at the T128 binding mode is more stable
than the Q95 binding mode by ca. 2.0 kcal mol−1. While the
Q95 binding mode shows a preference for closed conforma-
tions of the loop, the T128 binding site can accommodate a
larger range of loop conformations. The minimum energy path
between the two minima obtained by the String method45 is
shown in a black line on top of the FES (Figure 5). The barrier
for the passage from Q95 to T128 amounts to ca. 2.1 kcal
mol−1, whereas the barrier for the T128 →Q95 transition is
close to 4.1 kcal mol−1. The energetic profiles obtained by the
well-tempered metadynamics simulations and US calculations
are qualitatively similar. However, it is also clear that the
motions of the S-entrance may have an impact on the
quantitative features of the FES, thus highlighting the coupling
between the fluctuations between the two H-bond states of

epi-cholesterol and the conformational flexibility of the α8β7
loop and the α3 helix. Overall, these results support the
existence of distinct binding modes for cholesterol and epi-
cholesterol, revealing that epimerization of cholesterol weakens
the binding affinity by promoting the binding to a less buried
site in the cavity (Figures 4 and 5).

Binding Affinity of 25-Hydroxycholesterol and Lan-
osterol to NP1CL1-NTD. To further explore these findings,
an additional set of four independent MD simulations was
performed for the complexes of NPC1L1-NTD with 25-
hydroxycholesterol and lanosterol (Figure 5) since 3H-
cholesterol competitive binding assays have shown that these
compounds can displace cholesterol from the NPC1L1-NTD
binding site.15,18 Following the previous discussion, the
analysis was focused on the effect of the chemical differences
present in these compounds relative to cholesterol (i.e., the
location or the double bond and the presence of methyl groups

Figure 5. (A) PMF of the interconversion between the Q95 and
T128 binding modes obtained by US is in kcal mol−1. (B) Free energy
surface of the transition between the Q95 and T128 binding modes
for epi-cholesterol obtained via two-dimensional (2D)-well-tempered
metadynamics. The distances that account for the formation of
respective H-bonds between Q95 and T128 with the hydroxyl of epi-
cholesterol. The minimum energy path between Q95 and T128 is
shown as a black line. The color bar is in kcal mol−1. (C) The
energetic profile of the minimum energy path between binding modes
sampled from the bidimensional free energy surface in kcal mol−1.
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in the tetracyclic core and the hydroxyl or double bond
introduced in the aliphatic chain) on the binding to NPC1L1-
NTD.
The RMSD of the protein backbone was stable in all cases,

with values around 2 Å for the two sterol-bound complexes
(see Figures S13 and S14). Compared to cholesterol, which is
stably bound (RMSD close to 1 Å), slightly larger RMSD
values, generally lower than 3 Å, were observed for the ligand
in the complexes with NPC1L1-NTD, which in most cases
reflects fluctuations of the aliphatic side chain of the sterols
outside the binding pocket.
The chemical modifications introduced in these compounds

do not alter the Q95 binding mode of the sterols (Figure 6).
The binding mode of 25-hydroxycholesterol retains all of the
described interactions for cholesterol, especially regarding the
H-bond with Q95. On the other hand, the presence of the
additional hydroxyl group bound at the C25 position can
establish additional interactions with the solvent, the side chain
of T106 (average distance of 2.8 ± 0.1 Å; present in 25% of the
simulation time), the backbone of S102 (average distance of
2.8 ± 0.1 Å; 17% of the simulation time), and the side chain of
Q206 (average distance of 2.9 ± 0.1 Å; 8% of the simulation
time) (Figure S13 and Table S3).
Despite the chemical changes introduced in the core of the

sterol moiety, lanosterol establishes the same interactions
described for cholesterol in the Q95 binding mode (Figure 6).
The additional methyl groups in the C4 position fit well into
the pocket shaped by residues L216, Y156, and F35 and do not
impair the formation of H-bonds with Q95 and S56 (Figure
S14 and Table S3). Thus, an average distance of 2.9 ± 0.1 Å
was determined for the H-bond interaction with Q95 (present

in 70% of the simulation time), whereas the interaction with
the S56 side chain (average distance of 2.8 ± 0.1 Å) is found in
13% of the simulation time.
The number of water molecules found in the binding site is

similar for all of the sterols in the Q95 binding mode, as it
amounts on average to 5 ± 1, 6 ± 1, and 4 ± 1 for cholesterol,
25-hydroxycholesterol, and lanosterol, respectively (Figures 6
and S15). In the latter case, the lower content of water
molecules can be attributed to the disruption of the water wire
caused by the two methyl groups bound at the C4 position. In
all sterol complexes, the hydroxyl moiety of the sterol core
establishes an H-bond interaction with a water molecule,
which, as mentioned before, occupies the same position found
in the crystallographic structure of the cholesterol−NPC1
complex (Figure S7).
Finally, MM-PBSA calculations were performed to examine

the contribution of the residues in the binding pocket as well as
of the water molecule to the binding affinity and selectivity of
cholesterol, epi-cholesterol, 25-hydroxycholesterol, and lano-
sterol (Table 1). Including the water molecule, the binding
affinity of cholesterol is estimated to be −20.8 ± 0.9 kcal·
mol−1, which is close to the values obtained for 25-
hydroxycholesterol and lanosterol (−19.3 ± 2.6 and −19.2 ±
2.3 and, respectively). This agrees with the experimental
evidence,7,15,18 which shows that both 25-hydroxycholesterol
and lanosterol exhibit a direct competition with cholesterol for
the binding to NPC1L1-NTD. Notably, the absence of the
water molecule reduces the binding affinity to 15−16 kcal·
mol−1. In contrast, the binding affinity estimated for the two
binding modes of epi-cholesterol is −15.6 ± 2.2 (Q95 binding
site) and −19.2 ± 0.2 kcal·mol−1 (T128 binding site).

Figure 6. Chemical structures and representative structures of the binding modes of 25-hydroxy-cholesterol and lanosterol bound to the NPC1L1-
NTD. Sterols are shown as colored sticks: cholesterol (A, orange), 25-hydroxycholesterol (B, blue), and lanosterol (C, yellow). NPC1L1-NTD is
shown as a white cartoon. The position of the α8/β7 loop is shown as a blue cartoon. The occupancy of water molecules in the binding site over
50% of the simulation time is shown as a red isosurface.

Table 1. Binding Free Energies [Average and Standard Deviation (SD); kcal·mol−1] Obtained from MM-PBSA Calculations
for the Studied Sterols in Complex with NPC1L1-NTD

MM-PBSA without water molecule MM-PBSA with water molecule

mean SD standard error of the mean mean SD standard error of the mean

cholesterol −16.0 0.6 0.3 −20.8 0.9 0.5
epi-cholesterol Q95 binding mode −15.6 2.2 1.5
epi-cholesterol T128 binding mode −19.2 0.2 0.2
25-hydroxy-cholesterol −15.0 1.5 0.7 −19.3 2.6 1.3
lanosterol −15.0 2.4 1.2 −19.2 2.3 1.1
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Although caution is required to not overemphasize the
significance of the differences in the calculated binding
affinities, which nevertheless benefit from the cancellation of
uncertainties due to the comparison between structurally
related sterols, these results point out that the suboptimal
geometry of the C3 position to establish H-bonds and the loss
of the interaction with the water molecule destabilizes the
binding of epi-cholesterol to the Q95 binding site.
A per-residue decomposition of the binding affinity provided

a consistent view of the most relevant residues for the binding
of sterols to NPC1L1-NTD (Table 2). The key residues
involved in the H-bond, namely, Q95 and S56, contribute
around −3.4 ± 0.5 and −1.6 ± 0.9 kcal·mol−1, respectively.
The interaction with T128 is only relevant for epi-cholesterol
in the T128 binding mode (−2.1 ± 0.1 kcal·mol−1), whereas
this residue has a negligible effect for the other sterols (≥−0.5
kcal·mol−1). Other polar residues are common to both binding
modes, such as H124, with an average value of −1.1 ± 0.9 kcal·
mol−1. The hydrophobic contacts between the tetracyclic core
of the sterols and the binding site include L99 (−1.9 ± 0.3
kcal·mol−1), L103 (−1.2 ± 0.2 kcal·mol−1), and F120 (−0.6 ±
0.3 kcal·mol−1), and the α8/β7 loop residues L213 (−1.6 ±
0.4 kcal·mol−1), A214 (−1.0 ± 0.2 kcal·mol−1), P215 (−1.6 ±
0.3 kcal·mol−1), and L216 (−0.8 ± 0.2 kcal·mol−1) (see Table
2).
Mutations that Impair Cholesterol Transport Distort

the α8/β7 Loop. Previous studies have disclosed a variety of
single-point mutations in the NPC1L1-NTD that have a
detrimental effect on cholesterol absorption.18,55,56 In light of
the previous results regarding the binding mode of cholesterol,
a discussion of the potential impact of mutations that affect
specific residues in the binding pocket of NPC1L1-NTD
deserves interest. For our purposes, the T128A, I105A, F205A,
and P215A variants, which trigger a reduction in cholesterol
absorption varying from 35 to 85% (Table 3),18 were selected
to explore their effect on cholesterol binding. Noteworthily,

although the detrimental effect of P215A may be justified by
the loss of the contribution of P215 to the binding affinity,
which varies from −1.6 to −1.2 kcal·mol−1 for cholesterol, 25-
hydroxycholesterol, and lanosterol (see Table 2), the effect of
the other three variants is not apparent, as their contribution to
the binding affinity is around −0.3 kcal·mol−1 for these
compounds. In turn, this suggests that other factors beyond the
direct interaction between the ligand and the residues in the
binding pocket may influence the efficiency of binding of
cholesterol to NPC1L1-NTD.
To gain insight into this question, four independent MD

simulations were performed for both the apo and cholesterol-
bound states of the mutated (T128A, I105A, F205A, and
P215A) NPC1L1-NTD and a comparison was made with the
structural and energetic features determined for the wild-type
protein (see above). The RMSD profile of the protein
backbone of the mutated variants showed no significant
alterations for both the apo and cholesterol-bound simulations
(RMSD values around 2 Å; see Figures S16−S19 and S20−
S23 for apo and ligand-bound species, respectively). The
RMSD values of cholesterol for all of the mutants were close to
1 Å and, therefore, comparable to the cholesterol-bound

Table 2. Per-Residue Decomposition to the Binding Affinity (kcal·mol−1) Obtained from MM-PBSA for All of the Studied
Sterols in Complex with NPC1L1-NTDa

residue cholesterol epi-cholesterol Q95 binding mode epi-cholesterol T128 binding mode 25-hydroxy-cholesterol lanosterol

E38 −0.6 ± 0.4 0.5 ± 0.6 −0.4 ± 0.2 −0.6 ± 0.3 −0.5 ± 0.5
N54 −0.5 ± 0.3 0.1 ± 0.4 −0.1 ± 0.1 −0.4 ± 0.3 −0.2 ± 0.3
S56 −1.6 ± 0.9 −0.7 ± 0.3 −0.0 ± 0.0 −1.4 ± 0.8 −0.7 ± 0.2
T61 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
K94 −0.2 ± 0.1 −0.2 ± 0.1 0.1 ± 0.1 −0.2 ± 0.1 −0.1 ± 0.1
Q95 −3.4 ± 0.5 −3.2 ± 0.5 0.0 ± 0.2 −3.5 ± 0.5 −3.6 ± 0.5
S98 −0.5 ± 0.3 −0.7 ± 0.4 −0.1 ± 0.1 −0.6 ± 0.3 −0.6 ± 0.3
L99 −1.9 ± 0.3 −2.0 ± 0.3 −1.4 ± 0.3 −1.9 ± 0.3 −2.2 ± 0.3
L103 −1.2 ± 0.2 −1.2 ± 0.2 −1.6 ± 0.3 −1.0 ± 0.2 −1.1 ± 0.3
I105 −0.2 ± 0.1 -0.2 ± 0.1 −1.1 ± 0.3 −0.4 ± 0.2 −0.3 ± 0.2
L110 0.0 ± 0.0 0.0 ± 0.0 −0.2 ± 0.1 0.0 ± 0.0 0.0 ± 0.0
F120 −0.6 ± 0.3 −0.6 ± 0.2 −1.0 ± 0.2 −0.6 ± 0.2 −0.6 ± 0.2
H124 −1.3 ± 0.4 −1.0 ± 0.4 −1.2 ± 0.5 −1.0 ± 0.3 −0.6 ± 0.5
T128 −0.3 ± 0.3 −0.5 ± 0.4 −2.1 ± 0.1 −0.3 ± 0.2 −0.3 ± 0.2
N132 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0
F205 −0.2 ± 0.3 −0.2 ± 0.3 −0.6 ± 0.2 −0.3 ± 0.3 −0.3 ± 0.2
L213 −1.6 ± 0.4 −1.0 ± 0.3 −1.5 ± 0.3 −1.6 ± 0.4 −1.5 ± 0.4
A214 −1.0 ± 0.2 −0.8 ± 0.2 −1.0 ± 0.2 −0.9 ± 0.3 −0.9 ± 0.2
P215 −1.6 ± 0.3 −1.5 ± 0.3 −3.2 ± 0.1 −1.6 ± 0.3 −1.2 ± 0.3
L216 −0.8 ± 0.2 −0.9 ± 0.2 −1.6 ± 0.3 −0.7 ± 0.2 −1.1 ± 0.2
water −1.6 ± 0.6 −1.7 ± 0.5 −1.3 ± 0.6

aResidues highlighted in gray are key positions for cholesterol absorption identified in the literature.

Table 3. Binding Free Energies (Average and Standard
Deviation (SD); kcal·mol−1) Obtained Using MM-PBSA
Calculations for Cholesterol Bound to the Mutated Variants
of NPC1L1-NTD

reduction of cholesterol
absorption %

MM-PBSA with water molecule
kcal mol−1

mean SD
standard error of

the mean

wild-type − −20.8 0.9 0.5
I105A 35 −22.1 1.9 1.0
T128A 85 −18.1 2.7 1.4
F205A 85 −19.8 1.5 0.7
P215A 52 −15.7 2.2 1.1
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complex formed with the wild-type NPC1L1-NTD (Figure
S4), with the only exception of a few transient peaks, always
below 3 Å, which account for rearrangements of the aliphatic
side chain.
Compared to the wild-type complex, there is a slight

reduction in the volume of the cavity, which varies from 940 to
990 Å3 for the mutated variants (volume of 1024 ± 19 Å3 for
the wild-type protein). Nevertheless, the Q95 binding mode is
stable along the simulation time in all of the cholesterol-bound
simulations (Figures 7 and S20−S23). Indeed, the three key
H-bond interactions with Q95, S56, and water molecules are
maintained in all replicates. We only observe two short-lived
destabilizations of the Q95 binding mode in the T128A
mutant, where cholesterol moves toward the S-opening with a
water molecule bridging the interaction with Q95.
The effect of each mutation on the cholesterol binding to

NPC1L1-NTD was examined using MM-PBSA calculations
(Table 3). In agreement with the trends discussed from the
data in Table 2, the P215A mutation gives rise to a significant
decrease in the binding affinity of cholesterol (−15.7 ± 2.2
kcal·mol−1) compared to the wild-type protein (−20.8 ± 0.9
kcal·mol−1), which partially accounts for the loss of the proline
side chain contribution of 1.6 ± 0.3 kcal·mol−1. Nevertheless,
the values obtained for I105A, T128A, and F205A (−19.2 ±
2.3, −19.3 ± 2.6, and −21.0 ± 1.9 kcal·mol−1, respectively) are
close to the binding affinity estimated for the wild-type
complex, suggesting that other factors may affect the binding
process.
Considering these results, principal components analysis

(PCA) was used to examine the impact of the mutations on
the conformational dynamics of the α8/β7 loop and the α3
helix, which contribute to shaping the binding pocket in the
apo and cholesterol-bound species (Figure 8). The two first
PCs explain almost 66% of the total structural variance. The
first PC (PC1) accounts for 39% of the structural variance and
describes a concerted lateral motion of the α8-β7 loop and the
α3 helix, which opens the entrance of the binding site. The
second PC (PC2) explains 27% of the variance and describes

the concerted motion that brings the α8-β7 loop into the
binding pocket and closer to the α3 helix, which is the main
driver of the narrowing of the binding pocket entrance. The
third and the fourth components only explained 8 and 7% of
the total variance.
The apo- and cholesterol-bound trajectories sample two

distinct populations in the PC space. PC2 discriminates
between apo and holo states of the NPC1L1-NTD, as apo and
cholesterol-bound trajectories populate positive and negative
values along the PC2 projection, respectively (Figure 8). On
the other hand, the different conformations of the α8/β7 loop
sampled in the simulations spread along positive and negative
values of PC1, leading to two clusters for the wild-type apo
species (Figure 9; see also Table S3): in one case the α8/β7
loop is buried in the binding site placing the L213 side chain
close to F120 (A1: 24 ± 2%, pocket volume of 483 ± 116 Å3)
and in the other, the L213 backbone forms a H-bond with
S102 (3.0 ± 0.7 Å) and a hydrophobic contact with I105A
(A2: 75 ± 2%, pocket volume of 491 ± 145 Å3). In the holo
species, NPC1L1-NTD populates a single conformation (B1:
97 ± 2%, pocket volume of 1025 ± 61 Å3).
The P215A variant distorts the dynamics of the α8/β7 loop,

leading to four conformations of the entrance of the binding
site in the apo species (Figures 8 and 9; see also Table S4).
Compared to the wild-type protein, whereas the A1
conformation is not significantly altered (A1: 24 ± 1%, pocket
volume of 361 ± 76 Å3), the A2 conformation is less populated
(A2: 42 ± 1%, pocket volume of 390 ± 55 Å3) in favor of two
new conformational states. In one of them (A3: 25 ± 2%,
pocket volume of 444 ± 65 Å3), the α8/β7 loop is stabilized by
a H-bond between A214 and S102 (3.6 ± 0.9 Å), which shifts
the L213 side chain from the entrance and interacts with F205.
In the other (A5: 9 ± 1%, pocket volume of 288 ± 22 Å3), the
α8/β7 loop binds deeper into the binding site, with L213
being located closer to H124. In the holo state, however, the
impact of the P215A mutation is weaker, as the B1
conformation (79 ± 1%, pocket volume of 902 ± 51 Å3) is
largely populated, and a minor conformation (B2: 20 ± 1%,

Figure 7. (Top) Q95 binding mode of cholesterol is maintained in the (A) P215A, (B) I105A, (C) F205A, and (D) T128A mutated variants of
NPC1L1-NTD. (Bottom) Shape and solvation pattern of the binding site of NPC1L1-NTD for cholesterol-bound states. The conformations
sampled by the α8/β7 loop are shown in a blue cartoon. Cholesterol molecules are shown as orange sticks. Mutated residues are highlighted using
gray sticks. The protein surface is shown as a gray surface. The red isosurface accounts for 50% of water occupancy in the binding site during the
last 100 ns of each replicate (accumulated 400 ns of simulation time).
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pocket volume of 940 ± 72 Å3), where the α8/β7 loop adopts
a slightly tighter conformation around the sterol molecule,
retains the Q95 binding mode (Figure 7D). Altogether, the
P215A mutation alters primarily the conformational space of

the apo species, stabilizing alternative conformations with
significantly reduced volume of the binding site and reducing
the binding affinity of cholesterol in the holo species (see
Table 3). Altogether, these results provide a structural basis to
explain the experimental reduction (48%) of cholesterol
absorption.18,56
Mutations on residues I105 and F205, which stabilize the

hydrophobic cluster found in the closed state of the apo state,
are likely to alter the conformational preferences of the α8/β7
loop. With regard to the I105A variant, although the
conformation A2 is the most populated (76 ± 5%) and
resembles the cluster found in the wild-type apo species, there
is a marked reduction in the pocket volume (264 ± 43 Å3).
Furthermore, the A1 conformation disappears, and a minor
conformational state (A4: 18 ± 3%, pocket volume of 525 ±
44 Å3) emerges (Figures 8 and 9; see also Table S4). This
reflects the weaker stability of the hydrophobic cluster resulting
from the Ile → Ala mutation, which favors the opening of the
binding site and the enlargement of the cavity. In contrast, the
I105A mutation does not significantly alter the conformation
dynamics of the cholesterol-bound state (B1: 93 ± 1%, pocket
volume of 985 ± 52 Å3). These results are in qualitative
agreement with the computed binding affinity of cholesterol
for this mutated variant, which compares with the value
obtained for the wild type (see Table 3), the mild effect on the
cholesterol absorption, as the I105A mutation leads to the
lowest reduction (35%) among the four selected variants.18,56
Compared to I105A, the F205A variant gives rise to a larger

reduction of cholesterol absorption (∼85%).18,56 This trait
agrees with the larger remodeling of the conformational
preferences of the α8/β7 loop observed for this mutation
(Figures 8 and 9; see also Table S4). Thus, conformations A2
(35 ± 1.0%, pocket volume of 475 ± 126 Å3) and A1 (12 ±
1%, pocket volume of 488 ± 123 Å3) are less populated relative
to the wild-type apoprotein. Furthermore, the α8/β7 loop
populates two novel states: A3 (31 ± 1%, pocket volume of
366 ± 43 Å3) and A4 (23 ± 1%, pocket volume of 745 ± 95
Å3). Since the side chain of F205 is a key component of the
hydrophobic cluster that stabilizes the closed state, the
mutation to Ala weakens the stability of the cluster, favoring
the adoption of other conformations. In contrast, the F205A
effect is much less apparent in the cholesterol-bound state, as
the B1 conformation is the main cluster (90 ± 1%, pocket
volume of 994 ± 45 Å3). Thus, although F205 has a residual
contribution to the cholesterol-binding affinity, it is key to
stabilizing the conformation of the α8/β7 loop in the apo state.
The T128A mutant, which also has a drastic impact on

cholesterol absorption (reduction of 85%), is more challenging
since T128 does not directly interact with the α8/β7 loop.
Nevertheless, our results point out that this mutation changes
the dynamics of the S-opening, especially in the species. Thus,
the main conformation A2 (52 ± 4%, pocket volume of 434 ±
37 Å3) is partially shifted to a novel state (A3: 17 ± 3%, pocket
volume of 347 ± 86 Å3) due to a remodeling of the hydration
pattern in the binding site (Figure 10). Compared to the wild-
type species, T128A promotes the loss of water located
between the backbone of L213 and the side chain of S102,
which bridges the interaction between the L213 backbone and
the H124 side chain. Of note, in the A1 conformation, the
H124 side chain adopts a distinct arrangement that enables
this interaction without the water molecule. Upon ligand
binding, the S-entrance mainly populates the B1 conformation
(86 ± 1%, pocket volume of 935 ± 54 Å3), which supports the

Figure 8. Principal component analysis of the wild-type NPC1L1-
NTD domain and its mutated variants. (A) Structural representation
of the two main principal components of the PCA. PC1 accounts for
the sideways motion between the α8/β7 loop and helix α3, and PC2
accounts for the motion that reduces the distance between the α8/β7
loop and helix α3. (B) Projections of the wild-type protein and the
mutated variants on the space defined by the first two Principal
Components. The density of visited conformations of the trajectories
of the apo and cholesterol-bound are shown as blue and orange-
shaded contours, respectively. For the wild-type protein, the location
of the X-ray structure of the apo species is also indicated.
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Q95 binding mode, although a minor conformation (B3: 8 ±
1%, pocket volume of 968 ± 54 Å3), which alters the Q95
binding mode by shifting cholesterol toward the S-opening due
to a water molecule that bridges the interaction with Q95, is
also observed (Figure S24).
Altogether, the analysis of the trajectories sampled for the

wild-type NPC1L1-NTD and its mutated variants suggest that
the mutations have a minor impact on the conformational
preferences of the α8/β7 loop in the cholesterol-bound
species, as the main conformation (B1) observed in the wild-
type protein is preserved in the mutated proteins (Figure 11).
Indeed, the mutations do not substantially alter the binding
mode of cholesterol in the Q95 binding site, and in most of the
cases, they do not even affect its binding affinity, with the only
exception of P215A (Table 3). However, the present results
point out that the single-point mutations in key residues with a
minor contribution to the binding affinity of cholesterol may
have a large impact on the efficiency of cholesterol absorption
by altering the conformational landscape of the S-opening in
the apo species of NPC1L1-NTD (Figure 11). These findings
agree with previous studies that have highlighted the relevant
role played by mutations introduced in enzymes to remodel
the dynamic equilibrium between the ensemble of differently
populated conformational substates, thus strongly modifying
not only the catalytic efficiency but also the ability to
accommodate alternative substrates.57−59 In this context, our
results strengthen the role played by the α8/β7 loop,

particularly L213 and F205, in modulating the access of
cholesterol to the binding pocket of NPC1L1-NTD.15,17

■ CONCLUSIONS

The molecular basis of the epimerization-related selectivity in
the binding and transport of cholesterol by the N-terminal
domain of the NPC1L1 transporter has been explored by
combining molecular dynamics simulations of the apo and
holo species, in conjunction with free energy calculations for
the wild-type protein and four mutated variants known to
cause a detrimental effect on the cholesterol import.
The results have shown the drastic influence of the

epimerization of the hydroxyl group on the binding mode of
cholesterol and epi-cholesterol. The analysis of the independ-
ent MD simulations run for cholesterol consistently supports
the stability of the Q95 binding mode, where the hydroxyl
moiety establishes H-bond interactions with the side chain of
Q95, S56, and a neighboring water molecule. The main
features of this binding mode are also stably reproduced for 25-
hydroxycholesterol and lanosterol, although additional inter-
actions can be found due to the chemical modifications on the
aliphatic tail of 25-hydroxycholesterol and the methyl groups
of lanosterol. In contrast, the α-configuration of the C3 atom
in epi-cholesterol leads to the T128 binding mode, which is
shifted ca. 3 Å to the mouth of the cavity. Indeed, US
calculations and well-tempered metadynamics simulations

Figure 9. Representative structures of the main conformations of the α8/β7 loop and α3 helix in (A, B) the wild-type and (C, D) the mutated
variants of NPC1L1-NTD. A representative snapshot of the α8/β7 loop and α3 helix sampled in (A, C) the apo and (B, D) cholesterol-bound
trajectories is shown as blue and white cartoons, respectively. Cholesterol is shown as orange sticks. Representative structures of the alternative
conformations A3, A4, and B2 are extracted from the F205A mutant. Representative structures of the conformations A5 and B3 are only present in
the P215A variant.

Journal of Chemical Information and Modeling pubs.acs.org/jcim Article

https://doi.org/10.1021/acs.jcim.3c01319
J. Chem. Inf. Model. 2024, 64, 189−204

200



reveal the existence of an energetic barrier (i.e., 4.1 kcal·mol−1)
for the transition from this binding mode to the Q95 one, thus
preventing epi-cholesterol from penetrating deeper in the
binding pocket. Altogether, this reflects that the α-config-
uration of the C3 position is unable to properly bind to the
Q95 binding mode and can move to a metastable state of the
entrance pathway of sterols.
The binding site of cholesterol is seemingly challenged by

the detrimental effect of several single-point mutations in the
binding site (T128A, I105A, F205A, and P215A) that impair
cholesterol absorption.18 Our results showed that these
mutations have a mild effect on the conformational space of
the α8/β7 loop in the cholesterol-bound state and that only
P215A contributes to weaken the binding affinity of
cholesterol. In contrast, the results also revealed the impact
of these mutations in distorting the conformational landscape
of the α8/β7 loop in the apo state, which is key for regulating
the access of cholesterol to the binding pocket through the
formation of a hydrophobic cluster formed by L213, L103,
T106, F120, and F205. The reshaping of the conformational
preferences of the α8/β7 loop should destabilize its role in
mediating the access of cholesterol to the binding pocket, thus
strengthening the hypothesis of the gating mechanism played
by the α8/β7 loop.15,17
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electronic structure calculations used in the parametrization
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open-source software suite for high-performance molecular
dynamics and output analysis. RBFE (Thermodynamic
Integration) calculations were performed with the GPU-
accelerated implementation of Amber22, and MM-PBSA
computations were determined with the MMPBSA.py script
available in AmberTools22. Clustering of the ensemble of
conformational states was performed using the Robust Perron
Cluster Analysis method (PCCA+) as implemented in the
PyEMMA 2.0 module.
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de l′AlimentacióCampus Torribera, Universitat de
Barcelona, 08921 Santa Coloma de Gramenet, Spain;
Institut de Biomedicina (IBUB), Universitat de Barcelona,
08028 Barcelona, Spain; orcid.org/0000-0003-4862-
0850

F. Javier Luque − Departament de Nutrició, Cieǹcies de
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ABSTRACT: Assessing the binding mode of drug-like compounds is key in
structure-based drug design. However, this may be challenged by factors
such as the structural flexibility of the target protein. In this case, state-of-the-
art computational methods can be valuable to explore the linkages between
structural and pharmacological data. Following this strategy, extended
molecular dynamics simulations and thermodynamic integration calculations
are used to examine the binding of the potent antiviral inhibitor M090 and
related pinanamine-based analogues, covering a 250-fold difference in
inhibitory potency to the influenza A hemagglutinin, which is essential for
virus entry and membrane fusion. This analysis has disclosed the
hydrophobic shielding effect played by the 3-cyclopropylthiophene moiety
in M090. Furthermore, the results support the negative effect of the
resistance-induced E742 → D mutation, which should weaken the binding by
increasing the structural flexibility of the L2-BS loop. The results pave the way to exploration of the antiviral activity of novel
compounds.
KEYWORDS: Influenza A, Hemagglutinin, Ligand binding, Inhibition, Molecular dynamics, Free energy calculations

Mapping druggable pockets in therapeutically relevant
proteins is a fundamental step in structure-based drug

design. They should encode geometrical and physicochemical
features suitable to accommodate drug-like compounds,1,2

including hot spots that can make major contributions to the
binding affinity. Moreover, a proper balance between regions
of high stability and high flexibility is also required.3−7

However, the structural plasticity of targets such as the
influenza A hemagglutinin (HA), which is crucial for viral
infectivity,8−13 may severely limit the success of drug discovery.
However, the notion of HA as a druggable target has gained
increasing support due to the discovery of small molecules that
interfere with the role played in virus entry and membrane
fusion.14

HA promotes entry of the virus into the cell by recognizing
the sialic acid (SA) residues attached to cell membrane
receptors. On the other hand, in the interior of the endosome,
a large-scale conformational rearrangement of HA is triggered
upon acidification, leading to the release of the fusion peptide
(FP), which is hidden in the stem. The pH-induced structural
remodeling promotes the fusion of viral and host membranes,
enabling the release of the viral genetic material.15,16

From a structural point of view, HA is a homotrimer located
on the viral envelope. Each protomer is expressed as a single,

inactive precursor known as HA0, and maturation to the active
form requires proteolytic cleavage by host cell proteases,
leading to chains HA1 and HA2 (Figure 1).17 Two structural
domains can be distinguished in HA: the globular head, which
contains the receptor binding domain that mediates binding to
the host cell membrane, and the stem region, which maintains
the whole structure bound to the viral membrane. Three main
strategies have been explored in the search of small molecules
targeting HA:18,19 (1) altering the HA maturation via
inhibition of host proteases required for proteolytic cleavage
or alternatively through blockage of HA glycosylation;20 (2)
impairing the recognition of the host receptor, resorting, for
instance, to SA-mimic peptides;21 and (3) preventing the
fusion between viral and host cell membranes by impeding the
dynamical changes that trigger the release of the FP.22−24

Inspection of the available X-ray structures reveals that
fusion inhibitors bind to two sites in the stem region. One
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corresponds to the pocket occupied by tert-butylhydroquinone
(TBHQ) (PDB IDs 3EYK and 3EYM)25 and arbidol (PDB
IDs 5T6N and 5T6S),26 consisting of residues located at
helices A and C from protomer 1 and C′ from protomer 2. The
other is the groove filled by JNJ4796 (PDB IDs 6CFG and
6CF7),27 (S)-F0045 (PDB ID 6WCR),28 and CBS1117 (PDB
ID 6VMZ).29 This information is valuable not only to explore
the structure−activity relationships but also to assess the
putative binding mode of novel compounds.

Given the structural complexity of HA and its conforma-
tional plasticity, the occurrence of novel druggable sites cannot
be ruled out. Indeed, other sites have been suggested for a
diverse set of compounds, such as N-benzyl-4,4-disubstituted
piperidines30 and pinanamine-based antivirals.31,32 The most
potent inhibitor of this latter series of compounds, M090
(Figure 1), showed an EC50 of 0.3 μM against H1N1 A/
Guangzhou/GIRD/07/2009 virus-infected MDCK cells, EC50
values of 0.34 and 0.1 μM in a plaque reduction assay against
H1N1 A/California/07/2009 and A/Texas/04/2009, respec-
tively, and EC50 values of 1.5−6.9 μM in cytopathic assays
against several strains (H1N1, H3N2, H7N3, and H9N2).
Moreover, M090 exerts its inhibitory activity in the early steps
of the virus life cycle by targeting HA, and resistance selection
experiments revealed the occurrence of the E742 → D
mutation in HA2. Finally, molecular modeling studies reported
by Zhao et al.32 suggested that M090 binds at the interface
defined by the α-helix L802−A962 (H-BS) and by loops
P3011−K3181 and M592−L732 (L1-BS and L2-BS, respec-
tively) (Figure 1). In this putative binding mode, the
thiophene ring forms contacts with I3081, Y3161, and W922,
the pinane moiety fills the region shaped by A652 and V662,
and the cyclopropyl ring interacts with F882 and P3071. In
addition, the N−H group forms a hydrogen bond (HB) to
T3091.

In the absence of experimental structural evidence, this work
aims to assess the proposed binding mode of M090 by
synergistically combining the structural information on HA
with computational studiesatomistic MD simulations (Table
1) and free energy calculationsand the pharmacological
information gained from antiviral assays for M090-related
compounds. The results are examined to gain insight into the

effect of chemical changes on the inhibition potency and the
impact of resistant-associated mutations.

To assess the structural stability of the binding mode
proposed by Zhao et al. (denoted BM-I, Figure 2A1),32 a
complex formed by HA (H1N1 A/Virginia/ATCC3/2009)
and three M090 molecules (stoichiometric ratio 1:3), each
bound to one of the three sites in the trimer, was built up. This
strategy was also adopted in previous studies,33 thus enabling a
check of the consistency of the binding mode of the ligand at
the three pockets of HA in a single MD simulation. The initial
pose of M090 in each pocket was manually adjusted to retain
the key contacts described by Zhao et al.,32 especially regarding
the HB formed with T3091. At this point, let us note that the

Figure 1. Structural representation of HA. The monomeric chains HA1 (gray) and HA2 (green) formed after proteolytic cleavage assemble,
forming a trimer where the fusion peptide (FP) (magenta) remains buried until acidification in the endosome. The putative binding site of M090
(BM-II), which is shaped by an α-helix (H-BS) and two loops (L1-BS and L2-BS), is displayed as an orange surface that encloses M090 (shown as
sticks).

Table 1. Summary of the Simulated Systems Used in This
Worka

system
binding
mode code

starting
structure

simulated
time

ligand
release

apo, wild
type

− Awt homology
model

2 μs −

apo, E74→
D mutant

− Amut snapshot at 1
μs of Awt

2 μs −

holo, wild
type

BM-I H1wt-I homology
model

1 μs no

H2wt-I snapshot at 1
μs of Awt

1 μs 1 out of 3

BM-II H1wt-II homology
model

2 μs no

H2wt-II snapshot at 1
μs of Awt

1 μs no

H3wt-II homology
model

1 μs no

H4wt-II snapshot at 2
μs of Awt

1 μs no

holo, E74→
D mutant

BM-II H1mut-II homology
model

1 μs no

H2mut-II snapshot at 2
μs of Awt

1 μs no

holo, wild
type

BM-R H1wt-R homology
model

1 μs 1 out of 3

H2wt-R snapshot at 1
μs of Awt

0.5 μs 1 out of 3

aThe representations of the three binding modes (BM-I, BM-II, and
BM-R) are shown in Figure 2A1, Figure 2B1, and Figure 2C1,
respectively.
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residues that shape the binding pocket in this strain are
identical to those found in other H1N1 strains (see Homology
Modeling, Figure S1, and Table S1 in the Supporting
Information (SI)), such as A/Guangzhou/GIRD/07/2009
and A/PR/8/34.

Using this model system, two independent MD simulations
(H1wt-I and H2wt-I, 1 μs) were run to examine the stability of

the BM-I binding mode (see Molecular Dynamics Simulations
in the SI). The N−H···O(T3091) HB was restrained during
equilibration and the first 200 ns of the MD production run to
avoid artifactual changes due to structural relaxation during
thermalization. The root-mean-square deviation (RMSD)
profile determined for the two trajectories supports the
structural stability of the binding site (RMSD values ranging

Figure 2. Representation of the three initial binding modes of M090 investigated in this study: (A1) the pose with the restrained HB between the
amine nitrogen and T3091; (B1) the unrestrained arrangement in the interior of the pocket; (C1) the reversed pose where the thiophene and
pinanamine units have been exchanged relative to A1 and B1. Representative snapshots of the poses obtained at the end of the MD simulations
with distances to D852 and T3091 are shown in the central column (A2, B2, and C2). Finally, superpositions of the ligands taken every 100 ns along
the last 500 ns of the MD simulation are displayed in the right column (A3, B3, C3). Note that only two pockets containing overlapped ligands are
shown in C3 due to the release of M090 from the third binding pocket. Values denote the distance averaged for the three distinct M090 molecules
bound to HA.
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from 1.6 to 2.2 Å for the six binding pockets in the two
independent MD simulations; Figure S2). However, after
release of the restraints, the HB between M090 and T3091 was
lost in all cases, and the ligand was slightly shifted in the
interior of the pocket (RMSD of 2.3−4.9 Å; Figure S2). The
new arrangement was stable in five out of six cases (Figure
2A2,A3), i.e., three equivalent binding modes on the HA:M090
(1:3 ratio) complex simulated in two independent MD
simulations, with the amine nitrogen being roughly equidistant
from residues T3091 (distances of 6.7 ± 0.6 to 7.4 ± 0.6 Å)
and D852, forming transient salt bridges with this latter residue
(distances of 3.0 ± 0.4 to 8.0 ± 0.4 Å). In the remaining
pocket, the ligand was released to the bulk solvent. This was
facilitated by the displacement of the L2-BS loop, which
enabled flipping of the ligand so that the pinanamine ring was
facing the mouth of the pocket (shaped by H-BS and L1-BS)
at the beginning of the trajectory, and the ligand was finally
released at the end of the trajectory (ca. 840 ns).

Because of the previous results, an additional MD simulation
(H1wt-II, 2 μs) was run for the HA:M090 (1:3 ratio) complex,
where M090 was arranged to mimic the original binding mode
(i.e., with the pinane moiety filling the innermost region).
However, rather than imposing the HB with T3091, the
protonated amine was oriented to the carboxylate group of
D852, thus defining the binding mode denoted as BM-II
(Figure 2B1). The RMSD profiles confirmed the stability of
the binding pocket (RMSD of 1.2−1.5 Å) and ligand (RMSD
of 1.7−2.7 Å) (Figure S3). M090 adopted a similar pose in the
three pockets (Figure 2B2,B3), forming a salt bridge between
the amine nitrogen and D852 (distances of 3.1 ± 0.5 to 5.0 ±
0.7 Å for the three cases), which in turn forms an electrostatic
interaction with K′832 (distances of 2.9 ± 0.3 to 3.0 ± 0.3 Å)
in the H-BS of the neighboring protomer. Let us note that
these two residues are preserved in all of the H1N1 strains (see
Table S1). The thiophene ring forms van der Waals contacts
with the side chains of P3071, I3081, and L892, and the pinane
moiety fills the interior of the pocket through interactions with
F′882, A652, and the methylene chain of K′832.

Further support for the BM-II binding mode came from
three independent MD simulations (H2wt_II, H3wt-II, and
H4wt-II, 1 μs), which were prepared using distinct starting
structures (i.e., the homology model and the frames taken at 1
and 2 μs from a simulation of the apo species of HA; see Table
1). M090 was introduced in the center of the three binding
sites, with the pinane moiety filling the innermost region and
the thiophene ring close to the pocket mouth without
imposing restraints with either T3091 or D852 (Figure 2B1).
The structural integrity of the binding pocket was maintained
in all cases (RMSD of 0.8−2.0 Å; Figure S3). Furthermore, the
binding mode of M090 was preserved in all of the pockets
(RMSD of 1.0−3.6 Å; Figure S3). At this point, let us note that
the changes observed in the RMSD profile of the ligand in
some trajectories merely reflected reorientations of the
pinanamine moiety through rotations around the N−C
bond. Finally, the distance from the amine nitrogen to the
D852 carboxylate oxygens ranged from 2.9 ± 0.3 to 5.1 ± 0.8 Å
for the nine binding sites (three independent MD simulations,
each with three molecules of M090 per HA trimer), which
supports the electrostatic stabilization of the binding mode
exerted by the interaction with D852.

As a final test, we explored the stability of the complex
formed with M090 but adopted a reverse binding mode
(denoted BM-R) that exchanges the pinane and thiophene

moieties in the binding pocket (Figure 2C1). To this end, two
additional MD simulations (H1wt-R, 1 μs; H2wt-R, 0.5 μs;
Table 1) were run for the ligand in this reverse binding mode
without imposing positional restraints. As in the preceding
cases, the RMSD profiles supported the structural stability of
the binding pocket (RMSD of 1.2−1.6 Å in the two
independent MD simulations; Figure S4). After a slight
rearrangement, the ligand remained stable in four out of the
six cases, i.e., three equivalent binding modes on the HA:M090
(1:3 ratio) complex simulated in two independent MD
simulations. However, a precise binding mode was not
observed. Thus, in two cases, the protonated amine formed
direct interactions with the amide carbonyl oxygen of Q622
(distance of 3.3 ± 1.2 Å; Figure S5), assisted by electrostatic
interactions with D′902 (distance of 6.7 ± 1.8 Å).
Alternatively, the protonated amine formed a salt bridge with
D852 (distance of 3.7 ± 0.8 Å). Finally, in two cases, M090 was
released from the binding site, arguing against the feasibility of
the reversed binding mode.

The preceding results suggest that M090 adopts a stable
binding mode when the pinanamine moiety fills the innermost
region of the pocket, as suggested by Zhao et al.,32 but with the
amine nitrogen forming an electrostatic interaction with D852.
To further validate the BM-II binding mode predicted for
M090, we planned to perform a series of alchemical
transformations taking advantage of the inhibitory potencies
reported for a series of M090-related compounds, which affect
both the nature of the thiophene ring and the attached
cyclopropyl chain (Figure 3A).32

Thermodynamic integration (TI) calculations (see Alchem-
ical Calculations in the SI)34−37 were carried out to estimate
the differences in binding free energy between M090 and its
structural analogues. To this end, the free energy changes were
determined for the alchemical transformations between ligands
bound to HA relative to the same process in an aqueous
solution. The changes in the binding free energy were
compared with the experimental values, which were approxi-
mated from the EC50 values reported by Zhao et al.32 using the
Cheng−Prusoff equation.38 With this aim, the inhibitory
potency measured from a consistent set of virus (A/
Guangzhou/GIRD/07/2009)-infected MDCK cell assays,
leading to EC50 values ranging from 0.30 μM (M090) to 75
μM (M10; see below), were used.32 Let us note that this
choice may introduce some discrepancies between the results
derived from in silico calculations and cell-based assays due to
the potential effect of factors unrelated to the binding of the
compounds to the putative site in HA.

The free energy changes predicted for the alchemical
transformations are shown in Figure 3A. It is worth noting
the consistency between the free energy changes determined
for the “forward” and “backward” processes for each trans-
formation. Furthermore, the addition of the free energy
changes for the combination of processes that define the
closure of the thermodynamic cycles is close to zero. Finally,
one may also notice the consistency between the free energy
differences obtained following distinct pathways that connect
M090, which was taken as a reference, to other derivatives
relative to M090 (see Table 2). The only exception to this
behavior is compound M24, which will be discussed below.

Figure 3B shows the comparison between the differences in
the binding free energy estimated from experimental data and
the values predicted from TI calculations. The results reveal
that there is a close correspondence between predicted and
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experimental values, which is remarkable keeping in mind the
potential uncertainties arising from the virus-infected MDCK

cell assays. Likewise, the error between predicted and
experimentally derived values amounts to 0.5 kcal/mol.

The TI results point out the relevance of the 3-cyclo-
propylthiophene unit to the inhibitory activity. This may be
attributed to a hydrophobic shielding effect,39−42 which
prevents the access of water molecules to the interior of the
binding pocket, where they could compete with the salt bridge
formed between the amine nitrogen and the carboxylate group
of D852. In this context, replacement of the cyclopropyl unit by
a linear n-butyl chain (compound M15; EC50 of 10.33 μM)
leads to a 33-fold reduction in the inhibitory potency, which
reflects the enhanced steric clashes with G672 at the L2-BS
loop (Figure 4A), together with a larger conformational
penalty of the flexible butyl chain compared to the more rigid
cyclopropyl unit, which only has one rotatable bond. In
contrast, the inhibitory potency of M090 remains almost
unaltered upon translation of the n-butyl chain from position 3
(M15) to 4 (M27; EC50 of 0.46 μM), as this reorients the
aliphatic chain toward the mouth of the pocket, adopting a
more extended conformation. This permits the avoidance of
the steric clashes with L2-BS and favors the formation of van
der Waals contacts with P3071 and I3081 in L1-BS and the
methylene chain of K822 in H-BS (Figure 4B). Similarly,
elimination of the alkyl chain (M07; EC50 of 6.42 μM) reduces
the hydrophobic shielding, which would justify the 21-fold
decrease in potency.

The results also point out the feasibility of accommodating
the cyclopentyl unit (M19; EC50 of 0.69 μM) instead of the
cyclopropyl one, which agrees with the ∼2-fold reduction in
inhibitory potency (Figure 4C). Finally, the relevance of the
cyclopropyl chain is also reflected in the loss of potency
generated by changing the linkage between the pinanamine
and thiophene moieties from position 2 in M090 to position 3
in M30 (EC50 of 6.68 μM) and even upon deletion of the
cyclopropyl unit in M06 and M07 (EC50 of 28.60 and 6.42
μM, respectively), thus suppressing the hydrophobic shielding
due to the larger accessibility of waters to the interior of the
pocket (Figure 4D). This also justifies the drastic reduction in
potency observed upon replacement of the thiophene ring by
more polar moieties, such as furan and thiazole, leading to 200-
fold (M04; EC50 of 60.46 μM) and 250-fold (M10; EC50 of 75
μM) reductions in inhibitory potency, respectively.

The only exception to this behavior is compound M24 (red
dot in Figure 3B), which is predicted to be much less active
compared to the experimental EC50 (0.20 μM). As noted in
Figure 3A, consistent trends were obtained in alchemical
transformations leading from M23, M27, and M07 to M24.
For instance, shortening of the n-butyl chain (M27) to methyl
(M24) should destabilize the hydrophobic shielding effect,
whereas insertion of methyl in M07 to generate M24 should
increase the shielding effect. We speculate that the activity of
M24, which is slightly more potent than M090, may reflect the
ability to interact with another viral target, particularly the M2
proton channel.43 In this regard, one may notice the close
hydrophobic/philic-guided overlap determined with
Pharmscreen44 between M24 and N-[(5-bromothiophen-2-
yl)methyl]adamantan-1-amine,45 a compound that showed
∼77% inhibition of the wild-type M2 channel and its S31N
mutant (EC50 of 1.8 mM against the A/WSN/33 (S31N)
strain).46 Indeed, superposition of the overlapped molecules in
the X-ray crystallographic structure of the complex formed by
this compound with the S31N mutant (PDB ID 2MUV)
reflects a fine accommodation in the pore of the channel

Figure 3. (A) Representation of the free energy changes determined
from TI calculations for the alchemical (forward and backward)
transformations between M090-related derivatives. The numbering of
the derivatives follows the notation used by Zhao et al. in ref 32.
Green values denote the sum of the free energy changes for the
processes implicated in the closure of the thermodynamic cycle. (B)
Comparison between the differences in binding affinity estimated
from the experimental EC50 data and the relative free energy
differences predicted from TI calculations. Bars denote the errors of
calculated and experimental relative free energy changes. Dotted and
dashed lines denote the 95% confidence and prediction intervals. All
values (kcal mol−1) are relative to M090. MUE and RMSE stand for
mean unsigned error and root-mean-square error, respectively.
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(Figure 5). However, severe steric clashes can be anticipated
upon attachment of the cyclopropyl unit at position 3 of the
thiophene ring in M090 (Figure 5), which agrees with the lack
of inhibition against the M2(S31N) channel reported by Zhao
et al.32

Finally, to further assess the feasibility of the binding site
proposed for M090, we examined the effect of the drug-
resistant mutation E742 → D disclosed from resistance-
induction assays using the A/Guangzhou/GIRD/07/2009
(H1N1) virus in MDCK cells.32 It is noteworthy that this is
the sole mutation found in the mature M090-resistant virus
strain. E742 is placed at the top of the α-helix (H-BS) of the
HA2 domain, where it forms a salt bridge with R762 (Figure 1).
Although E742 is distant from the binding pocket, as noted in
the distances from the Cα atom of E742 to the Cα atoms of
D852 and T3091 (∼17 and 24 Å, respectively; see Table S2),
the salt bridge is located at the hinge between H-BS and L2-

BS, and hence, its stability may affect the structural flexibility of
the binding pocket.

To check the impact of the E742 → D mutation, MD
simulations were run for the wild type and mutated variants of
apo HA (Awt and Amut, 2 μs; Table 1). The RMSD profiles
support the structural stability of the binding pocket (RMSD
values ranging from 1.1 to 2.4 Å; Figure S8). As expected, the
salt bridge between E742 and R762 is almost fully maintained
in the wild type species (average population of 96%), reflecting
primarily a bidentate interaction between the carboxylate
oxygens and guanidinium NH groups. However, its population
is reduced to ∼50% in the mutated species. Similar trends were
observed in the comparison of MD simulations run for the wild
type holo species (H1wt-II, H2wt-II, H3wt-II, and H4wt-II)
and two MD simulations run by placing M090 in the three
pockets of the mutated HA preserving the binding pose BM-II
(H1mut-II and H2mut-II, 1 μs; Table 1; see Figure S9 for the

Table 2. Free Energy Differences (ΔΔG, in kcal·mol−1) in of the Set of Pinanamine-Based Compounds Relative to M090
(Reference Compounda)

compound (EC50)b path ΔΔGTI
c

M04 (60.46 ± 1.75) M090 → M23 → M06 → M04 3.3
M090 → M23 → M17 → M19 → M07 → M04 3.5
M090 → M23 → M27 → M07 → M04 3.2

3.3
M06 (28.60 ± 0.24) M090 → M23 → M06 2.9

M090 → M23 → M17 → M19 → M07 → M04 → M06 3.1
M090 → M23 → M27 → M04 → M06 2.9

2.9
M07 (6.42 ± 0.18) M090 → M23 → M06 → M04 → M07 2.3

M090 → M23 → M17 → M19 → M07 2.5
M090 → M23 → M27 → M07 2.2

2.3
M10 (75.00 ± 0.08) M090 → M30 → M10 3.0

M090 → M15 → M10 3.3
3.1

M15 (10.33 ± 2.17) M090 → M15 2.5
M090 → M30 → M10 → M15 2.3

2.4
M17 (1.82 ± 1.04) M090 → M23 → M17 1.4

M090 → M23 → M06 → M04 → M07 → M19 → M17 1.2
M090 → M23 → M27 → M07 → M19 → M17 1.1

1.2
M19 (0.69 ± 0.12) M090 → M23 → M17 → M19 1.1

M090 → M23 → M06 → M04 → M07 → M19 0.9
M090 → M23 → M27 → M07 → M19 0.8

0.9
M23 (5.16 ± 1.08) M090 → M23 2.2
M24 (0.20) M090 → M23 → M27 → M24 1.8

M090 → M23 → M06 → M04 → M07 → M24 2.9
M090 → M23 → M06 → M04 → M07 → M27 → M24 3.3
M090 → M23 → M17 → M19 → M07 → M24 1.8
M090 → M23 → M17 → M19 → M07 → M27 → M24 1.9

1.8
M27 (0.46 ± 0.07) M090 → M23 → M06 → M04 → M07 → M27 0.9

M090 → M23 → M17 → M19 → M07 → M27 1.0
M090 → M23 → M27 0.8

0.9
M30 (6.68 ± 0.42) M090 → M30 2.0

M090 → M15 → M10 → M30 2.3
2.1

aEC50 = 0.30 ± 0.04 μM. bExperimental EC50 values (μM) taken from ref 32. cValues averaged for distinct pathways are highlighted in bold.
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RMSD profiles of the holo complexes run for the mutated
HA). The salt bridge between E742 and R762 is observed in
87−95% of the four trajectories run for the wild type M090-
bound HA. However, this interaction is reduced to 46% and
54% in the two independent MD simulations of the mutated
holo species. It is noteworthy that the electrostatic

destabilization caused by the E742 → D mutation also affects
secondary interactions, such as the contact between R762 and
E692, which is located in L2-BS. Thus, this contact is found, on
average, in 66% of the snapshots analyzed for the apo and holo
wild type simulations, but it is reduced to 41% in the mutated
strain.

Figure 4. Representative snapshots of the binding pose obtained for compounds (A) M15, (B) M27, (C) M19, and (D) M30 (shown as sticks) at
the end of the alchemical transformations. (A) The n-butyl chain attached to position 3 of the thiophene unit adopts a folded conformation due to
the steric clash with loop L2-BS. (B) Superposition of the complexes with n-butyl derivatives M15 (bound to position 3) and M27 (attached to
position 4). The steric clash observed for M15 with L2-BS is alleviated in M27, where the n-butyl chain adopts an extended conformation and
forms van der Waals contacts with P3071, I3081, and the side chain of K822. (C, D) The cyclopentyl unit in M19 occludes the access of water
molecules, thus creating hydrophobic shielding of the electrostatic interaction between D852 and K832 in the neighboring protomer, mimicking the
protecting effect of the cyclopropyl unit in M090. This effect is lost in compounds M04, M06, and M07, which have unsubstituted furan and
thiophene rings.

Figure 5. Overlaid structures of (A) M090 and (B) M24 (orange sticks) with N-[(5-bromothiophen-2-yl)methyl]adamantan-1-amine (gray sticks)
and superposition of the overlaid compounds onto the X-ray crystallographic structure of the S31N mutated variant of the M2 proton channel
(PDB ID 2MUV).46
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Principal component (PC) analysis was used to examine the
impact of the E742 → D mutation on the motions of the
backbone atoms of H-BS, L1-BS, and L2-BS in the apo wild
type and mutated HA. The first two PCs explain ∼50% of the
total variance (the contributions of higher-order components
are lower than 7%). The first PC accounts for 30% of the
structural variance and describes a rotational motion of H-BS,
L1-BS, and L2-BS, following the C3 symmetry axis of HA
(Figure 6A). In contrast, the second PC (19%) describes a
conformational remodeling of L2-BS. In the case of the holo
species, the two main essential motions (37% and 18% of the
structural variance) exhibit a large resemblance to correspond-
ing motions found for the apo species (Figure 6A).

The projections of the snapshots collected from the
simulations of wild type HA and the mutated variant reveal
that the main difference involves the second PC (Figure 6B).
Indeed, whereas a single cluster is observed for the wild type

HA in both the apo and holo forms, two (apo) and three
(holo) clusters are found in the projection of the snapshots
sampled for the mutated HA (Figure 6C). This reflects that the
E742 → D mutation induces a larger conformational flexibility
in the L2-BS loop, which should alter the packing against H-BS
and L1-BS and weaken the proper accommodation of M090 in
the binding pocket. Furthermore, we cannot rule out larger
spatial rearrangements on longer time scales, especially upon
acidification.

Overall, this study provides support for the involvement of
the putative binding site proposed by Zhao et al.32 for the
binding of M090. MD simulations reveal a stable binding pose
characterized by the insertion of the pinanamine moiety in the
innermost region of the pocket, whereas the 3-cylopropylth-
iophene ring occupies the mouth of the pocket, occluding the
accessibility of water molecules. Instead of the HB formed
between the amine nitrogen and T3091, our results support the

Figure 6. (A) Representation of the two main essential motions of the backbone atoms that shape the binding pocket for the (left) apo and (right)
holo species of wild type and E742 → D mutated HA. (B) Projections of the snapshots sampled for the apo wild type HA (red) and its mutated
variant (yellow). (C) Centroids of the clusters observed for the apo wild type and mutated HA (backbone of the binding pocket in red and yellow,
respectively).
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electrostatic stabilization of the protonated nitrogen with D852,
a residue conserved in all the H1N1 strains considered in the
experimental assays. Furthermore, this binding mode provides
a structural basis to justify the effect of the chemical changes
introduced in both the cyclopropyl and thiophene units, since
the alchemical transformations discussed here generally exhibit
a close correspondence with the differences in inhibitory
potency determined in antiviral assays. Finally, as hypothesized
by Zhao et al.,32 the E742 → D mutation has a negative impact
on the stability of the salt bridge formed with R762, which in
turn also affects other secondary interactions, leading
ultimately to an increase in the structural flexibility of the
L2-BS loop. Taken together, these results support the
occurrence of a binding pocket alternative to sites A and B
in HA (Figure 1), which may be valuable to explore the fusion
inhibition by other compounds with an unknown mechanism
of action.
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l’Alimentació i Gastronomia, Facultat de Farmac̀ia i Cieǹcies
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ABSTRACT: To adequately prepare against severe infections from seasonal or pandemic influenza A virus (IAV), additional drug classes are 
highly needed. We here report a new class of N-[(thiophen-3-yl)methylbenzamides which target the hemagglutinin (HA)-mediated fusion 
process. The most active compound, VVF-57a, displays a 50% effective concentration (EC50) of ~0.8 μM and antiviral selectivity index >130, in 
Madin-Darby canine kidney (MDCK) cells infected with A/H1N1 virus. No activity was observed for influenza A/H3N2 and B viruses. VVF-
57a proved to be a strong inhibitor of A/H1N1- and A/H5N1-pseudovirus entry, with EC50 values of 0.3 and 0.8 μM, respectively. The molecule 
prevents the conformational change of H1 or H5 HA at acidic pH, as evident from cell-cell fusion assays in HA-expressing cells, and from surface 
plasmon resonance-based assessment of HA protein refolding at low pH. A(H1N1)pdm09 virus, selected for resistance to VVF-57a, carried 
three mutations in H1-HA, i.e. F1281L, T3161I and S542P, indicating a potential role for these residues in compound binding. Molecular mod-
eling identified the putative binding cavity for VVF-57a, which lies close to the binding site of arbidol, a broad inhibitor of HA-mediated fusion, 
and to the S542P resistance mutation. The binding mode, which involves π-stacking interactions with F3091 and Y942 in the HA2 subunit, was 
supported by the binding affinity predictions estimated from relative binding free energy calculations, which were able to rationalize the struc-
ture-activity relationship (SAR) of selected compounds. In combination, our findings support further development of this novel class of IAV 
fusion inhibitors having strong activity against A/H1N1 and A/H5N1 viruses.

INTRODUCTION 

According to estimates of the World Health Organization, the an-
nual epidemics, caused by influenza A and B viruses, are globally re-
sponsible for ~470,000 respiratory deaths per year.1 In addition, an-
tigenically distinct influenza A viruses (IAVs), emerging from zoon-
otic sources, can cause pandemics with potentially grave conse-
quences,2 as evident from the estimated toll of ~200,000 respiratory 
deaths and ~83,000 cardiovascular deaths, during the last IAV pan-
demic that occurred in 2009.3 Nowadays, a highly pathogenic avian 

influenza A/H5N1 virus is causing great concern, after recent out-
breaks in dairy cattle in the USA and fur farms in Europe, with regu-
lar spillover to human individuals.4,5 

Although annual influenza vaccination represents the main prophy-
laxis for people at risk (such as the elderly or persons suffering from 
comorbidities), the overall effectiveness of the current vaccines is 
only between 30 and 60%.6 Therefore, antiviral drugs are crucial to 
treat influenza-infected persons who are seriously ill or at high risk 
for severe complications.7,8 Oseltamivir and other neuraminidase 



inhibitors are the standard-of-care since many years, while the poly-
merase inhibitors baloxavir marboxil and favipiravir are also availa-
ble in certain countries.9 For both pharmacological classes, close 
monitoring of potential resistance is needed.10 Other classes of easily 
accessible and cost-effective antiviral molecules remain urgently 
needed to prepare against the threat of influenza pandemics. This in-
cludes exploration of alternative druggable targets, such as the viral 
hemagglutinin (HA).11 The small molecule arbidol (11) (Chart 1) 
acts on HA besides other targets,12,13 and is currently approved in two 
countries (Russia and China). 

HA is a homotrimeric protein embedded in the viral envelope. As 
the key player for viral entry into the host cells, HA forms the initial 
binding interaction with sialylated glycans on the host cell surface, 
which results in uptake of the virus by endocytosis.2 As the endo-
somes mature to reach a pH of ~5.5, HA is triggered to undergo a 
drastic conformational change in its stem region,11,14-17 which pro-
motes the release of the hydrophobic fusion peptide and, ultimately, 
fusion of the endosomal membrane and viral envelope. Diverse strat-
egies are being developed to interfere with the viral entry process,18-

21 yet many of these are challenged by the high variability of HA. The 
19 currently known IAV HA subtypes fall into two phylogenetic 
groups. The H1, H2 and H5 HAs belong to group 1, whereas the H3 
and H7 HAs fall in group 2.19 Broadly neutralizing anti-HA antibod-
ies with group 1-, group 2-, or pan-IAV activity have sparked major 
interest from the pharmaceutical industry, with a handful having 
progressed towards clinical evaluation.22 

Besides, there has been significant interest in small molecule antivi-
rals which prevent the HA-mediated membrane fusion process. Sev-
eral fusion inhibitors have been reported in the literature, with ex-
tensive variety in their scaffold structures (Chart 1). In almost all 
cases, the activity proved HA subtype-dependent, covering either 
H1 or H3 HA, but not both, although several molecules showed in-
hibition of more than one HA subtype of the same group (Chart 1). 
A few fusion inhibitors were also validated in influenza mouse mod-
els.23-25 So far, arbidol, 11,12,13; M090, 22,26; OA-10, 33,27; and 44,28 are ex-
ceptional in having activity against both H1 HA and H3 HA, albeit 
at potencies that are quite low compared to the subtype- or group-
restricted inhibitors. 

Up to now, structural studies have revealed that fusion inhibitors 
bind to two sites in the HA stem region. One site corresponds to the 
pocket that is occupied by t-butylhydroquinone, 55, (TBHQ; PDB 
IDs 3EYK and 3EYM)29 and arbidol (PDB IDs 5T6N and 5T6S),12 
and consists of residues located at helices A and C from protomer 1 
and C' from protomer 2. The other is the groove filled by JNJ4796, 
9, (PDB IDs 6CFG and 6CF7),23 (S)-F0045, 110, (PDB ID 6WCR)30 
and CBS1117, 111a (PDB ID 6VMZ).31 Considering the substantial 
chemical diversity among the reported fusion inhibitors (Chart 1) 
and the structural complexity of HA, the identification of the mech-
anism of action is challenging, although disclosing the putative 

binding site is crucial to rationalize the structure-activity relation-
ships (SAR) and lead optimization.  

This study elaborates on the chemotype for which the first proto-
type, CL385319, 119, (Chart 1), was published in 1999.32 The au-
thors demonstrated antiviral activity against A/H1N1 and A/H2N2 
viruses (group 1), with A/H3N2 (group 2) being much less sensi-
tive. Several years later, another team found that CL385319 is also 
effective against A/H5N1 virus.33 Subsequent studies explored the 
effect of replacing the piperidine ring of CL385319 by a variety of 
heteroaromatic rings. This led to submicromolar potencies, as in the 
case of the 2-(thiophenyl-2-yl)ethyl derivative 220 (Chart 1), which 
exhibited an EC50 of 0.22 M against A/H5N1 pseudovirus.34 These 
researchers also identified an oligothiophene compound having 58-
fold higher potency than CL385319 in A/H1N1 virus-infected cell 
cultures and 360-fold higher activity in an A/H5N1 pseudovirus en-
try assay.35 Finally, in 2019, Yu et al. performed a systematic SAR in-
vestigation on a series of heteroaromatic-based benzenesulfona-
mides, leading to compound 221, which exhibited an EC50 of 0.47 M 
against A/H5N1 virus.36 

In light of the promising anti-IAV activities of benzamides 119 and 220 
and of compound 221, we decided to further investigate the SAR, 
considering a series of hybrid molecules featuring, as left-hand side, 
the benzamide core of CL385319 and its analog 220 and, as right-
hand side, the N-[(thiophen-3-yl)methyl]amino unit of 221 (Scheme 
1). Starting from the hybrid molecule 222, chemical variations were 
designed to explore (i) the effects of substitutions attached to the 
phenyl ring (Charts 2-4); (ii) the optimal substitution for the thio-
phene ring (Charts 5-6); and (iii) the nature of the linker between 
the thiophene and the phenyl moieties (Chart 7). 

The anti-IAV activity was evaluated in cell-based assays with differ-
ent A/H1N1 and A/H5N1 (pseudo)viruses, and the fusion-inhibit-
ing effect was determined in HA-expressing cells. To understand the 
HA binding mode, resistant virus was selected by serial passaging. 
Finally, molecular dynamics simulations and free energy calculations 
were conducted to identify the plausible binding site of the lead com-
pound within the HA protein. 

 

RESULTS AND DISCUSSION 

Synthesis and SAR analysis. The benzamides were easily synthe-
sized through the reaction of the required acyl chloride, either com-
mercially available or freshly synthesized from its corresponding 
benzoic acid derivative and thionyl chloride, with the required 
amine, typically (2,5-dimethylthiophen-3-yl)methanamine. Some 
particular compounds, such as ester 663, secondary amine 664 and in-
verse amide 665, were synthesized using specific procedures as re-
ported in the Experimental section. All the new compounds were 
fully characterized through their spectroscopic data and elemental 
analyses or HPLC/MS (see Experimental section and Supporting 
Information for further details)..  



 
Chart 1. Structures of reported inhibitors of IAV HA-mediated fusion, specifically: arbidol12,13; M09026; OA-1027; 4428;TBHQ29; spirothiazoli-
dinones37,38; CBS119439; 8840; JNJ479623; (S)-F004530; CBS111731; ING146624; S2041; RO548762425; MBX-245642; DICAM43; 11644; IY64045;  
RL-00746; CL-38531932; 22034; and 22136. 

 

From the hybrid molecule 222 (Scheme 1), the SAR analysis of the 
N-[(thiophen-3-yl)methylbenzamides aimed to gain insight into 
how anti-IAV activity depends on the thiophene and phenyl rings, 
and the linker that joins these two moieties. 

With regard to the benzene ring, starting from 222, besides the re-
placement of fluorine by bromine, chlorine or trifluoromethyl in 
meta position and some related combinations shown in Chart 2, we 
also explored the effect of attaching additional electron-withdrawing 
groups in position ortho and para (Chart 3). On the other hand, 
since previous works on CL-385319 and 220 did not perform a full 
SAR study of the benzene ring, a classical Topliss approach was 
adopted to consider a more diverse range of substituents attached to 
the benzene ring (Chart 4).47,48 Scheme 1. Structures of anti-IAV compounds 220 and 221 and newly 

designed hybrid 222.  



Regarding the thiophene ring, attention was paid first to the influ-
ence of the methyl groups present in positions 2 and 5, which were 
removed either separately or simultaneously (Chart 5). Further-
more, the replacement of the thiophene moiety by more polar rings, 
such as furan, thiazole, isoxazole, pyrazole, oxazole and pyridine, was 
also examined (Chart 6). 

Finally, we envisaged the replacement of the methylamide linker by 
other chemical moieties, keeping the total length of the tether be-
tween both aromatic rings (Chart 7). 

 
Chart 2. Structures of benzamides with a mono- or di-substituted phenyl ring. 

 

 
Chart 3. Structures of benzamides with tri- and tetra-substituted phenyl ring. 

 

 
Chart 4. Structures of benzamides explored for a Topliss approach of the benzene ring. 

 

 
 

Chart 5. Structures of benzamides synthesized for exploring the influence of the thiophene methyl groups. 



 
Chart 6. Structures of benzamides featuring different heterocycles on the right-hand side of the molecule. 

 

 
Chart 7. Structures of benzamides with alternative bridges between the phenyl and thiophene rings. 

 

To determine the anti-influenza virus activity, we conducted cyto-
pathic effect (CPE) reduction assays in MDCK cells, in which we 
used the colorimetric MTS cell viability method to measure the 
compounds’ protective effect against viral CPE, as well as their cyto-
toxicity in mock-infected cells. Parallel with the MTS readout, we 
scored the CPE and cytotoxicity by microscopic inspection; the two 
readout methods gave very similar results. The virus test panel in-
cluded two A/H1N1 (PR8 and Virg09), two A/H3N2 (A/Victo-
ria/361/11 and A/Hong Kong/7/87) and one influenza B strain 
(B/Ned/537/05; Yamagata lineage). This evaluation showed that 
several members of the series exhibited strong activity against 
A/H1N1 virus (see Table 1 showing the results for the most active 
compounds). In line with the reported data on the congeners CL-
385319,32 220,34 and 221,36 we saw no inhibitory effect on A/H3N2 and 
influenza B viruses (highest tested concentration: 100 μM, data not 
shown). 

The starting benzamide, 222, had antiviral EC50 values ~1 M for the 
PR8 and Virg09 virus, without showing any cytotoxicity at 100 μM 
(the highest concentration tested; Table 1), thus yielding a selectiv-
ity index (= ratio of CC50 to EC50, SI) of >100. Interestingly, while 
substituting the fluorine atom of 222 by chlorine, as in 223, led to a 
slightly more potent compound (Table 1), its replacement by a bro-
mine (224) or a trifluoromethyl group (225) fully abolished the anti-
viral activity. Three analogs featuring the same halogen atom, 226, 227, 
and 228, were also inactive. No activity was also noted for compound 
29, bearing a methyl group instead of the trifluoromethyl group of 
23. Finally, five monosubstituted benzamides, 330 34, were inactive, 
showing that the antiviral activity requires the presence of two elec-
tron-withdrawing groups in the meta positions (i.e. at R1 and R4; 
Chart 2). 

Next, from active benzamides 222 and 223, the incorporation of one or 
two additional halogen atoms on the benzene ring was explored. Of 
note, the introduction of a fluorine atom at the para position of 222, 
leading to 335, slightly increased the activity. However, the introduc-
tion of a further fluorine atom at the ortho position, as in 336, fully 
abolished the antiviral effect. Regarding 223, the effects of introduc-
ing additional halogen atoms paralleled those seen with the 

derivatives of 222, with compound 338 showing good antiviral activity 
and the ortho-substituted derivatives 337 and 339 being less active. 

A classical medicinal chemistry approach to optimize the substitu-
tion pattern of a phenyl ring, is the Topliss batchwise scheme 
(TBS).47,48 Therefore, we synthesized and tested compounds 
40 44, but these were inactive, thus preventing further TBS-guided 
design (Chart 4). 

Next, we explored the right-hand side of the molecule. First, a few 
analogues of the more potent compounds, 222, 223, 335 and 338, were 
synthesized to explore the effect of the methyl groups (Chart 5). All 
the compounds lacking one or both of the methyl groups (i.e. 445-
53) were active, although the 5-methyl appeared more relevant for 
the antiviral activity, particularly against the Virg09 virus (see Table 
1). Next, several heterocycles were explored as replacements of the 
thiophene ring. However, except for the demethylated furan deriva-
tives 554 and 555, all these analogs were inactive (Chart 6 and Table 
1). 

Finally, the importance of the benzamide bridge of 222 was assessed. 
Neither the ester 663, nor the secondary amine 664 showed antiviral 
activity. Finally, also the inverse amide 665 was fully inactive (Chart 
7). 

Based on the EC50 and SI values, we selected 223, dubbed VVF-57a, for 
mechanistic investigations. This lead compound had an antiviral 
EC50 value of 1 μM and 0.5 μM for the PR8 and Virg09 virus, respec-
tively, and a selectivity index of >100 (Table 1). For comparison, 
RL-007 (Chart 1), an aniline-based IAV fusion inhibitor which we 
identified before46 and included as a reference compound, had an 
EC50 of 0.6 1.5 μM and CC50 of 33 μM (Table 1), giving a selectivity 
index of ~31. 

 



Table 1. Antiviral (A/H1N1) activity and cytotoxicity in MDCK cells. 

Cpd R1 R2 R3 R4 R5 R6 R7 Antiviral EC50
a against A/H1N1 virus (μM) Cytotoxicity (μM) 

        PR8 strain Virg09 strain CC50
b MCCc 

        MTS Microscopy MTS Microscopy MTS Microscopy 

Series A 

22 H F H CF3 H Me Me 1.1 ± 0.3 1.5 ± 0.6 0.44 ± 0.19 1.7 ± 1.1 >100 >100 

23 H Cl H CF3 H Me Me 0.92 ± 0.19 1.1 ± 0.2 0.31 ± 0.12 0.71 ± 0.45 >100 >100 

35 H F F CF3 H Me Me 0.22 ± 0.03 0.86 ± 0.41 0.20 ± 0.05 0.89 ± 0 .13 >100 >100 

37 F Cl H CF3 H Me Me 2.9 1.6 ± 0.8 >100 >100 >100 56 ± 22 

38 H Cl F CF3 H Me Me 0.27 ± 0.12 1.6 ± 0.8 0.18 ± 0.04 3.1 ± 0.5 >100 40 

39 H Cl H CF3 Cl Me Me 5.9 ± 3.2 11 ± 6 0.82 ± 0.61 8.1 ± 0.5 >100 52 ± 25 

45 H F H CF3 H H Me 0.68 ± 0.51 0.26 ± 0.02 0.39 ± 0.18 1.6 ± 0.5 67 ± 1 78 ± 22 

46 H F H CF3 H Me H 0.23 ± 0.08 0.17 ± 0.04 6.8 ± 6.5 8.3 ± 5.1 >100 67 ± 33 

47 H F H CF3 H H H 0.42 ± 0.10 0.44 ± 0.16 7.2 ± 4.1 20 ± 8 >100 >100 

48 H Cl H CF3 H H Me 0.34 ± 0.18 0.46 ± 0.14 0.15 ± 0.12 1.9 ± 1.1 >100 >100 

49 H Cl H CF3 H Me H 0.14 ± 0.04 0.14 ± 0.05 0.37 ± 0.16 0.48 ± 0.07 >100 78 ± 22 

50 H Cl H CF3 H H H 2.0 ± 1.0 1.0 ± 0.6 1.1 ± 0.5 2.1 ± 0.0 70 ± 2 100 ± 0 

51 H F F CF3 H H Me 2.9 ± 1.1 3.5 ± 1.2 5.3 ± 0.8 >100 24 ± 2 33 ± 0 

52 H Cl F CF3 H H Me 8.5 ± 5.6 13 ± 8 >100 >100 >100 >100 

53 H Cl H CF3 Cl H Me 17 ± 8 >100 31 ± 3 >100 >100 >100 

Series B 

54 H F H CF3 H Me Me 0.47 ± 0.19 0.54 ± 0.17 0.54 ± 0.06 3.6 ± 2.8 79 ± 5 100 ± 0 

55 H Cl H CF3 H Me Me 0.24 ± 0.08 0.54 ± 0.37 1.1 ± 0.3 >100 29 ± 0 33 ± 0 

Reference compounds 

RL-007       1.4 ± 0.0 1.5 ± 0.1 0.61 ± 0.06 0.69 ± 0.09 33 ± 5 >40 

Ribavirin       38 ± 3 27 ± 1 20 ± 2 25 ± 0 >250 80 ± 20 

BXA (nM)d       6.1 ± 1.7 6.1 ± 2.0 3.2 ± 0.4 3.5 ± 0.0 >100 >100 

aEC50: half-maximal effective concentration for protection against virus-induced CPE, as determined by the MTS cell viability assay or by micro-
scopic scoring. A/H1N1 virus strains: A/PR/8/34 (PR8) and A/Virginia/ATCC3/2009 (Virg09). bCC50: 50% cytotoxic concentration based on the 
MTS assay. cMCC: minimum cytotoxic concentration, i.e. compound concentration causing minimal changes in cell morphology. dBXA: baloxavir 
acid; concentrations expressed in nM. Compounds 224 34, 336, 440 44, 556 65 were inactive (EC50 > 100 M) against the PR8 and Virg09 strains. All 
the compounds were inactive against the A/Hong Kong/7/87 (A/H3N2) and B/Ned/537/05 strains. 

Figure 1. Dose-response curves for antiviral (A/H1N1) activity of VF-57a (23) and RL-007. Data points are the mean values ± SEM (n =3) for 
inhibition of CPE (O) or for viability of mock-infected cells (Δ), both based on the MTS assay. Curve fitting with GraphPad Prism 10.2.2 software.



Inhibition of H1 and H5 HA-mediated membrane fusion. Since 
the subtype-dependent antiviral activity aligned with HA being the 
target of the N-[(thiophene-3-yl)methyl]benzamides, we next de-
termined the inhibitory effect of VVF-57a in a luciferase-based pseu-
dovirus entry assay in MDCK cells. This method enabled us to in-
clude, at BSL2 level, MLV-based pseudovirus bearing the HA and 
NA of highly pathogenic A/H5N1 virus, specifically strain FL2249 
which belongs to clade 2.3.4.4b alike the A/H5N1 viruses that are 
causing the current outbreaks in cattle in the USA.5 As shown in Fig-
ure 2A, VVF-57a proved a strong inhibitor of A/H1N1- and 
A/H5N1-pseudovirus entry, with EC50 values of 0.30 and 0.81 μM, 
respectively. RL-007, on the other hand, had almost 127-fold higher 
activity against A/H1N1 than A/H5N1 (EC50: 0.079 and 10 μM, re-
spectively). Arbidol, included as reference compound, had a compa-
rable EC50 for A/H1N1 and A/H5N1 (Figure 2A), but ~20-fold 
lower potency than VVF-57a.  

More direct evidence that VVF-57a acts on membrane fusion was ob-
tained via cell-cell fusion assays in HA-expressing HeLa cells ex-
posed to pH ~5. VVF-57a and RL-007 were preincubated with the 
HeLa cells for 15 min, then further present during the 5-min acidic 
stage. Using a luciferase-based readout (see Figure 2B for an assay 
scheme), we determined an EC50 value for H1 HA of 0.95 μM for 
VF-57a and 4.1 μM for RL007. Both compounds proved also effec-
tive against H5 HA, giving complete inhibition of cell-cell fusion at 
100 μM (see microscopic pictures in Figure 2C). At lower concen-
trations, VVF-57a still gave almost complete (25 μM) or partial (6.25 
μM) inhibition, while RL-007 was partially effective at 25 μM and 
inactive at 6.25 μM. 

Hence, these pseudovirus entry and cell-cell fusion data validate VVF-
57a as a strong fusion inhibitor of H1 and H5 HAs. In contrast, our 
previously identified fusion inhibitor RL-007 showed stronger inhi-
bition towards H1 than H5 HA. 

 

 

Figure 2 Dose-response curves for inhibition of HA-mediated pseudovirus entry and cell-cell fusion. (A) MDCK cells were transduced with lucif-
erase-expressing A/H1N1- and A/H5N1-pseudoviruses, in the presence of the compounds. Three days later, luminescence was measured to assess the 
compounds’ inhibitory effect on pseudovirus entry. (B) Cell-cell fusion assay in H1 HA-expressing HeLa cells. The scheme shows the assay setup. The 
compounds were present during the 15-min preincubation and 5-min acidic stage. Luminescence was measured 5 h after inducing cell-cell fusion. Data 
points are the mean ± SEM of three independent experiments. (C) Microscopic images of HeLa cells transfected with H5 HA and briefly exposed to 
pH 5.3. The compounds were present during the 15-min preincubation and 5-min acidic stage. In panels A and B, curve fitting was done with GraphPad 
Prism 10.2.2 software. 

 

 



 
Figure 3. VF-57a and RL-007 inhibit HA refolding at pH 5.2. SPR was used to measure the binding of H1 HA to stem-directed antibody 
C179 and head-directed antibody 7B2-32. H1 HA was pre-incubated with DMSO or compound, then exposed to neutral or low pH, prior to 
SPR analysis. (A) Sensorgrams of a representative experiment. (B) Average binding response of three biological replicates. Statistical signifi-
cance was analysed by a two-sided unpaired t-test. Isotype controls yielded RU values lower than 1 and are therefore not shown. RU: resonance 
units. 

 

Finally, we conducted SPR analysis with two anti-HA antibodies, to 
evaluate the compounds’ direct effect at preventing the conforma-
tional change of HA at low pH. Whereas the anti-HA stem antibody 
C179 only binds when the protein is in its prefusion confor-
mation,50,51 the anti-head antibody 7B2-32 binds to both pre- and 
post-fusion HA. Recombinant H1 HA protein, incubated in an 
acidic buffer of pH 5.2 to induce the post-fusion structure, lost the 
ability to bind to the C179-coated sensor chip (Figure 3). Its binding 
to the 7B2-32 antibody was not affected by acidic treatment. When 
VF-57a or RL-007 was present during the acidic incubation stage, 
the binding interaction between HA and antibody C179 remained 
significantly higher (P<0.001 for comparison to the DMSO con-
trol). This proves that the two molecules act by stabilizing the H1 
HA protein in its prefusion structure. Arbidol, on the other hand, 
only slightly protected against the loss of C179 binding, and its effect 
was not significant. This is consistent with our pseudovirus entry 
data, where arbidol was much less effective than VVF-57a and RL-
007. 

Phenotypic characterization of VF-57a-resistance markers in H1 
HA protein. To fully understand the mechanism of VVF-57a vis-à-vis 
RL007, we selected resistant viruses via serial passaging of Virg09 vi-
rus under increasing concentrations of these inhibitors. After three 
passages, breakthrough viruses were plaque-purified. In CPE reduc-
tion assays, all the virus clones, selected under either VVF-57a or RL-
007, proved at least 60-fold resistant to both compounds (EC50 >40 
μM; Table 2), indicating cross-resistance between these two inhibi-
tors. Baloxavir, included as control, was equally active against all vi-
ruses tested.  

As evident from Figure 4, the Virg09 clones carried amino acid 
changes at different parts of HA. In a previous resistance study with 
an H3 HA-specific fusion inhibitor, we found that this class of agents 
selects two mechanistically distinct types of amino acid substitu-
tions.37 While some are directly located at the compound’s binding 
pocket, other changes are lying at remote sites and associated with 
higher acid-lability of the HA protein. Such mutant viruses escape 
from the fusion inhibitor by undergoing fusion in less acidic 



endosomes. Hence, we used a hemolysis assay to determine which 
of the mutations, selected under VVF-57a or RL-007, rendered 
Virg09 HA more acid-labile. This was the case for mutants T3161I 
and D902G, which showed a hemolysis pH of 5.48 and 5.41, com-
pared to 5.24 for the virus that was passaged without compound and 
did not acquire any HA mutations during this process (Table 2). 
Mutant S542P showed a hemolysis pH of 5.30, which is a slight in-
crease compared to the control (p=0.030). The F1281L virus had the 
same hemolysis pH as the control, while mutation A901V reduced 
the acid-lability (pH 5.10; p<0.0001). This suggests that these sites 
may lie close to the binding pocket of both VVF-57a and RL-007. 

 

Table 2. Impact of the HA mutations on viral sensitivity to VF-
57a or RL-007 and on acid-lability of HA. 

Selecting com-
pounda and HA 
mutationb 
vs parent virus 

Antiviral EC50 by MTS assayc Hemolysis 
pH 
(p vs con-
trol)d 

VF-57a 
(μM) 

RL-007 
(μM) 

BXA 
(nM) 

VF57a: F1281L >40 >40 
2.5 ± 
0.5 

5.25 
(p=0.81) 

VF57a: T3161I >40 >40 
1.9 ± 
0.1 

5.48 
(p<0.0001) 

VF57a: S542P >40 >40 
1.7 ± 
0.8 

5.30 
(p=0.030) 

RL007: A901V >40 >40 
3.0 ± 
0.7 

5.10 
(p<0.0001) 

RL007: D902G >40 >40 
1.7 ± 
0.2 

5.41 
(p=0.030) 

No compound 
control: none 

2.5 ± 
1.0 

0.94 ± 
0.4 

2.6 ± 
0.7 5.24 

aVirg09 virus was passaged three times under VVF-57a and RL-007 (at 
successively 1.6, 4 and 10 μM for VVF-57a and at 0.64, 1.6 and 4.0 μM for 
RL-007); a control was included that was passaged in the absence of a 
compound. bThe residues are numbered as in ref. 46, i.e. per HA1 and 
HA2 polypeptide part (indicated by the suffix) and starting from the first 
methionine for HA1. In H3 numbering, the corresponding sites are: 
F1151 (F1281); T3011 (T3161); S542 (S542); A81/821 (A901); and 
D902 (D902). cAntiviral EC50 value in MDCK cells, using the MTS-
based CPE assay. Mean ± SEM of three independent experiments. dThe 
hemolysis pH was defined as the pH where 50% of virus-induced hemol-
ysis occurred relative to pH 5.0, as based on the pooled data from four 
independent experiments. Statistical significance of differences between 
the hemolysis pH of different mutants versus the no compound control, 
were determined with an extra-sum-of-squares F test (GraphPad Prism 
10.2.2). 

Figure 4. Location of the HA mutations that Virg09 virus acquired when 
passaged under VVF-57a (red) or RL-007 (blue) (indicated using the X-
ray crystallographic structure with PDB ID 3M6S).52 The suffix refers to 
the HA1 or HA2 polypeptide chain. The zoom shows the binding site of 
anti-stem antibody C179 (revealed by X-ray crystallography; PDB ID 
5C0R) and the aligned crystallographic structures of the HA-inhibitor 
complexes for JNJ4796, (S)-F0045 and CBS1117 (PDB IDs: 6CF7,23 

6WCR30 and 6WMZ,31 respectively).  

Exploring the binding of VF-57a to the ligand binding pockets in 
the HA stem. Binding of  (S)-F0045 and VF-57a to HA Site B.. As 
noted above, inspection of the available X-ray crystallographic struc-
tures shows the existence of two binding sites in the HA stem. One 
of them corresponds to the pocket that binds THBQ and arbidol, 
and the other mediates the recognition of JNJ4796, (S)-F0045 and 
CBS1117, which will be denoted Sites A and B, respectively, hereaf-
ter. Based on this evidence, Molecular Dynamics (MD) simulations 
were performed to assess the potential binding of VVF-57a to the two 
sites. To this end, simulations were also performed for the HA com-
plexes with arbidol and (S)-F0045, which were considered as con-
trol systems. Taking advantage of the trimeric nature of HA, MD 
simulations were carried out positioning the ligands in the three 
binding sites available in HA, enabling to calibrate the stability of the 
binding mode in triplicate in a single trajectory. 

The X-ray structure of the complex between (S)-F0045 and HA (H1 
A/Puerto Rico/8/1934, PDB ID 6WCR)30 reveals that the ligand 
fills a groove shaped by residues H181, H381, V401, W211, T3181, 
D192, T412, Q422, I452, T492 and V522. MD simulations performed 
for this complex showed that (S)-F0045 exhibits a stable binding 
mode, as noted in root-mean square deviation (RMSD) values of 1.3 
± 0.3, 1.3 ± 0.4 and 1.3 ± 0.3 Å for the three ligands (Figure 5). In 
particular, the hydrogen bond interaction formed between the am-
ide carbonyl oxygen of (S)-F0045 and the hydroxyl group of T3181 
is preserved (average distance of 2.8 ± 0.1 in the three binding sites).  

The potential binding of VVF-57a to site B was examined considering 
two distinct binding modes, which differ in the spatial arrangement 
of the phenyl and thiophene rings along the groove (see Supporting 
Information Figure S1). Let us note that the two arrangements ena-
ble the formation of the hydrogen bond between the amide carbonyl 
oxygen of the ligand and the hydroxyl group of T3181, while ensur-
ing the overlap of the molecular skeleton of VVF-57a and (S)-F0045. 



 
Figure 5. Binding mode of (S)-F0045 to Site B of HA. A), B) and 
C) Overlay of (S)-F0045 at the end of the MD simulation (orange 
sticks) and the crystallographic pose (grey sticks) in one of the three 
sites of HA (H1N1, A/Puerto Rico/8/1934). Below, the superposi-
tion of several snapshots along the whole trajectory. D) RMSD plots 
for each HA monomer backbone atoms and for each of the three lig-
ands. 

 

In contrast to the behavior found for (S)-F0045, none of the two 
poses of VVF-57a were stable along the MD simulations performed 
for the complex with H1 (A/Virginia/ATCC3/2009 model) HA 
(Figure 6). Thus, the average RMSD values determined for the lig-
and range from 5.5 ± 2.6 Å to 9.0 ± 3.1 Å for the 6 ligands (3 ligands 
bound simultaneously to HA in the two binding modes). In addi-
tion, the structural instability of the binding mode is also reflected in 
the hydrogen bond formed with T3331, since the average distance 
ranges from 5.2 ± 1.8 to 7.0 ± 3.8 Å. Compared to (S)-F0045, the 
instability of VVF-57a could reflect the increased flexibility due to the 
methylene between the amide and thiophene moieties and the loss 
of the CH-π interactions formed by (S)-F0045 with H181, H381 and 
W212 due to the presence of the trifluoromethyl and methyl groups 
in the phenyl and thiophene rings, respectively. These results sug-
gest that site B is not the binding pocket of VVF-57a in H1 HA. This 
finding agrees with the distinctive behavior observed for the pH-de-
pendent binding of antibody C179 in the absence and presence of 
VF-57a, since the binding of C179 to the stem would have been not 
compatible with the presence of VVF-57a at site B. 

 

 

 

Figure 6. A1, A2 and A3) Superposition of snapshots along the tra-
jectory for VF-57a in Site B binding mode A. B1, B2 and B3) Super-
position of snapshots along the trajectory for VF-57a in Site B bind-
ing mode B. In both cases, a high displacement of the molecules is 
observed suggesting the lack of stabilizing interactions in Site B com-
pared with the control MD simulation for (S)-F0045. 

 

Binding of  arbidol and VVF-57a to HA site A.. As described in the crys-
tallographic structure for arbidol bound to H3 HA A/Hong 
Kong/1/1968, the binding pocket is shaped by residues of two HA 
monomers. Monomer 1 contributes with P2931, F2941, K3071 and 
R542, Q572, K582, N602, W922 and Q1032, whereas monomer 2 con-
tributes with D901, A1011, K3101 and L292.12 

Following the same strategy outlined above, MD simulations were 
performed for the complex of trimeric HA with the molecules of ar-
bidol, each located at the binding pocket found in the X-ray crystal-
lographic structure of H3 A/Hong Kong/1/1968. Arbidol exhibits a 
remarkable stable behavior in two of the three pockets during the 
whole MD simulation. The protein dynamics of the HA trimer are 
stable with average RMSD values of 2.2 ± 0.3, 2.5 ± 0.4 and 2.3 ± 0.3 
Å for each monomer (Figure 7). Furthermore, the crystallographic 
binding mode of arbidol is maintained in two pockets, as noted in 
averaged RMSD values of 2.4 ± 0.6 Å and 3.0 ± 0.5 Å. We observed 
the formation of transient hydrogen bonds between the tertiary 
amine moiety of arbidol with E572 and the backbone carbonyl oxy-
gen of K582. Nonetheless, these interactions compete with the intra-
molecular hydrogen bond formed with the carbonyl oxygen of ar-
bidol. In the third case, the RMSD profile (green line in Figure 7) 
increased after 80-90 ns and achieved a stable value of 5.3 ± 1.8 Å 
after 210 ns. This reflects a rearrangement of the molecule within the 
binding pocket, where the indole ring flips 180° upside down and the 
thiophenyl group ends even more buried in the cavity.  

The results observed in the simulation are aligned with the conclu-
sions provided by the authors regarding the role of arbidol as a mo-
lecular glue for HA trimer, interacting through hydrophobic interac-
tions and inducing the formation of salt bridges between amino ac-
ids.12 Indeed, the salt bridge between the carboxylate group of D902 
and the amine nitrogen of K3101 is fully maintained during the sim-
ulation time (average N…O distance of 4.1 ± 1.4 Å), and the 



guanidinium group of R542 forms transient interactions with either 
E972 or E1032: when the salt bridge with E972 is formed (average 
distance of ~4.1 ± 1.0 Å), the distance from E1032 is ~11.6 ± 1.0 Å, 
and when the interaction with E972 is broken (average distance of 
~10.4 ± 1.2 Å), the sidechain of R542 rotates and interacts with 
E1032 (average distance of ~3.4 ± 0.7 Å). However, the salt bridge 
between R542 and E572 observed in the crystallographic structure is 
lost at the beginning of the simulation. Altogether, this analysis re-
veals the structural plasticity of the binding site of arbidol, which en-
ables the flip of the indole ring in one of the three simulated binding 
modes. 

 

Figure 7. A), B) and C) Above, final binding mode of arbidol (yellow 
sticks) with respect the crystallographic position (grey sticks) in site A 
binding pocket of the A/Hong Kong/1/1968 Influenza A strain 
(H3N2). Below, the superposition of several snapshots along the whole 
trajectory. D) RMSD plots for each HA monomer backbone atoms and 
for each of the three ligands.  

In light of these results, we explored the binding of VVF-57a to the 
arbidol binding site in HA H1 (A/ATCC3/Virginia/2009), which 
was previously modelled to unfold the last helical turn of the short α-
helix in HA2 to simulate the local structure observed in the complex 
between HA and arbidol (PDB ID 5T6N),12 and hence enabling the 
binding of the ligands to the arbidol binding site in the PR8 strain 
(see Experimental section. Molecular modeling: Homology model-
ling and setup of simulated systems, and Supporting Information 
Figure S2). The HA trimer is stable with averaged RMSD values of 
2.3 ± 0.4, 2.6 ± 0.5 and 2.7 ± 0.6 Å for each of the HA monomers, 
although small fluctuations were observed in the last helical turn of 
the short α-helix in HA2 and loops in the HA1 subunit (Figure 8). 
The overall structural stability of the HA trimer was confirmed by 
averaged RMSD values of 1.0 ± 0.2, 1.3 ± 0.2 and 1.2 ± 0.2 Å for the 
main stem helices for each of the protomers (see SI Figure S3). 

 

Figure 8. A), B) and C) Above, final position of VVF-57a (yellow sticks) 
in site A binding pocket of the A/Virginia/ATCC3/2009 Influenza A 
strain (H1N1) modified homology model. Below, the superposition of 
several snapshots along the whole trajectory. D) RMSD plots for each 
HA monomer backbone atoms and for each of the three ligands.  

The initial position of VVF-57a was rearranged at the beginning of the 
MD simulation in the three pockets of H1, achieving a stable pose 
after the first 200 ns with RMSD values of 2.3 ± 0.5, 2.3 ± 0.4 and 2.9 
± 1.0 Å (Figure 8). This rearrangement places the ligand more 
deeply in the pocket, adopting a relatively stable pose after 250 ns in 
the three cases. The thiophene ring is surrounded by hydrophobic 
amino acid residues in the lower part of the pocket, such as V361, 
L491, P3081, F3091, V552 L992 from monomer 1, and L98'2 and 
L102'2 from monomer 2. On the other hand, the phenyl ring con-
taining the trifluoromethyl moiety is stabilized by π-stacking interac-
tions with Y942 and F3091. 

Relative Binding Free Energies (RBFE). To verify whether our pre-
dicted binding mode for VVF-57a in H1 corresponds to its actual 
binding mode, and to leverage experimental activity data on cells, we 
conducted Relative Binding Free Energy calculations. These calcu-
lations aimed to quantitatively estimate the change in binding be-
tween VVF-57a and 222, 338, and 550, and assess the correlation with 
experimental data. 

Regarding the transformation from VVF-57a to 222, our results indi-
cate that the latter is destabilized by 0.6 kcal/mol (see Figure 9). 
This agrees with the experimental difference in inhibitory activity 
determined from antiviral assays for the two compounds (EC50 val-
ues of 0.92/1.1 (PR8) and 0.31/0.71 (Virg09) μM for VVF-57a, and 
1.1/1.5 (PR8) and 0.44/1.7 (Virg09) μM for 222; see Table 1). Let 
us note that this chemical modification occurs in a region of the mol-
ecule proximal to the sidechains of N952 and W922, as reflected by 
an average distance of 3.9 ± 0.8 Å between the chlorine atom of VVF-
57a and the side chain of N952, and by an average distance of 4.0 ± 



0.4 Å and 4.1 ± 0.4 Å from the chlorine atom of VVF-57a and the in-
dole ring of W922, respectively. Thus, the slight destabilization 
caused by the replacement of chlorine to fluorine likely reflects a bal-
ance between the steric fitting to the side chains of N952 and W922, 
and the modulation of the hydrophobicity of the substituted phenyl 
ring. 

Regarding the transformation from VVF-57a to 338, a fluorine atom is 
introduced in the para position relative to the carbonyl group of VVF-
57a (see Figure 9). Our simulations indicate that the latter is stabi-
lized by 0.4 kcal/mol. Within the uncertainty of the experimental 
data, this estimate agrees with the similar antiviral activity deter-
mined for VVF-57a (see above) and the EC50 values measured for 338 
(0.27/1.6 (PR8) and 0.18/3.1 (Virg09) μM for 338; see Table 1). In 
this transformation, the fluorine atom is interacting with the indole 
ring of W922 (the shortest average distance from the H atom in para 
position of VVF-57a to the indole ring of W922 is 3.5 ± 0.7 Å; this 
value varies to 3.3 ± 0.5 Å from the F atom in 338). 

Finally, the transformation from VF-57a to 550 involves the removal 
of the two methyl groups of the thiophene moiety (see Figure 9). 
Our simulations predict that the latter is destabilized by 1.6 
kcal/mol. The predicted change in the binding affinity is consistent 
with the observed reduction in antiviral activity determined for 550 
(EC50 values of 2.0/1.0 (PR8) and 1.1/2.1 (Virg09) μM; see Table 
1). This trend can be justified by taking into account the packing of 
the thiophene moiety in a hydrophobic environment, and the con-
comitant decrease in stabilizing van der Waals interactions upon re-
moval of the methyl groups. 

 

Figure 9. At left, binding mode for VVF-57a considered to perform the 
RBFE calculations obtained from our MD simulations. At right, the re-
sults of the complex and solvent RBFE calculations in kcal·mol-1 as well 
as the predicted change in free energy for each transformation.  

 

CONCLUSIONS 

This study reports the synthesis, antiviral evaluation and mechanism 
of action of an original series of N-[(thiophen-3-yl)methylben-
zamides acting as strong inhibitors of group 1 HA-mediated fusion. 
The lead compound, VVF-57a exhibited sub-micromolar activity 
against authentic A/H1N1 virus and a similarly high potency for in-
hibiting the cell entry of A/H1N1 and A/H5N1 (i.e. highly patho-
genic IAV-derived) pseudoviruses.  

The strong inhibitory activity of VVF-57a is proposedly mediated 
through its binding to a pocket in HA2 that lies close to the binding 

site of the broad IAV HA inhibitor arbidol. Particularly, our MD cal-
culations predict that the binding of VF-57a is stabilised by π-stack-
ing interactions with F3091 and Y942 and by hydrophobic interac-
tions between its dimethylthiophene moiety and V361, L491, P3081, 
F3091, V552, L992, L982 and L1012. Our MD and relative binding 
free energy predictions also rationalise the SAR, strong activity 
against the Virg09 virus and role of mutation S542P in defining re-
sistance to this lead molecule. In combination, these findings war-
rant further follow-up of VVF-57a for anti-influenza drug develop-
ment, including its validation in in vivo models. 

 

EXPERIMENTAL SECTION 

Chemical synthesis. Commercially available reagents and solvents 
were used without further purification unless stated otherwise. Pre-
parative normal phase chromatography was performed on a Com-
biFlash Rf 150 (Teledyne Isco) with pre-packed RediSep Rf silica 
gel cartridges. Thin-layer chromatography was performed with alu-
minum-backed sheets with silica gel 60 F254 (Merck, ref 1.05554), 
and spots were visualized with UV light and 1% aqueous solution of 
KMnO4. All compounds showed a sharp melting point and a single 
spot on TLC. Melting points were determined in open capillary 
tubes with a MFB 595010M Gallenkamp. 400 MHz 1H and 
100.6 MHz 13C NMR spectra were recorded on a Varian Mercury 
400 or on a Bruker 400 Avance III spectrometers. The chemical 
shifts are reported in ppm (δ scale) relative to internal tetrame-
thylsilane, and coupling constants are reported in Hertz (Hz). As-
signments given for the NMR spectra of selected new compounds 
have been carried out on the basis of DEPT, COSY 1H/1H (standard 
procedures), and COSY 1H/13C (gHSQC and gHMBC sequences) 
experiments. IR spectra were run on Perkin-Elmer Spectrum Two 
FT-IR spectrophotometer. Absorption values are expressed as wave-
numbers (cm−1); only significant absorption bands are given. High-
resolution mass spectrometry (HRMS) analyses were performed 
with an LC/MSD TOF Agilent Technologies spectrometer. The el-
emental analyses were carried out in a Flash 1112 series Thermofin-
nigan elemental microanalyzator (A5) to determine C, H and N. 
The structure of all new compounds was confirmed by elemental 
analysis and/or accurate mass measurement, IR, 1H NMR and 13C 
NMR. The analytical samples of all the new compounds, which were 
subjected to pharmacological evaluation, possessed purity ≥95% as 
evidenced by their elemental analyses (Table S1) or HPLC/UV. 
HPLC/UV were determined with a HPLC Agilent 1260 Infinity II 
LC/MSD coupled to a photodiode array. 5 μL of sample 0.5 mg/mL 
in methanol:acetonitrile were injected, using an Agilent Poroshell 
120 EC-C18, 2.7 μm, 50 mm x 4.6 mm column at 40 °C. The mobile 
phase was a mixture of A = water with 0.05% formic acid and B = 
acetonitrile with 0.05% formic acid, with the method described as 
follows: flow 0.6 mL/min, 5% B-95% A 3 min, 100% B 4 min, 95% 
B-5% A 1 min. Purity is given as % of absorbance at 220 nm. 

General Procedure A. To a solution of (2,5-dimethylthiophen-3-
yl)methanamine (1 equiv.) in anh. dichlorometane (3 mL), triethyl-
amine was added (1.2 equiv.). Then, the solution was cooled to 0 °C 
and a solution of the required commercial acyl chloride (1.1 equiv.) 
in anh. dichloromethane (2 mL) was slowly added dropwise. The 
mixture was kept under stirring at room temperature for 5 h. Then 



the reaction mixture was concentrated in vacuo. Column chroma-
tography (hexane/ethyl acetate mixtures from 0 to 10%) gave the 
expected product.  

General Procedure B. To a solution of the commercially available 
carboxylic acid (1 equiv.) in dry acetonitrile (5 mL), thionyl chloride 
(5 equiv.) was added dropwise. The mixture was heated under reflux 
for 2h. Then, the solvent was evaporated in vacuo to yield the crude 
product, which was used directly in the next step.  

To a solution of (2,5-dimethylthiophen-3-yl)methanamine (1 
equiv.) in anh. dichlorometane (3 mL), triethylamine was added 
(1.2 equiv.). Then, the solution was cooled to 0 °C and a solution of 
the required commercial acyl chloride (1.1 equiv.) in anh. dichloro-
methane (2 mL) was slowly added dropwise. The mixture was kept 
under stirring at room temperature for 5 h. Then the reaction mix-
ture was concentrated in vacuo. Column chromatography in silica 
gel (using as eluent mixtures of EtOAc in hexane from 0 to 10%) 
gave the expected product. 

General Procedure C. To a solution of the commercially available 
carboxylic acid in anh. toluene, thionyl chloride (5 equiv.) followed 
by some drops of DMF were added dropwise. The mixture was 
heated under reflux for 2h. Then, the solvent was evaporated in 
vacuo to yield the crude product, which was used directly in the next 
step.  

To a suspension of the required amine and triethylamine in anh. 
DCM, a solution of the proper acyl chloride in anh. DCM was slowly 
added. The mixture was kept under stirring at room temperature for 
5 h. Then, water (15 mL) followed by EtOAc (15 mL) were added 
and the mixture was extracted. The organic layer was washed with 
brine (15 mL), dried over anh. Na2SO4 and filtered. Solvents were 
concentrated in vacuo and the resulting crude was purified by col-
umn chromatography in silica gel (using as eluent mixtures of 
EtOAc in hexane from 0% to 10%) to obtain the desired product.  

General Procedure D. To a solution of the commercially available 
carboxylic acid in anh. toluene, thionyl chloride (5 equiv.) followed 
by some drops of DMF were added dropwise. The mixture was 
heated under reflux for 2h. Then, the solvent was evaporated in 
vacuo to yield the crude product, which was used directly in the next 
step.  

To a suspension of the required amine and triethylamine in anh. 
DCM, a solution of the proper acyl chloride in anh. DCM was slowly 
added. The mixture was kept under stirring at room temperature for 
16 h. Then, water (15 mL) followed by EtOAc (15 mL) were added 
and the mixture was extracted. The organic layer was washed with 
brine (15 mL), dried over anh. Na2SO4 and filtered. Solvents were 
concentrated in vacuo and the resulting crude was purified by col-
umn chromatography in silica gel (using as eluent mixtures of 
EtOAc in hexane from 0% to 10%) to obtain the desired product.  

N-[(2,5-dimethylthiophen-3-yl)methyl]-3-fluoro-5-(trifluoro-
methyl)benzamide, 22. Following general procedure A, 3-fluoro-5-
(trifluoromethyl)benzoyl chloride (88 mg, 0.39 mmol) was reacted 
with (2,5-dimethylthiophen-3-yl)methanamine (50 mg, 0.35 
mmol) giving the product as a white solid (101 mg, 86% yield). m.p. 
115-116 °C. ν: 3232, 3086, 2922, 1767, 1643, 1602, 1552, 1468, 
1446, 1427, 1367, 1346, 1293, 1252, 1220, 1174, 1134, 1125, 1093, 

1042, 998, 932, 909, 882, 837, 757, 733, 692 cm-1. 1H NMR (400 
MHz, CDCl3) δ: 2.39 (s, 6H, —CH3), 4.45 (s, 2H, —NH—CH2), 
6.30 (broad s, 1H, NH), 6.59 (s, 1H, CH thiophene), 7.45 (d, J = 8.0 
Hz, 1H, H(4)arom.), 7.68 (d, J = 8.6 Hz, 1H, H(2)arom.), 7.79 
(pseudo s, 1H, H(6)arom.). 13C NMR (101 MHz, CDCl3) δ: 12.8, 
15.0, 37.5, 115.7 (dq, JCF = 24.4, 3.7 Hz), 117.9 (d, JCF = 22.8 Hz), 
119.4 (p, JCF = 3.5 Hz), 122.8 (d, J = 271.7 Hz), 126.2, 132.4, 132.9 
(dd, JCF = 34.1, 7.9 Hz), 134.3, 136.7, 137.7 (d, JCF = 6.9 Hz), 162.5 
(d, JCF = 251.1 Hz), 164.4 (d, JCF= 2.1 Hz).   

3-chloro-N-[(2,5-dimethylthiophen-3-yl)methyl]-5-(trifluoro-
methyl)benzamide, 23 (VF-57a). Following general procedure B, 
3-chloro-5-(trifluoromethyl)benzoyl chloride (106 mg, 0.44 mmol) 
was reacted with (2,5-dimethylthiophen-3-yl)methanamine (56 mg, 
0.40 mmol) giving the product as a white solid (62 mg, 45% yield). 
m.p. 121-122 °C. ν: 3290, 3086, 2920, 1638, 1613, 1591, 1581, 1549, 
1454, 1433, 1357, 1324, 1288, 1261, 1250, 1177, 1129, 1111, 1039, 
980, 921, 889, 839, 830, 739, 715, 699, 689, 665 cm-1. 1H NMR (400 
MHz, CDCl3) δ: 2.39 (s, 6H, —CH3), 4.46 (d, J = 5.2 Hz, 2H, —
NH—CH2), 6.30 (broad s, 1H, NH), 6.59 (s, 1H, CH thiophene), 
7.72 (s, 1H, H(4)arom.), 7.89 (s, 1H, H(6)arom.), 7.92 (s, 1H, 
H(2)arom.). 13C NMR (101 MHz, CDCl3) δ: 12.8, 15.1, 37.5, 122.1 
(d, JCF = 3.5 Hz), 126.2, 128.3 (d, J-F = 3.5 Hz, 2C), 130.6, 132.4, 
132.5, 134.3, 135.6 (d, JCF = 35.3 Hz), 136.7, 136.9, 164.4. 

3-bromo-N-[(2,5-dimethylthiophen-3-yl)methyl]-5-(trifluoro-
methyl)benzamide, 24. Following general procedure B, 3-bromo-
5-(trifluoromethyl)benzoyl chloride (150 mg, 0.39 mmol) was re-
acted with (2,5-dimethylthiophen-3-yl)methanamine (50mg, 
0.35mmol) giving the product as a white solid (113 mg, 82% yield). 
m.p. 124-125 °C. ν: 3289, 3082, 2919, 1636, 1614, 1581, 1547, 1448, 
1432, 1356, 1321, 1285, 1263, 1250, 1174, 1130, 1110, 1038, 977, 
924, 888, 839, 807, 723, 698, 687, 665 cm-1. 1H NMR (400 MHz, 
CDCl3) δ: 2.39 (s, 6H, —CH3), 4.46 (d, J = 5.2 Hz, 2H, —NH—
CH2), 6.28 (broad s, 1H, NH), 6.59 (s, 1H, CH thiophene), 7.87 (s, 
1H, H(4)arom.), 7.94 (s, 1H, H(6)arom.), 8.07 (s, 1H, H(2)arom.). 
13C NMR (101 MHz, CDCl3) δ: 12.9, 15.1, 37.6, 122.8 (d, JCF = 
274.7 Hz), 122.7 (d, JCF = 4.2 Hz), 123.2, 126.3, 131.2 (d, JCF = 4.2 
Hz), 132.4, 132.8 (d, JCF = 31.8 Hz), 133.5, 134.3, 136.7, 137.1, 
164.3.  

N-[(2,5-dimethylthiophen-3-yl)methyl]-3,5-bis(trifluorome-
thyl)benzamide, 25. Following general procedure B, 3,5-bis(tri-
fluoromethyl)benzoyl chloride (130 mg, 0.47 mmol) was reacted 
with (2,5-dimethylthiophen-3-yl)methanamine (60 mg, 0.43 
mmol) giving the product as a white solid (100 mg, 70% yield). m.p. 
163-165 °C. ν: 3233, 3090, 2930, 1644, 1617, 1552, 1429, 1385, 
1350, 1329, 1286, 1276, 1250, 1183, 1168, 1158, 1131, 1040, 987, 
909, 871, 837, 756, 734, 699, 682 cm-1. 1H NMR (400 MHz, CDCl3) 
δ: 2.39 (s superimposed, 3H, —CH3), 2.40 (s superimposed, 3H, —
CH3), 4.49 (d, J = 5.2 Hz, 2H, —NH—CH2), 6.38 (broad s, 1H, 
NH), 6.60 (s, 1H, CH thiophene), 8.00 (s, 1H, H(4)arom.), 8.21 (s, 
2H, H(2,6)arom.). 13C NMR (101 MHz, CDCl3) δ: 12.8, 15.1, 37.6, 
122.9 (d, 2C, JCF = 272.6 Hz), 125.0 (t, JCF = 3.6 Hz), 126.2, 127.3, 
127.3 (d, 2C, JCF = 2.5 Hz), 132.2 (q, JCF = 34.3 Hz), 132.3, 134.4, 
136.4, 136.8, 164.2.  

3,5-difluoro-N-[(2,5-dimethylthiophen-3-yl)methyl]ben-
zamide, 26. Following general procedure B, 3,5-difluorobenzoyl 



chloride (118 mg, 0.47 mmol) was reacted with (2,5-dimethylthio-
phen-3-yl)methanamine (60 mg, 0.43 mmol) giving the product as 
a white solid (35 mg, 29% yield). m.p. 120-121 °C. ν: 3249, 3092, 
3068, 2924, 2868, 1635, 1591, 1542, 1465, 1435, 1354, 1323, 1310, 
1257, 1226, 1214, 1146, 1125, 1111, 1057, 1042, 984, 899, 878, 868, 
853, 836, 820, 783, 761, 717, 662, 643 cm-1. 1H NMR (400 MHz, 
CDCl3) δ: 2.38 (s, 6H, —CH3), 4.43 (d, J = 5.2 Hz, 2H, —NH—
CH2), 6.25 (broad s, 1H, NH), 6.57 (s, 1H, CH thiophene), 6.93 (t, 
J = 8.2 Hz, 1H, H(4)arom.), 7.28 (s, 2H, H(2,6)arom.). 13C NMR 
(101 MHz, CDCl3) δ: 12.8, 15.1, 37.5, 106.8 (t, JCF  = 27.4 Hz), 110.2 
(d, 2C, JCF = 26.8 Hz), 126.2, 132.6, 134.1, 136.6, 137.6, 161.7 (d, JCF 
= 252.1 Hz), 162.9 (d, JCF = 251.2 Hz), 164.7.  

3,5-dichloro-N-[(2,5-dimethylthiophen-3-yl)methyl]ben-
zamide, 27. By following general procedure A, 3,5-dichlorobenzoyl 
chloride (81 mg, 0.39 mmol) was reacted with with (2,5-dimethyl-
thiophen-3-yl)methanamine (50 mg, 0.35 mmol) giving the product 
as a white solid (56 mg, 46% yield). m.p. 136-137 °C. ν: 3233, 3058, 
2916, 2865, 1630, 1592, 1566, 1538, 1458, 1433, 1351, 1304, 1283, 
1216, 1146, 1115, 1096, 1053, 935, 889, 864, 820, 801, 762, 745, 
700, 685, 660, 638 cm-1. 1H NMR (400 MHz, CDCl3) δ: 2.39 (s, 3H, 
—CH3), 2.38 (s, 3H, —CH3), 4.44 (d, J = 5.2 Hz, 2H, —NH—
CH2), 6.15 (broad s, 1H, NH), 6.58 (s, 1H, CH thiophene), 7.47 (t, 
J = 1.8 Hz, 1H, H(4)arom.), 7.66-7.60 (m, 2H, H(2,6)arom.). 13C 
NMR (101 MHz, CDCl3) δ: 12.8, 15.1, 37.5, 125.6 (2C), 126.2, 
131.4, 132.5, 134.2, 135.5 (2C), 136.7, 137.3, 164.6. 

3,5-dibromo-N-[(2,5-dimethylthiophen-3-yl)methyl]ben-
zamide, 28. Following general procedure B, 3,5-dibromobenzoyl 
chloride (178 mg, 0.60 mmol) was reacted with (2,5-dimethylthio-
phen-3-yl)methanamine (70 mg, 0.50 mmol) giving the product as 
a white solid (101 mg, 46% yield). m.p. 134-135 °C. ν: 3233, 3058, 
2916, 2865, 1630, 1592, 1566, 1538, 1458, 1433, 1351, 1304, 1283, 
1216, 1146, 1115, 1096, 1053, 935, 889, 864, 820, 801, 762, 745, 
700, 685, 660, 638 cm-1. 1H NMR (400 MHz, CDCl3) δ: 2.39 (s, 3H, 
—CH3),  2.40 (s, 3H, —CH3), 4.44 (d, J = 5.2 Hz, 2H, —NH—
CH2), 6.09 (broad s, 1H, NH), 6.60 – 6.52 (m, 1H, CH thiophene), 
7.78 (t, J = 1.7 Hz, 1H, H(4)arom.), 7.81 (d, J = 1.7 Hz, 2H, 
H(2,6)arom.).  

3-chloro-N-[(2,5-dimethylthiophen-3-yl)methyl]-5-methylben-
zamide, 29. Following general procedure B, 3-chloro-5-methylben-
zoyl chloride (61 mg, 0.32 mmol) was reacted with (2,5-dimethyl-
thiophen-3-yl)methanamine (35 mg, 0.25 mmol) giving the product 
as a white solid (65 mg, 90% yield). m.p. 102-103 °C. ν: 3282, 2918, 
2856, 1628, 1600, 1578, 1527, 1455, 1436, 1371, 1346, 1316, 1289, 
1223, 1146, 1056, 1035, 994, 864, 770, 748, 677, 644 cm-1. 1H NMR 
(400 MHz, CDCl3) δ: 2.36 (s, 3H, CH3—C(5)arom.), 2.38 (s su-
perimposed, 3H, —CH3), 2.39 (s superimposed, 3H, —CH3), 4.43 
(d, J = 5.3 Hz, 2H, —NH—CH2), 6.19 (broad s, 1H, NH), 6.56 (s, 
1H, CH thiophene), 7.28 (s, 1H, H(4)arom.), 7.45 (s, 1H, 
H(6)arom.), 7.51 (s, 1H, H(2)arom.). 13C NMR (101 MHz, 
CDCl3) δ: 12.8, 15.2, 21.1, 37.4, 124.2, 125.9, 126.3, 132.0, 132.9, 
133.9, 134.4, 135.9, 136.5, 140.3, 166.0.  

N-[(2,5-dimethylthiophen-3-yl)methyl]-3-fluorobenzamide, 
30. Following general procedure A, 3-fluorobenzoyl chloride (63 
mg, 0.39 mmol) was reacted with (2,5-dimethylthiophen-3-
yl)methanamine (50 mg, 0.35 mmol) giving the product as a white 

solid (93 mg, 94% yield). m.p. 93-94 °C. ν: 3245, 3072, 2920, 1632, 
1587, 1548, 1485, 1445, 1426, 1358, 1316, 1306, 1274, 1256, 1225, 
1144, 1117, 1039, 980, 904, 891, 832, 808, 787, 726, 708, 674, 666 
cm-1. 1H NMR (400 MHz, CDCl3) δ: 2.38 (s, 6H, —CH3), 4.45 (d, 
J = 5.2 Hz, 2H, —NH—CH2), 6.26 (broad s, 1H, NH), 6.59 (s, 1H, 
CH thiophene), 7.23-7.13 (m, J = 8.2, 0.8 Hz, 1H, H(4)arom.), 
7.43-7.33 (m, J = 8.1, 2.1 Hz, 1H, H(5)arom.), 7.53–7.46 (m, 2H, 
H(2,6)arom.). 13C NMR (101 MHz, CDCl3) δ: 12.8, 15.1, 37.4, 
114.4 (d, JCF = 23.4 Hz), 118.5 (d, JCF = 21.1 Hz), 122.4, 126.3, 130.2 
(d, JCF = 8.1 Hz), 132.9, 133.9, 136.5, 136.7, 162.7 (d, JCF = 248.4 
Hz), 165.9.  

N-[(2,5-dimethylthiophen-3-yl)methyl]-3-(trifluorome-
thyl)benzamide, 31. Following general procedure A, 3-(trifluoro-
methyl) benzoyl chloride (81 mg, 0.39 mmol) was reacted with (2,5-
dimethylthiophen-3-yl)methanamine (50 mg, 0.35 mmol) giving 
the product as a white solid (63 mg, 54% yield). m.p. 111-112 °C. ν: 
3225, 3071, 2924, 1636, 1542, 1487, 1443, 1427, 1360, 1336, 1319, 
1301, 1281, 1256, 1213, 1166, 1115, 1071, 1040, 975, 921, 837, 817, 
785, 735, 690, 653 cm-1. 1H NMR (400 MHz, CDCl3) δ: 2.39 (s, 6H, 
—CH3), 4.47 (d, J = 5.2 Hz, 2H, —NH—CH2), 6.28 (broad s, 1H, 
NH), 6.60 (s, 1H, CH thiophene), 7.56 (t, J = 7.8 Hz, 1H, 
H(5)arom.), 7.75 (dt, J = 7.9, 0.7 Hz, 1H, H(6)arom.), 7.95 (d, J = 
7.8, 1H, H(4)arom.), 8.03 (s, 1H, H(2)arom.). 13C NMR (101 
MHz, CDCl3) δ: 12.81, 15.07, 37.47, 123.68 (d, JCF = 273 Hz), 
123.95 (q, JCF = 3.8 Hz), 126.29, 128.09 (q, JCF = 3.8 Hz), 129.19, 
130.23, 131.13 (d, JCF = 33.0 Hz), 132.7, 134.1, 135.2, 136.6, 165.7.  

3-chloro-N-[(2,5-dimethylthiophen-3-yl)methyl]benzamide, 
32. Following general procedure A, 3-chlorobenzoyl chloride (62 
mg, 0.39 mmol) was reacted with  (2,5-dimethylthiophen-3-
yl)methanamine (50 mg, 0.35 mmol) giving the product as a white 
solid (74 mg, 79% yield). m.p. 89-90 °C. ν: 3240, 3071, 2916, 1631, 
1549, 1474, 1430, 1357, 1297, 1255, 1212, 1162, 1145, 1077, 1040, 
974, 911, 832, 808, 728, 707, 660 cm-1. 1H NMR (400 MHz, CDCl3) 
δ: 2.38 (s, 6H, —CH3), 4.44 (d, J = 5.2 Hz, 2H, —NH—CH2), 6.26 
(broad s, 1H, NH), 6.58 (s, 1H, CH thiophene), 7.34 (t, J = 7.9 Hz, 
1H, H(5)arom.), 7.45 (ddd, J = 7.9, 2.0, 1.0 Hz, 1H, H(4)arom.), 
7.63 (dt, J = 7.8, 1.3 Hz, 1H, H(6)arom.), 7.75 (t, J = 1.7 Hz, 1H, 
H(2)arom.) 13C NMR (101 MHz, CDCl3) δ: 12.8, 15.1, 37.4, 125.0, 
126.3, 127.3, 129.9, 131.5, 132.8, 133.9, 134.7, 136.2, 136.5, 165.8.  

3-bromo-N-[(2,5-dimethylthiophen-3-yl)methyl]benzamide, 
33. Following general procedure A, 3-fluorobenzoyl chloride (68 
mg, 0.31mmol) was reacted with (2,5-dimethylthiophen-3-yl)meth-
anamine (40 mg, 0.28 mmol) giving the product as a white solid (55 
mg, 60% yield). m.p. 91-92 °C. ν: 3233, 3067, 2948, 1631, 1549, 
1471, 1428, 1357, 1314, 1295, 1255, 1211, 1146, 1072, 1039, 971, 
912, 833, 808, 731, 709 cm-1. 1H NMR (400 MHz, CDCl3) δ: 2.38 
(s, 6H, —CH3), 4.44 (d, J = 5.2 Hz, 2H, —NH—CH2), 6.21 (broad 
s, 1H, NH), 6.58 (s, 1H, CH thiophene), 7.29 (t, J = 7.8 Hz, 1H, 
H(5)arom.), 7.61 (dd, J = 8.0, 2.0 Hz, 1H, H(4)arom.), 7.68 (dd, J 
= 7.8, 1.6 Hz, 1H, H(6)arom.), 7.90 (t, J = 1.7 Hz, 1H, H(2)arom.). 
13C NMR (101 MHz, CDCl3) δ: 12.8, 15.1, 37.4, 122.7, 125.5, 126.3, 
130.1 (2C), 132.8, 133.9, 134.4, 136.4, 136.5, 165.7. 

N-[(2,5-dimethylthiophen-3-yl)methyl]-3-nitrobenzamide, 34. 
Following general procedure A, 3-nitrobenzoyl chloride (72 mg, 
0.39 mmol) was reacted with (2,5-dimethylthiophen-3-



yl)methanamine (50 mg, 0.35 mmol) giving the product as a white 
solid (86 mg, 84% yield). m.p. 156-157 °C. ν: 3233, 3086, 2911, 
1635, 1618, 1580, 1552, 1523, 1474, 1426, 1349, 1322, 1307, 1275, 
1256, 1214, 1145, 1086, 1042, 977, 921, 885, 842, 816, 750, 723, 
712, 702 cm-1. 1H NMR (400 MHz, CDCl3) δ: 2.38 (s, 3H, —CH3),  
2.40 (s, 3H, —CH3), 4.49 (d, J = 5.4 Hz, 2H, —NH—CH2), 6.44 
(broad s, 1H, NH), 6.60 (s, 1H, CH thiophene), 7.63 (t, J = 8.0 Hz, 
1H, H(5)arom.), 8.16 (dt, J = 7.7, 1.2 Hz, 1H, H(6)arom.), 8.34 
(ddd, J = 8.2, 2.0, 0.9 Hz, 1H, H(4)arom.), 8.57 (t, J = 1.8 Hz, 1H, 
H(2)arom.).  13C NMR (101 MHz, CDCl3) δ: 12.8, 15.1, 37.6, 
121.74, 126.1, 126.3, 129.8, 132.5, 133.3, 134.2, 135.9, 136.7, 148.2, 
164.7.  

N-((2,5-dimethylthiophen-3-yl)methyl)-3,4-difluoro-5-(tri-
fluoromethyl)benzamide, 35. Following general procedure C, 3,4-
difluoro-5-(trifluoromethyl)benzoic acid (106 mg, 0.47 mmol) in 
anh. toluene (2.0 mL) and drops of DMF  was reacted with thionyl 
chloride (170 μL, 279 mg, 2.35 mmol). Then, (2,5-dimethylthio-
phen-3-yl)methanamine hydrochloride (100 mg, 0.56 mmol) and 
triethylamine (234 μL, 170 mg, 1.68 mmol) in anh. DCM (1.0 mL), 
were reacted with the crude acyl chloride (115 mg, 0.47 mmol) in 
anh. DCM (1.0 mL) giving the product as a beige solid (38 mg, 23% 
yield). m.p. 130-131 °C. v: 3239, 1647, 1627, 1552, 1504, 1436, 
1371, 1349, 1295, 1276, 1192, 1139, 1042, 1001, 942, 885, 838, 731, 
674 cm−1. 1H NMR (400 MHz, CDCl3) δ: 2.38 (m, 6H, 2’-CH3, 5’-
CH3), 4.44 (d, J = 5.2 Hz, 2H, CH2), 6.34 (broad s, 1H, NH), 6.57 
(s, 1H, 4’-H), 7.78 (m, 1H, 6-H), 7.85 (ddd, J = 9.6 Hz, J’ = 6.9 Hz, 
J’’ = 2.2 Hz, 1H, 2-H). 13C NMR (101 MHz, CDCl3) δ: 12.9 (C2’-
CH3), 15.2 (C5’-CH3), 37.8 (CH2, CH2), 120.5 (2JCF = 18.8 Hz, CH, 
C2), 120.7 (m, CH, C6), 120.8 (qd, 2JCF = 33.9 Hz, 2JCF = 9.6 Hz, C, 
C5), 121.7 (qd, 1JCF = 272.9 Hz, 4JCF = 3.5 Hz, C, CF3), 126.3 (CH, 
C4’), 131.4 (t, 3JCF = 4.8 Hz, C, C1), 132.5 (C, C3’), 134.4 (C, C2’), 
136.9 (C, C5’), 150.2 (dd, 1JCF = 263.7 Hz, 2JCF = 13.7 Hz, C, C3), 
150.8 (dd, 1JCF = 251.1 Hz, 2JCF = 9.6 Hz, C, C4), 163.8 (C, CO). 
HRMS: Calcd for [C15H12F5NOS+H]+: 350.0633, found: 350.0636. 

N-((2,5-dimethylthiophen-3-yl)methyl)-2,3,4-trifluoro-5-(tri-
fluoromethyl)benzamide, 36. Following general procedure C, 
2,3,4-trifluoro-5-(trifluoromethyl)benzoic acid (150 mg, 0.61 
mmol) in anh. toluene (4.0 mL) and drops of DMF was reacted with 
thionyl chloride (445 μL, 726 mg, 6.14 mmol). Then, (2,5-dimethyl-
thiophen-3-yl)methanamine hydrochloride (131 mg, 0.74 mmol) 
and triethylamine (411 μL, 298 mg, 2.95 mmol) in anh. DCM (2.0 
mL) were reacted with the crude acyl chloride (161 mg, 0.61 mmol) 
in anh. DCM (1.0 mL) giving the product as a white solid (110 mg, 
49% yield). m.p. 109-110 °C. v: 3282, 2925, 1644, 1553, 1487, 1369, 
1280, 1205, 1168, 1133, 1054, 994, 905, 721, 709, 672, 632, 574 
cm−1. 1H NMR (400 MHz, CDCl3) δ: 2.39 (m, 6H, 2’-CH3, 5’-CH3), 
4.49 (d, J = 5.3 Hz, 2H, CH2), 6.58 (s, 1H, 4’-H), 6.60 (s, 1H, NH), 
8.23 (td, J = 7.5 Hz, J’ = 1.7 Hz, 1H, 6-H). 13C NMR (101 MHz, 
CDCl3) δ: 13.0 (C2’-CH3), 15.2 (C5’-CH3), 37.8 (CH2, CH2), 
116.8 (m, C, C5), 118.7 (d, 2JCF = 10.1 Hz, C, C1), 121.4 (q, 1JCF = 
272.0 Hz, C, CF3), 123.9 (CH, C6), 126.2 (CH, C4’), 132.3 (C, 
C3’), 134.3 (C, C2’), 136.9 (C, C5’), 140.5 (ddd, 1JCF = 256.5 Hz, 
2JCF = 17.5 Hz, 3JCF = 2.6 Hz, C, C2), 150.9 (dd, 1JCF = 265.7 Hz, 2JCF 
= 12.0 Hz, C, C3), 151.85 (ddd, 1JCF = 259.1 Hz, 2JCF = 11.0 Hz, 3JCF 
= 5.3 Hz, C, C4), 159.9 (C, CO). HRMS: Calcd for 
[C15H11F6NOS+H]+: 368.0538, found: 368.0532. 

3-chloro-N-((2,5-dimethylthiophen-3-yl)methyl)-2-fluoro-5-
(trifluoromethyl)benzamide, 37. Following general procedure C, 
3-chloro-2-fluoro-5-(trifluoromethyl)benzoic acid (68 mg, 0.28 
mmol) in anh. toluene (2.0 mL) and drops of DMF  was reacted with 
thionyl chloride (101 μL, 166 mg, 1.40 mmol). Then, (2,5-dimethyl-
thiophen-3-yl)methanamine hydrochloride (50 mg, 0.28 mmol) 
and triethylamine (117 μL, 85 mg, 0.84 mmol) in anh. DCM (0.5 
mL), were reacted with the crude acyl chloride (73 mg, 0.28 mmol) 
in anh. DCM (0.5 mL) giving the product as a white solid (98 mg, 
95% yield). m.p. 118-119 °C. v: 3285, 2920, 1633, 1544, 1345, 1328, 
1277, 1161, 1144, 1122, 1055, 896, 867, 767, 723, 661, 648, 578 
cm−1. 1H NMR (400 MHz, CDCl3) δ: 2.40 (m, 6H, 2’-CH3, 5’-CH3), 
4.50 (d, J = 5.2 Hz, 2H, CH2), 6.59 (s, 1H, 4’-H), 6.68 (broad s, 1H, 
NH), 7.80 (dd, J = 6.5 Hz, J’ = 2.4 Hz, 1H, 4-H), 8.30 (dd, J = 6.2 
Hz, J’ = 2.5 Hz, 1H, 6-H). 13C NMR (101 MHz, CDCl3) δ: 13.0 
(C2’-CH3), 15.2 (C5’-CH3), 37.9 (CH2, CH2), 122.8 (q, 1JCF = 272.6 
Hz, C, CF3), 123.1 (d, 2JCF = 21.4 Hz, C, C1), 123.6 (d, 2JCF = 13.7 
Hz, C, C3), 126.2 (CH, C4’), 128.1 (m, C, C5), 128.2 (p, 3JCF = 3.6 
Hz, CH, C6), 130.8 (CH, C4), 132.4 (C, C3’), 134.3 (C, C2’), 136.8 
(C, C5’), 157.8 (d, 1JCF = 253.7 Hz, C, C2), 160.8 (d, 3JCF = 3.5 Hz, 
C, CO). HRMS: Calcd for [C15H12ClF4NOS+H]+: 366.0337, 
found: 366.0339. 

3-chloro-N-((2,5-dimethylthiophen-3-yl)methyl)-4-fluoro-5-
(trifluoromethyl)benzamide, 38. Following general procedure C, 
3-chloro-4-fluoro-5-(trifluoromethyl)benzoic acid (68 mg, 0.28 
mmol) in anh. toluene (1.0 mL) and drops of DMF was reacted with 
thionyl chloride (101 μL, 166 mg, 1.40 mmol). Then, (2,5-dimethyl-
thiophen-3-yl)methanamine hydrochloride (50 mg, 0.28 mmol) 
and triethylamine (117 μL, 85 mg, 0.84 mmol) in anh. DCM (0.5 
mL), were reacted with the crude acyl chloride (73 mg, 0.28 mmol) 
in anh. DCM (0.5 mL) giving the product as a white solid (43 mg, 
42% yield). m.p. 133-134 °C. v: 3273, 1636, 1552, 1481, 1417, 1327, 
1317, 1262, 1221, 1140, 1037, 919, 904, 833, 744, 716, 672, 626, 573 
cm−1. 1H NMR (400 MHz, CDCl3) δ: 2.38 (m, 6H, 2’-CH3, 5’-CH3), 
4.44 (dd, J = 5.3 Hz, J’ = 2.0 Hz, 2H, CH2), 6.29 (broad s, 1H, NH), 
6.57 (s, 1H, 4’-H), 7.92 (dd, J = 5.9 Hz, J’ = 2.2 Hz, 1H, 6-H), 8.04 
(dd, J = 6.3 Hz, J’ = 2.2 Hz, 1H, 2-H). 13C NMR (101 MHz, CDCl3) 
δ: 13.0 (C2’-CH3), 15.2 (C5’-CH3), 37.8 (CH2, CH2), 120.2 (qd, 
2JCF = 34.0 Hz, 2JCF = 13.0 Hz, C, C5), 121.8 (q, 1JCF = 273.3 Hz, C, 
CF3), 123.6 (d, 2JCF = 17.6 Hz, C, C3), 124.5 (m, CH, C6), 126.3 
(CH, C4’), 131.4 (d, 4JCF = 4.6 Hz, C, C1), 132.5 (C, C3’), 133.5 
(CH, C2), 134.4 (C, C2’), 136.9 (C, C5’), 157.3 (d, 1JCF = 264.0 Hz, 
C, C4), 163.80 (C, CO). HRMS: Calcd for [C15H12ClF4NOS+H]+: 
366.0337, found: 366.0335. 

2,5-dichloro-N-((2,5-dimethylthiophen-3-yl)methyl)-3-(tri-
fluoromethyl)benzamide, 39. Following general procedure C, 2,5-
dichloro-3-(trifluoromethyl)benzoic acid (122 mg, 0.47 mmol) in 
anh. toluene (2.0 mL) and drops of DMF was reacted with thionyl 
chloride (170 μL, 279 mg, 2.35 mmol). Then, (2,5-dimethylthio-
phen-3-yl)methanamine hydrochloride (100 mg, 0.56 mmol) and 
triethylamine (234 μL, 170 mg, 1.68 mmol) in anh. DCM (1.0 mL) 
were reacted with the crude acyl chloride (130 mg, 0.47 mmol) in 
anh. DCM (1.0 mL) giving the product as a white solid (110 mg, 
49% yield).  m.p. 157-158 °C. v: 3268, 1646, 1544, 1482, 1429, 1316, 
1289, 1258, 1172, 1142, 1051, 886, 830, 742, 711, 689, 830, 576 
cm−1. 1H NMR (400 MHz, CDCl3) δ: 2.39 (m, 6H, 2’-CH3, 5’-CH3), 



4.46 (d, J = 5.2 Hz, 2H, CH2), 6.03 (s, broad, 1H, NH), 6.59 (s, 1H, 
4’-H), 7.67 (d, J = 2.5 Hz, 1H, 2-H), 7.72 (d, J = 2.5 Hz, 1H, 4-H). 
13C NMR (101 MHz, CDCl3) δ: 13.0 (C2’-CH3), 15.2 (C5’-CH3), 
37.7 (CH2, CH2), 121.9 (q, 1JCF = 274.2 Hz, C, CF3), 126.3 (CH, 
C4’), 127.5 (C, C6), 129.2 (q, 3JCF = 5.6 Hz, CH, C4), 130.9 (q, 2JCF 
= 32.0 Hz, C, C5), 132.1 (C, C3’), 132.6 (CH, C2), 133.5 (C, C3), 
134.5 (C, C2’), 136.8 (C, C5’), 139.8 (C, C1), 164.3 (C, CO). 
HRMS: Calcd for [C15H12Cl2F3NOS+H]+: 382.0042, found: 
382.0047.  

N-((2,5-dimethylthiophen-3-yl)methyl)benzamide, 40. Follow-
ing general procedure D, benzoic acid (41 mg, 0.34 mmol) in anh. 
toluene (1.0 mL) and drops of DMF was reacted with thionyl chlo-
ride (245 μL, 402 mg, 3.38 mmol). Then, (2,5-dimethylthiophen-3-
yl)methanamine hydrochloride (50 mg, 0.28 mmol) and triethyla-
mine (118 μL, 85 mg, 0.84 mmol) in anh. DCM (1.0 mL) reacted 
with the crude acyl chloride in anh. DCM (1.0 mL) giving the prod-
uct as a white solid (26 mg, 39% yield). m.p. 98-99 °C. v: 3237, 1627, 
1536, 1490, 1356, 1307, 1253, 1210, 1141, 1038, 961, 931, 830, 807, 
718, 694, 568 cm−1. 1H NMR (400 MHz, CDCl3) δ: 2.38 (s, 6H, 2’-
CH3, 5’-CH3), 4.46 (d, J = 5.2 Hz, 2H, CH2), 6.24 (broad s, 1H, 
NH), 6.60 (m, 1H, 4’-H), 7.42 [m, 2H, 3(5)-H], 7.49 (m, 1H, 4-H), 
7.77 [m, 2H, 2(6)-H]. 13C NMR (101 MHz, CDCl3) δ: 12.9 (C2’-
CH3), 15.2 (C5’-CH3), 37.5 (CH2, CH2), 126.5 (CH, C4’), 127.1 
[CH, C2(6)], 128.7 [CH, C3(5)], 131.6 (CH, C4), 133.3 (C, C3’), 
133.9 (C, C1), 134.5 (C, C2’), 136.5 (C, C5’), 167.3 (C, CO). 
HRMS: Calcd for [C14H15NOS+H]+: 246.0947, found: 246.0944. 

4-chloro-N-((2,5-dimethylthiophen-3-yl)methyl)benzamide, 
41. Following general procedure D, 4-chlorobenzoic acid (53 mg, 
0.34 mmol) in anh. toluene (1.0 mL) and drops of DMF was reacted 
with thionyl chloride (245 μL, 402 mg, 3.38 mmol). Then, (2,5-di-
methylthiophen-3-yl)methanamine hydrochloride (50 mg, 0.28 
mmol) and triethylamine (118 μL, 85 mg, 0.84 mmol) in anh. DCM 
(1.0 mL) reacted with the crude acyl chloride in anh. DCM (1.0 mL) 
giving the product as an off-white solid (59 mg, 75% yield). m.p. 
133-134 °C. v: 3313, 2915, 1715, 1632, 1544, 1486, 1447, 1357, 
1318, 1214, 1090, 1039, 1013, 851, 514, 759, 708, 635, 570 cm−1. 1H 
NMR (400 MHz, CDCl3) δ: 2.37-2.39 (complex signal, 6H, 2’-CH3, 
5’-CH3), 4.44 (d, J = 5.2 Hz, 2H, CH2), 6.19 (broad s, 1H, NH), 6.58 
(q, J = 1.1 Hz, 1H, 4’-H), 7.38 [d, J = 8.8 Hz, 2H, 3(5)-H], 7.70 [d, J 
= 8.8 Hz, 2H, 2(6)-H]. 13C NMR (101 MHz, CDCl3) δ: 13.0 (C2’-
CH3), 15.2 (C5’-CH3), 37.5 (CH2, CH2), 126.4 (CH, C4’), 128.5 
[CH, C2(6)], 128.9 [CH, C3(5)], 132.9 (C, C1), 133.1 (C, C3’), 
134.1 (C, C2’), 136.6 (C, C5’), 137.9 (C, C4), 166.2 (C, CO). 
HRMS: Calcd for [C14H14ClNOS+H]+: 280.0557, found: 280.0558. 

N-((2,5-dimethylthiophen-3-yl)methyl)-4-methylbenzamide, 
42. Following general procedure D, 4-methylbenzoic acid (46 mg, 
0.34 mmol) in anh. toluene (1.0 mL) and drops of DMF was reacted 
with thionyl chloride (245 μL, 402 mg, 3.38 mmol). Then, (2,5-di-
methylthiophen-3-yl)methanamine hydrochloride (50 mg, 0.28 
mmol) and triethylamine (118 μL, 85 mg, 0.84 mmol) in anh. DCM 
(1.0 mL) reacted with the crude acyl chloride in anh. DCM (1.0 mL) 
giving the product as a beige solid (39 mg, 53% yield). m.p. 132-133 
°C. v: 277, 2917, 1631, 1612, 1532, 1501, 1348, 1292, 1279, 1211, 
1187, 1140, 1118, 1062, 1021, 966, 907, 835, 752, 655, 632, 607, 571 
cm−1. 1H NMR (400 MHz, CDCl3) δ: 2.38-2.38 (complex signal, 
9H, 4-CH3, 2’-CH3, 5’-CH3), 4.44 (d, J = 5.2 Hz, 2H, CH2), 6.25 

(broad s, 1H, NH), 6.59 (q, J = 1.2 Hz, 1H, 4’-H), 7.21 [dd, J = 8.6, 
0.7 Hz, 2H, 3(5)-H], 7.66 [d, J = 8.2 Hz, 2H, 2(6)-H]. 13C NMR 
(101 MHz, CDCl3) δ: 12.9 (C2’-CH3), 15.2 (C5’-CH3), 21.5 (C4- 
CH3), 37.4 (CH2, CH2), 126.5 (CH, C4’), 127.0 [CH, C2(6)], 
129.3 [CH, C3(5)], 131.6 (C, C1), 133.5 (C, C3’), 133.8 (C, C2’), 
136.4 (C, C5’), 142.0 (C, C4), 167.2 (C, CO). HRMS: Calcd for 
[C15H17NOS+H]+: 260.1104, found: 260.1109. 

N-((2,5-dimethylthiophen-3-yl)methyl)-4-methoxybenzamide, 
43. Following general procedure D, 4-methoxybenzoic acid (83 mg, 
0.54 mmol) in anh. toluene (1.0 mL) and drops of DMF was reacted 
with thionyl chloride (391 μL, 641 mg, 5.39 mmol). Then, (2,5-di-
methylthiophen-3-yl)methanamine hydrochloride (80 mg, 0.45 
mmol) and triethylamine (211 μL, 152 mg, 1.50 mmol) in anh. 
DCM (1.0 mL) reacted with the crude acyl chloride in anh. DCM 
(1.0 mL) giving the product as a brownish solid (46 mg, 38% yield). 
m.p. 117-118 °C. v: 3309, 2914, 2838, 1633, 1606, 1549, 1504, 1462, 
1317, 1252, 1214, 1174, 1112, 1031, 974, 844, 825, 770, 722, 661, 
632, 606 cm−1. 1H NMR (400 MHz, CDCl3) δ: 2.36-2.39 (complex 
signal, 6H, 2’-CH3, 5’-CH3), 3.83 (s, OCH3), 4.43 (d, J = 5.2 Hz, 2H, 
CH2), 6.17 (broad s, 1H, NH), 6.60 (m, 1H, 4’-H), 6.90 [d, J = 8.8 
Hz, 2H, 3(5)-H], 7.73 [d, J = 8.9 Hz, 2H, 2(6)-H]. 13C NMR (101 
MHz, CDCl3) δ: 12.9 (C2’-CH3), 15.2 (C5’-CH3), 37.4 (CH2, 
CH2), 55.5 (CH3, OCH3), 113.8 [CH, C3(5)], 126.6 (CH, C4’), 
126.8 (C, C1), 128.9 [CH, C2(6)], 133.5 (C, C3’), 133.8 (C, C2’), 
136.4 (C, C5’), 162.3 (C, C4), 166.8 (C, CO). HRMS: Calcd for 
[C15H17NO2S+H]+: 279.1053, found: 279.1059. 

3,4-dichloro-N-((2,5-dimethylthiophen-3-yl)methyl)ben-
zamide, 44. Following general procedure D, 3,4-dichlorobenzoic 
acid (90 mg, 0.47 mmol) in anh. toluene (1.0 mL) and drops of 
DMF was reacted with thionyl chloride (339 μL, 556 mg, 4.67 
mmol). Then, (2,5-dimethylthiophen-3-yl)methenamine hydro-
chloride (70 mg, 0.39 mmol) and triethylamine (164 μL, 118 mg, 
1.17 mmol) in anh. DCM (1.0 mL) reacted with the crude acyl chlo-
ride in anh. DCM (1.0 mL) giving the product as a brownish solid 
(43 mg, 35% yield). m.p. 102-103 °C. v: 3241, 2917, 1634, 1593, 
1538, 1469, 1425, 1375, 1354, 1309, 1251, 1213, 1142, 1131, 1029, 
971, 886, 858, 833, 760, 724, 683, 670, 567 cm−1. 1H NMR (400 
MHz, CDCl3) δ: 2.38 (s, 3H, 2’-CH3), 2.39 (m, 3H, 5’-CH3), 4.43 
(d, J = 5.2 Hz, 2H, CH2), 6.22 (broad s, 1H, NH), 6.58 (d, J = 1.2 
Hz, 1H, 4’-H), 7.48 (d, J = 8.3 Hz, 1H, 5-H), 7.58 (dd, J = 8.3 Hz, J’ 
= 2.1 Hz, 1H, 6-H), 7.85 (d, J = 2.1 Hz, 1H, 2-H). 13C NMR (101 
MHz, CDCl3) δ: 13.0 (C2’-CH3), 15.2 (C5’-CH3), 37.6 (CH2, 
CH2), 126.3 (CH, C6), 126.4 (CH, C4’), 129.3 (CH, C2), 130.8 
(CH, C5), 132.8 (C, C1), 133.2 (C, C3’), 134.2 (C, C2’), 134.3 (C, 
C3), 136.1 (C, C4), 136.7 (C, C5’), 165.1 (C, CO). HRMS: Calcd 
for [C14H13Cl2NOS+H]+: 314.0168, found: 314.0165. 

3-fluoro-N-((5-methylthiophen-3-yl)methyl)-5-(trifluorome-
thyl)benzamide, 45. Following general procedure C, 3-fluoro-5-
(trifluoromethyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene 
(2.0 mL) and drops of DMF  was reacted with thionyl chloride (174 
μL, 285 mg, 2.40 mmol). Then, (5-methylthiophen-3-yl)methana-
mine (73 mg, 0.58 mmol) and triethylamine (162 μL, 118 mg, 1.16 
mmol) in anh. DCM (1.0 mL), were reacted with the crude acyl 
chloride (109 mg, 0.48 mmol) in anh. DCM (1.0 mL) giving the 
product as a yellow solid (30 mg, 20% yield). m.p. 86-87 °C. v: 3274, 
1639, 1603, 1549, 1446, 1357, 1279, 1219, 1181, 1164, 1124, 1094, 



1068, 1006, 952, 885, 835, 779, 710, 964, 626, 584 cm−1. 1H NMR 
(400 MHz, CDCl3) δ: 2.45 (s, 3H, 5’-CH3), 4.53 (d, J = 5.5 Hz, 2H, 
CH2), 6.57 (broad s, 1H, NH), 6.73 (s, 1H, 4’-H), 6.94 (s, 1H, 2’-
H), 7.45 (dt, J = 8.3 Hz, J’ = 1.9 Hz, 1H, 4-H), 7.70 (dt, J = 8.7 Hz, J’ 
= 2.0 Hz, 1H, 2-H), 7.81 (s, 1H, 6-H). 13C NMR (101 MHz, CDCl3) 
δ: 15.4 (C5’-CH3), 39.9 (CH2, CH2), 115.9 (dq, 2JCF = 24.6 Hz, 3JCF 
= 3.7 Hz, CH, C4), 118.1 (d, 2JCF = 22.8 Hz, CH, C2), 119.6 (p, 3JCF 
= 3.7 Hz, CH, C6), 120.8 (CH, C2’), 123.0 (qd, 1JCF = 272.8 Hz, 4JCF 
= 2.9 Hz, C, CF3), 125.7 (CH, C4’), 133.1 (qd, 2JCF = 33.8 Hz, 3JCF = 
7.7 Hz, C, C5), 137.9 (d, 3JCF = 6.9 Hz, C1), 138.0 (C, C3’), 141.5 
(C, C5’), 162.6 (d, 1JCF = 251.1 Hz, C, C3), 164.7 (d, 4JCF = 2.3 Hz, 
C, CO). HRMS: Calcd for [C14H11F4NOS+H]+: 318.0570, found: 
318.0576. 

3-fluoro-N-((2-methylthiophen-3-yl)methyl)-5-(trifluorome-
thyl)benzamide, 46. Following general procedure C, 3-fluoro-5-
(trifluoromethyl)benzoic acid (100 mg, 0.48 mmol)  in anh. toluene 
(2.0 mL) and drops of DMF  was reacted with thionyl chloride (349 
μL, 572 mg, 4.81 mmol). Then, ((2-methylthiophen-3-yl)methana-
mine hydrochloride (95 mg, 0.58 mmol) and triethylamine (323 μL, 
235 mg, 2.32 mmol) in anh. DCM (1.0 mL), were reacted with the 
crude acyl chloride (109 mg, 0.48 mmol) in anh. DCM (1.0 mL) giv-
ing the product as a beige solid (45 mg, 30% yield). m.p. 109-110 °C. 
v: 3325, 3227, 3066, 2923, 1635, 1604, 1539, 1466, 1443, 1364, 
1335, 1283, 1220, 1170, 1122, 1093, 1052, 895, 875, 775, 722, 689, 
654 cm−1. 1H NMR (400 MHz, CDCl3) δ: 2.47 (s, 3H, 2’-CH3), 4.54 
(d, J = 5.3 Hz, 2H, CH2), 6.44 (broad s, 1H, NH), 6.94 (d, J = 5.3 
Hz, 1H, 4’-H), 7.07 (d, J = 5.2 Hz, 1H, 5’-H), 7.45 (d, J = 8.1 Hz, 1H, 
4-H), 7.68 (dt, J = 8.6 Hz, J’ = 2.0 Hz, 1H, 2-H), 7.79 (s, 1H, 6-H). 
13C NMR (101 MHz, CDCl3) δ: 13.1 (C2’-CH3), 37.6 (CH2, CH2), 
115.9 (dq, 2JCF = 24.6 Hz, 3JCF = 3.7 Hz, CH, C4), 118.1 (d, 2JCF = 
22.8 Hz, CH, C2), 119.6 (p, 3JCF = 3.7 Hz, CH, C6), 122.5 (CH, 
C5’), 123.0 (qd, 1JCF = 272.7 Hz, 4JCF = 2.9 Hz, C, CF3), 128.5 (CH, 
C4’), 133.0 (C, C3’), 133.1 (qd, 2JCF = 33.9 Hz, 3JCF = 7.7 Hz, C, C5), 
136.8 (C, C2’), 137.8 (d, 3JCF = 6.9 Hz, C1), 162.6 (d, 1JCF = 251.1 
Hz, C, C3), 164.6 (d, 4JCF = 2.3 Hz, C, CO). HRMS: Calcd for 
[C14H11F4NOS-H]-: 316.0425, found: 316.0431. 

3-fluoro-N-(thiophen-3-ylmethyl)-5-(trifluoromethyl)ben-
zamide, 47. Following general procedure C, 3-fluoro-5-(trifluoro-
methyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene (2.0 mL) 
and drops of DMF  was reacted with thionyl chloride (349 μL, 572 
mg, 4.81 mmol). Then, thiophen-3-ylmethanamine (65 mg, 0.58 
mmol) and triethylamine (323 μL, 235 mg, 2.32 mmol) in anh. 
DCM (1.0 mL), were reacted with the crude acyl chloride (109 mg, 
0.48 mmol) in anh. DCM (1.0 mL) giving the product as an off-
white solid (65 mg, 45% yield). m.p. 75-76 °C. v: 3231, 3103, 2938, 
1642, 1603, 1550, 1469, 1447, 1368, 1348, 1291, 1251, 1219, 1169, 
1130, 1096, 1046, 1010, 945, 925, 886, 784, 691, 635, 563 cm−1. 1H 
NMR (400 MHz, CDCl3) δ: 4.61 (d, J = 5.7 Hz, 2H, CH2), 6.78 
(broad s, 1H, NH), 7.06 (dd, J = 4.9 Hz, J’ = 1.3 Hz, 1H, 4’-H), 7.19 
(m, 1H, 2’-H), 7.31 (dd, J = 5.0 Hz, J’ = 3.0 Hz, 1H, 5’-H), 7.44 (d, J 
= 8.1 Hz, 1H, 4-H), 7.68 (dt, J = 8.7 Hz, J’ = 2.0 Hz, 1H, 2-H), 7.81 
(s, 1H, 6-H). 13C NMR (101 MHz, CDCl3) δ: 39.6 (CH2, CH2), 
115.9 (dq, 2JCF = 24.6 Hz, 3JCF = 3.7 Hz, CH, C4), 118.1 (d, 2JCF = 
22.8 Hz, CH, C2), 119.7 (p, 3JCF = 3.7 Hz, CH, C6), 123.0 (qd, 1JCF 
= 272.8 Hz, 4JCF = 2.9 Hz, C, CF3), 123.1 (CH, C2’), 126.9 (CH, 
C5’), 127.5 (CH, C4’), 133.1 (qd, 2JCF = 33.8 Hz, 3JCF = 7.7 Hz, C, 

C5), 137.8 (d, 3JCF = 6.9 Hz, C1), 138.2 (C, C3’), 162.6 (d, 1JCF = 
251.1 Hz, C, C3), 164.8 (d, 4JCF = 2.3 Hz, C, CO). HRMS: Calcd for 
[C13H9F4NOS-H]-: 302.0268, found: 302.0270. 

3-chloro-N-((5-methylthiophen-3-yl)methyl)-5-(trifluorome-
thyl)benzamide, 48. Following general procedure C, 3-chloro-5-
(trifluoromethyl)benzoic acid (100 mg, 0.45 mmol) in anh. toluene 
(2.0 mL) and drops of DMF  was reacted with thionyl chloride (163 
μL, 268 mg, 2.25 mmol). Then, (5-methylthiophen-3-yl)methana-
mine (68 mg, 0.53 mmol) and triethylamine (148 μL, 107 mg, 1.06 
mmol) in anh. DCM (1.0 mL), were reacted with the crude acyl 
chloride (109 mg, 0.45 mmol) in anh. DCM (1.0 mL) giving the 
product as a pale-yellow solid (87 mg, 58% yield). m.p. 130-131 °C. 
v: 3268, 1632, 1583, 1538, 1437, 1362, 1322, 1275, 1171, 1136, 
1101, 1056, 886, 828, 756, 691, 648, 577, 560 cm−1. 1H NMR (400 
MHz, CDCl3) δ: 2.44 (d, J = 1.1 Hz, 3H, 5’-CH3), 4.51 (d, J = 5.6 
Hz, 2H, CH2), 6.71 (s, 1H, 4’-H), 6.75 (broad s, 1H, NH), 6.92 (s, 
1H, 2’-H), 7.71 (s, 1H, 4-H), 7.91 (s, 1H, 6-H), 7.93 (s, 1H, 2-H). 
13C NMR (101 MHz, CDCl3) δ: 15.4 (C5’-CH3), 39.8 (CH2, CH2), 
120.7 (CH, C2’), 122.3 (q, 3JCF = 3.7 Hz, CH, C6), 123.0 (q, 1JCF = 
273.2 Hz, C, CF3), 125.6 (CH, C4’), 128.4 (q, 3JCF = 3.8 Hz, CH, 
C4), 130.8 (CH, C2), 132.7 (q, 2JCF = 33.6 Hz, C, C5), 135.7 (C, 
C3), 137.1 (C, C1), 138.0 (C, C3’), 141.4 (C, C5’), 164.7 (C, CO). 
HRMS: Calcd for [C14H11ClF3NOS+H]+: 334.0275, found: 
334.0282. 

3-chloro-N-((2-methylthiophen-3-yl)methyl)-5-(trifluorome-
thyl)benzamide, 49. Following general procedure C, 3-chloro-5-
(trifluoromethyl)benzoic acid (100 mg, 0.45 mmol) in anh. toluene 
(2.0 mL) and drops of DMF  was reacted with thionyl chloride (323 
μL, 530 mg, 4.45 mmol). Then, (2-methylthiophen-3-yl)methana-
mine hydrochloride (87 mg, 0.53 mmol) and triethylamine (298 μL, 
217 mg, 2.14 mmol) in anh. DCM (1.0 mL), were reacted with the 
crude acyl chloride (108 mg, 0.45 mmol) in anh. DCM (1.0 mL) giv-
ing the product as a beige solid (81 mg, 55% yield). m.p. 117-118 °C. 
v: 3299, 3082, 2935, 1639, 1540, 1440, 1322, 1279, 1166, 1124, 887, 
827, 770, 745, 721, 690, 658, 611 cm−1. 1H NMR (400 MHz, CDCl3) 
δ: 2.46 (s, 3H, 2’-CH3), 4.53 (d, J = 5.3 Hz, 2H, CH2), 6.55 (broad s, 
1H, NH), 6.93 (d, J = 5.3 Hz, 1H, 4’-H), 7.06 (d, J = 5.2 Hz, 1H, 5’-
H), 7.71 (m, 1H, 4-H), 7.89 (m, 1H, 6-H), 7.91 (t, J = 1.8 Hz, 1H, 2-
H). 13C NMR (101 MHz, CDCl3) δ: 13.1 (C2’-CH3), 37.6 (CH2, 
CH2), 122.3 (q, 3JCF = 3.7 Hz, CH, C6), 122.5 (CH, C5’), 123.0 (q, 
1JCF = 273.1 Hz, C, CF3), 128.4 (q, 3JCF = 3.8 Hz, CH, C4), 128.5 
(CH, C4’), 130.8 (CH, C2), 132.7 (q, 2JCF = 33.6 Hz, C, C5), 133.0 
(C, C3’), 135.7 (C, C3), 136.8 (C, C2’), 137.0 (C, C1), 164.7 (C, 
CO). HRMS: Calcd for [C14H11ClF3NOS-H]-: 332.0129, found: 
332.0134. 

3-chloro-N-(thiophen-3-ylmethyl)-5-(trifluoromethyl)ben-
zamide, 50. Following general procedure C, 3-chloro-5-(trifluoro-
methyl)benzoic acid (100 mg, 0.45 mmol) in anh. toluene (2.0 mL) 
and drops of DMF  was reacted with thionyl chloride (323 μL, 530 
mg, 4.45 mmol). Then, thiophen-3-ylmethanamine (60 mg, 0.53 
mmol) and triethylamine (149 μL, 108 mg, 1.07 mmol) in anh. 
DCM (1.0 mL), were reacted with the crude acyl chloride (108 mg, 
0.45 mmol) in anh. DCM (1.0 mL) giving the product as a white 
solid (72 mg, 51% yield). m.p. 91-92 °C. v: 3246, 3091, 2927, 1635, 
1549, 1429, 1349, 1324, 1284, 1175, 1124, 1050, 1004, 889, 826, 
788, 738, 689, 637, 621 cm−1. 1H NMR (400 MHz, CDCl3) δ: 4.60 



(d, J = 5.6 Hz, 2H, CH2), 6.84 (broad s, 1H, NH), 7.05 (dd, J = 4.9 
Hz, J’ = 1.3 Hz, 1H, 4’-H), 7.18 (m, 1H, 2’-H), 7.30 (dd, J = 5.0 Hz, 
J’ = 3.0 Hz, 1H, 5’-H), 7.71 (m, 1H, 4-H), 7.90 (m, 1H, 6-H), 7.93 
(t, J = 1.8 Hz, 1H, 2-H). 13C NMR (101 MHz, CDCl3) δ: 39.6 (CH2, 
CH2), 122.3 (q, 3JCF = 3.7 Hz, CH, C6), 123.0 (q, 1JCF = 273.2 Hz, C, 
CF3), 123.0 (CH, C2’), 126.8 (CH, C5’), 127.4 (CH, C4’), 128.5 
(q, 3JCF = 3.7 Hz, CH, C4), 130.8 (CH, C2), 132.7 (q, 2JCF = 33.6 Hz, 
C, C5), 135.7 (C, C3), 137.0 (C, C1), 138.2 (C, C3’), 164.8 (C, 
CO). HRMS: Calcd for [C14H11ClF3NOS-H]-: 317.9973, found: 
317.9975. 

3,4-difluoro-N-((5-methylthiophen-3-yl)methyl)-5-(trifluoro-
methyl)benzamide, 51. Following general procedure C, 3,4-
difluoro-5-(trifluoromethyl)benzoic acid (85 mg, 0.38 mmol) in 
anh. toluene (2.0 mL) and drops of DMF was reacted with thionyl 
chloride (276 μL, 452 mg, 3.80 mmol). Then, (5-methylthiophen-3-
yl)methanamine hydrochloride (40 mg, 0.24 mmol)  and triethyla-
mine (175 μL, 127 mg, 1.26 mmol) in anh. DCM (1.0 mL) were re-
acted with the crude acyl chloride in anh. DCM (1.0 mL) giving the 
product as a white solid (59 mg, 72% yield).  m.p. 93-94 °C. v: 3291, 
3095, 2931, 1625, 1605, 1545, 1501, 1435, 1373, 1337, 1273, 1186, 
1156, 1134, 1056, 1000, 966, 904, 895, 838, 772, 746, 739, 672, 641, 
573 cm−1. 1H NMR (400 MHz, CDCl3) δ: 2.45 (d, J = 1.1 Hz, 3H, 
5’-CH3), 4.51 (d, J = 5.6 Hz, 2H, CH2), 6.61 (broad s, 1H, NH), 6.71 
(p, J = 1.1, 1H, 4’-H), 6.93 (m, 1H, 2’-H), 7.80 (m, 1H, 6-H), 7.86 
(ddd, J = 9.6 Hz, J’ = 7.0 Hz, J’’ = 2.2 Hz, 1H, 2-H). 13C NMR (101 
MHz, CDCl3) δ: 15.4 (C5’-CH3), 39.9 (CH2, CH2), 120.6 (d, 2JCF = 
18.6 Hz, CH, C2), 120.7 (m, CH, C6), 120.7 (m, C, C5), 120.8 
(CH, C2’), 121.7 (qd, 1JCF = 273.3 Hz, 3JCF = 3.5 Hz, C, CF3), 125.6 
(CH, C4’), 131.4 (t, 3JCF = 4.8 Hz, C, C1), 137.8 (C, C3’), 141.6 (C, 
C5’), 150.2 (dd, 1JCF = 263.7 Hz, 2JCF  = 13.1 Hz, C, C3), 150.8 (d, 
1JCF = 241.5 Hz, C, C4), 163.9 (C, CO). HRMS: Calcd for 
[C14H10F5NOS-H]-: 334.0330, found: 334.0333. 

3-chloro-4-fluoro-N-((5-methylthiophen-3-yl)methyl)-5-(tri-
fluoromethyl)benzamide, 52. Following general procedure C, 3-
chloro-4-fluoro-5-(trifluoromethyl)benzoic acid (92 mg, 0.38 
mmol) in anh. toluene (2.0 mL) and drops of DMF was reacted with 
thionyl chloride (276 μL, 452 mg, 3.80 mmol). Then, (5-methylthi-
ophen-3-yl)methanamine hydrochloride (40 mg, 0.24 mmol) and 
triethylamine (175 μL, 127 mg, 1.26 mmol) in anh. DCM (1.0 mL) 
were reacted with the crude acyl chloride in anh. DCM (1.0 mL) giv-
ing the product as a white solid (56 mg, 65% yield). m.p. 127-128 
°C. v: 3273, 3097, 2928, 1631, 1543, 1477, 1374, 1337, 1318, 1274, 
1218, 1177, 1153, 1055, 1000, 967, 894, 832, 744, 684, 668, 638, 569 
cm−1. 1H NMR (400 MHz, CDCl3) δ: 2.45 (d, J = 1.1 Hz, 3H, 5’-
CH3), 4.51 (d, J = 5.5 Hz, 2H, CH2), 6.57 (broad s, 1H, NH), 6.71 
(p, J = 1.1 Hz, 1H, 4’-H), 6.93 (m, 1H, 2’-H), 7.93 (dd, J = 5.9 Hz, J’ 
= 1.5 Hz, 1H, 6-H), 8.05 (dd, J = 6.4 Hz, J’ = 2.2 Hz, 1H, 2-H). 13C 
NMR (101 MHz, CDCl3) δ: 15.4 (C5’-CH3), 39.9 (CH2, CH2), 
120.1 (qd, 2JCF = 34.1 Hz, 2JCF = 13.0 Hz, C, C5), 120.9 (CH, C2’), 
121.7 (1JCF = 273.0 Hz, C, CF3), 123.6 (d, 2JCF = 17.6 Hz, C, C3), 
124.5 (m, C, C6), 125.6 (CH, C4’), 131.4 (d, 4JCF = 4.6 Hz, C, C1), 
133.5 (C, C2), 137.8 (C, C3’), 141.6 (C, C5’), 157.4 (d, 1JCF = 264.3 
Hz, C, C4), 163.9 (C, CO). HRMS: Calcd for [C14H10ClF4NOS-H]-

: 350.0035, found: 350.0043. 

2,5-dichloro-N-((5-methylthiophen-3-yl)methyl)-3-(trifluoro-
methyl)benzamide, 53. Following general procedure C, 2,5-

dichloro-3-(trifluoromethyl)benzoic acid (98 mg, 0.38 mmol) in 
anh. toluene (2.0 mL) and drops of DMF was reacted with thionyl 
chloride (276 μL, 452 mg, 3.80 mmol). Then, (5-methylthiophen-3-
yl)methanamine hydrochloride (40 mg, 0.24 mmol) and triethyla-
mine (175 μL, 127 mg, 1.26 mmol) in anh. DCM (1.0 mL) were re-
acted with the crude acyl chloride in anh. DCM (1.0 mL) giving the 
product as a white solid (45 mg, 50% yield). m.p. 152-153 °C. v: 
3326, 3091, 2924, 1651, 1537, 1426, 1331, 1294, 1259, 1220, 1172, 
1138, 1043, 1008, 891, 824, 735, 697, 638, 601, 583 cm−1. 1H NMR 
(400 MHz, CDCl3) δ: 2.47 (d, J = 1.1 Hz, 3H, 5’-CH3), 4.55 (d, J = 
5.5 Hz, 2H, CH2), 6.22 (broad s, 1H, NH), 6.75 (p, J = 1.2 Hz, 1H, 
4’-H), 6.96 (m, 1H, 2’-H), 7.68 (d, J = 2.6 Hz, 1H, 2-H), 7.73 (d, J = 
2.6 Hz, 1H, 4-H). 13C NMR (101 MHz, CDCl3) δ: 15.5 (C5’-CH3), 
39.9 (CH2, CH2), 120.9 (CH, C2’), 121.9 (q, 1JCF = 273.2 Hz, C, 
CF3), 125.6 (CH, C4’), 127.5 (C, C6), 129.2 (q, 3JCF = 5.6 Hz, CH, 
C4), 130.9 (q, 2JCF = 32.0 Hz, C, C5), 132.6 (CH, C2), 133.6 (C, 
C3), 137.5 (C, C3’), 139.8 (C, C1), 141.6 (C, C5’), 164.4 (C, CO). 
HRMS: Calcd for [C14H10Cl2F3NOS+H]+: 367.9885, found: 
367.9879. 

N-((2,5-dimethylfuran-3-yl)methyl)-3-fluoro-5-(trifluorome-
thyl)benzamide, 54. Following general procedure C, 3-fluoro-5-
(trifluoromethyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene 
(2.0 mL) and drops of DMF  was reacted with thionyl chloride (349 
μL, 572 mg, 4.81 mmol). Then, (2,5-dimethylfuran-3-yl)methana-
mine (72 mg, 0.58 mmol) and triethylamine (323 μL, 235 mg, 2.32 
mmol) in anh. DCM (1.0 mL), were reacted with the crude acyl 
chloride (109 mg, 0.48 mmol) in anh. DCM (1.0 mL) giving the 
product as a white solid (46 mg, 30% yield). m.p. 71-72 °C. v: 3312, 
3095, 2921, 1647, 1604, 1557, 1443, 1348, 1294, 1249, 1174, 1142, 
1094, 1038, 926, 887, 803, 753, 691, 621 cm−1. 1H NMR (400 MHz, 
CDCl3) δ: 2.22 (s, 3H, 5’-CH3), 2.25 (s, 3H, 2’-CH3), 4.33 (d, J = 5.2 
Hz, 2H, CH2), 5.89 (s, 1H, 4’-H), 6.35 (broad s, 1H, NH), 7.44 (m, 
1H, 4-H), 7.67 (dt, J = 8.7 Hz, J’ = 2.1 Hz, 1H, 2-H), 7.78 (s, 1H, 6-
H). 13C NMR (101 MHz, CDCl3) δ: 11.6 (C2’-CH3), 13.5 (C5’-
CH3), 35.7 (CH2, CH2), 106.9 (CH, C4’), 115.8 (C, C3’), 115.8 
(dq, 2JCF = 24.6 Hz, 3JCF = 3.8 Hz, CH, C4), 118.0 (d, 2JCF = 22.8 Hz, 
CH, C2), 119.6 (p, 3JCF = 3.7 Hz, CH, C6), 123.0 (qd, 1JCF = 272.8 
Hz, 4JCF = 2.9 Hz, C, CF3), 133.1 (qd, 2JCF = 33.7 Hz, 3JCF = 7.6 Hz, C, 
C5), 137.9 (d, 3JCF = 6.8 Hz, C1), 147.7 (C, C2’), 150.5 (C, C5’), 
162.6 (d, 1JCF = 251.0 Hz, C, C3), 164.7 (4JCF = 2.3 Hz, C, CO). 
HRMS: Calcd for [C15H13F4NO2-H]-: 314.0810, found: 314.0819. 

3-chloro-N-((2,5-dimethylfuran-3-yl)methyl)-5-(trifluorome-
thyl)benzamide, 55. Following general procedure C, 3-chloro-5-
(trifluoromethyl)benzoic acid (100 mg, 0.45 mmol)  in anh. toluene 
(2.0 mL) and drops of DMF  was reacted with thionyl chloride (323 
μL, 530 mg, 4.45 mmol). Then, (2,5-dimethylfuran-3-yl)methana-
mine (67 mg, 0.53 mmol) and triethylamine (147 μL, 107 mg, 1.06 
mmol) in anh. DCM (1.0 mL), were reacted with the crude acyl 
chloride (109 mg, 0.45 mmol) in anh. DCM (1.0 mL) giving the 
product as a pale-yellow solid (86 mg, 58% yield). m.p. 88-89 °C. v: 
3304, 3079, 2922, 2441, 1636, 1542, 1428, 1321, 1289, 1174, 1129, 
1031, 924, 889, 794, 691, 624 cm−1. 1H NMR (400 MHz, CD3OD) 
δ: 2.17 (s, 3H, 5’-CH3), 2.24 (s, 3H, 2’-CH3), 4.26 (s, 2H, CH2), 5.92 
(s, 1H, 4’-H), 7.85 (m, 1H, 4-H), 8.06 (m, 1H, 6-H), 8.08 (m, 1H, 
2-H). 13C NMR (101 MHz, CD3OD) δ: 11.4 (C2’-CH3), 13.3 (C5’-
CH3), 35.9 (CH2, CH2), 108.1 (CH, C4’), 117.8 (C, C3’), 123.7 (q, 



3JCF = 3.9 Hz, CH, C6), 124.5 (q, 1JCF = 272.0 Hz, C, CF3), 129.1 (q, 
3JCF = 3.8 Hz, CH, C4), 132.2 (CH, C2), 133.5 (q, 2JCF = 33.3 Hz, C, 
C5), 136.5 (C, C3), 138.7 (C, C1), 148.3 (C, C2’), 150.9 (C, C5’), 
166.5 (C, CO). HRMS: Calcd for [C15H13ClF3NO2-H]-: 330.0514, 
found: 330.0519. 

3-fluoro-N-(furan-3-ylmethyl)-5-(trifluoromethyl)benzamide, 
56. Following general procedure D, 3-fluoro-5-(trifluorome-
thyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene (2.0 mL) 
and drops of DMF  was reacted with thionyl chloride (346 μL, 567 
mg, 4.81 mmol). Then, furan-3-ylmethanamine (51 mg, 0.53 mmol) 
and triethylamine (268 μL, 194 mg, 1.92 mmol) in anh. DCM (1.0 
mL), were reacted with the crude acyl chloride in anh. DCM (1.0 
mL) giving the product as a reddish syrup (67 mg, 49% yield). v: 
3295, 3087, 1645, 1604, 1544, 1467, 1445, 1341, 1285, 1249, 1219, 
1171, 1128, 1093, 1021, 967, 925, 884, 874, 768, 692, 619, 599 cm−1. 
1H NMR (400 MHz, CDCl3) δ: 4.50 (d, J = 5.5 Hz, 2H, CH2), 6.38 
(broad s, 1H, NH), 6.43 (m, 1H, 4’-H), 7.42 (t, J = 1.7 Hz, 1H, 2’-
H), 7.45-7.48 (complex signal, 2H, 4-H, 5’-H), 7.69 (dt, J = 8.6 Hz, 
J’ = 2.0 Hz, 1H, 2-H), 7.79 (s, 1H, 6-H). 13C NMR (101 MHz, 
CDCl3) δ: 35.4 (CH2, CH2), 110.4 (CH, C4’), 116.0 (dq, 2JCF = 24.4 
Hz, 3JCF = 3.7 Hz, CH, C4), 118.1 (d, 2JCF = 22.9 Hz, CH, C2), 119.6 
(p, 3JCF = 3.8 Hz, CH, C6), 121.6 (C, C3’), 123.0 (q, 1JCF = 271.5 Hz, 
C, CF3), 133.2 (qd, 2JCF = 33.9 Hz, 3JCF = 7.3 Hz, C, C5), 137.8 (d, 
3JCF = 6.8 Hz, C, C1), 140.7 (CH, C5’), 143.9 (CH, C2’), 162.7 (d, 
1JCF = 251.2 Hz, C, C3), 164.8 (C, CO). HRMS: Calcd for 
[C13H9F4NO2-H]-: 286.0497, found: 286.0494. 

3-fluoro-N-(thiazol-5-ylmethyl)-5-(trifluoromethyl)benzamide, 
57. Following general procedure D, 3-fluoro-5-(trifluorome-
thyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene (2.0 mL) 
and drops of DMF  was reacted with thionyl chloride (279 μL, 457 
mg, 3.84 mmol). Then, thiazol-5-ylmethanamine (60 mg, 0.53 
mmol) and triethylamine (268 μL, 194 mg, 1.92 mmol) in anh. 
DCM (1.0 mL), were reacted with the crude acyl chloride in anh. 
DCM (1.0 mL) giving the product as a reddish syrup (51 mg, 35% 
yield). v: 3269, 3080, 1646, 1604, 1543, 1520, 1467, 1446, 1408, 
1348, 1280, 1220, 1169, 1126, 1093, 1039, 1003, 926, 881, 797, 752, 
692, 633, 601 cm−1. 1H NMR (400 MHz, CDCl3) δ: 4.86 (dd, J = 5.9 
Hz, J’ = 0.9 Hz, 2H, CH2), 6.85 (broad m, 1H, NH), 7.48 (dt, J = 8.0 
Hz, J’ = 1.7 Hz, 1H, 4-H), 7.72 (dt, J = 8.5 Hz, J’ = 2.1 Hz, 1H, 2-H), 
7.81 (d, J = 0.8 Hz, 1H, 4’-H), 7.82 (s, 1H, 6-H), 8.76 (s, 1H, 2’-H). 
13C NMR (101 MHz, CDCl3) δ: 36.3 (CH2, CH2), 116.3 (dq, 2JCF = 
24.4 Hz, 3JCF = 3.7 Hz, CH, C4), 118.2 (d, 2JCF = 23.0 Hz, CH, C2), 
119.7 (p, 3JCF = 3.7 Hz, CH, C6), 122.9 (q, 1JCF = 272.7 Hz, C, CF3), 
133.3 (qd, 2JCF = 34.0 Hz, 3JCF = 7.7 Hz, C, C5), 135.0 (C, C5’), 137.2 
(d, 3JCF = 6.9 Hz, C, C1), 142.5 (CH, C4’), 154.1 (CH, C2’), 162.7 
(d, 1JCF = 251.5 Hz, C, C3), 164.8 (C, CO). HRMS: Calcd for 
[C12H8F4N2OS+H]+: 285.0304, found: 285.0312. 

3-fluoro-N-(isoxazol-3-ylmethyl)-5-(trifluoromethyl)ben-
zamide, 58. Following general procedure D, 3-fluoro-5-(trifluoro-
methyl)benzoic acid (78 mg, 0.37 mmol) in anh. toluene (1.5 mL) 
and drops of DMF  was reacted with thionyl chloride (272 μL, 446 
mg, 3.75 mmol). Then, isoxazol-3-ylmethylamine (37 mg, 0.37 
mmol) and triethylamine (209 μL, 152 mg, 1.50 mmol) in anh. 
DCM (1.0 mL), were reacted with the crude acyl chloride in anh. 
DCM (1.0 mL) giving the product as a brownish solid (34 mg, 32% 
yield). m.p. 110-111 °C. v: 267, 3114, 1670, 1630, 1606, 1573, 1550, 

1501, 1467, 1438, 1422, 1354, 1293, 1245, 1222, 1162, 1128, 1093, 
1059, 1044, 1020, 1003, 938, 888, 862, 795, 713, 692, 651, 592, 555 
cm−1. 1H NMR (400 MHz, CDCl3) δ: 4.77 (d, J = 5.6 Hz, 2H, CH2), 
6.43 (d, J = 1.7 Hz, 1H, 4’-H), 6.97 (broad s, 1H, NH), 7.49 (m, 1H, 
4-H), 7.74 (dt, J = 8.5 Hz, J’ = 1.8 Hz, 1H, 2-H), 7.86 (s, 1H, 6-H), 
8.41 (d, J = 1.6 Hz, 1H, 5’-H). 13C NMR (101 MHz, CDCl3) δ: 36.3 
(CH2, CH2), 104.1 (CH, C4’), 116.3 (dq, 2JCF = 24.6 Hz, 3JCF = 3.8 
Hz, CH, C4), 118.2 (d, 2JCF = 22.9 Hz, CH, C2), 119.8 (p, 3JCF = 3.8 
Hz, CH, C6), 122.9 (q, 1JCF = 272.7 Hz, C, CF3), 133.3 (qd, 2JCF = 
34.0 Hz, 3JCF = 7.7 Hz, C, C5), 137.2 (d, 3JCF = 6.9 Hz, C, C1), 159.4 
(CH, C5’), 159.7 (C, C3’), 162.7 (d, 1JCF = 251.3 Hz, C, C3), 165.0 
(C, CO). HRMS: Calcd for [C12H8F4N2O2-H]-: 287.0449, found: 
287.0446. 

3-fluoro-N-(pyridin-4-ylmethyl)-5-(trifluoromethyl)ben-
zamide, 59. Following general procedure D, 3-fluoro-5-(trifluoro-
methyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene (2.0 mL) 
and drops of DMF  was reacted with thionyl chloride (346 μL, 567 
mg, 4.81 mmol). Then, pyridin-4-ylmethanamine (54 μL, 57 mg, 
0.53 mmol) and triethylamine (268 μL, 194 mg, 1.92 mmol) in anh. 
DCM (1.0 mL), were reacted with the crude acyl chloride in anh. 
DCM (1.0 mL) giving the product as a pale-yellow syrup (81 mg, 
57% yield). v: 3282, 3061, 1650, 1602, 1543, 1467, 1445, 1417, 
1351, 1325, 1283, 1219, 1169, 1126, 1094, 1059, 1002, 928, 883, 
799, 754, 691, 615 cm−1. 1H NMR (400 MHz, CDCl3) δ: 4.65 (d, J = 
6.0 Hz, 2H, CH2), 7.12 (broad s, 1H, NH), 7.23 [d, J = 6.1 Hz, 2H, 
2’(6’)-H], 7.49 (m, 1H, 4-H), 7.76 (dt, J = 8.6 Hz, J’ = 2.1 Hz, 1H, 2-
H), 7.86 (s, 1H, 6-H), 8.53 [d, J = 6.1 Hz, 2H, 3’(5’)-H]. 13C NMR 
(101 MHz, CDCl3) δ: 43.2 (CH2, CH2), 116.3 (dq, 2JCF = 24.3 Hz, 
3JCF = 3.7 Hz, CH, C4), 118.3 (d, 2JCF = 22.8 Hz, CH, C2), 119.7 (p, 
3JCF = 4.0 Hz, CH, C6), 122.6 [CH, C2’(6’)], 122.9 (qd, 1JCF = 272.9 
Hz, 3JCF = 2.9 Hz, C, CF3), 133.3 (qd, 2JCF = 33.7 Hz, 3JCF = 7.6 Hz, C, 
C5), 137.3 (d, 3JCF = 6.7 Hz, C, C1), 146.9 (C, C1’), 150.2 [CH, 
C3’(5’)], 162.7 (d, 1JCF = 251.5 Hz, C, C3), 165.2 (d, 4JCF = 2.4 Hz, 
C, CO). HRMS: Calcd for [C14H10F4N2O+H]+: 299.0802, found: 
299.0805. 

N-((1H-pyrazol-3-yl)methyl)-3-fluoro-5-(trifluoromethyl)ben-
zamide, 60. Following general procedure D, 3-fluoro-5-(trifluoro-
methyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene (2.0 mL) 
and drops of DMF  was reacted with thionyl chloride (279 μL, 457 
mg, 3.84 mmol). Then, (1H-pyrazol-3-yl)methanamine (51 mg, 
0.53 mmol) and triethylamine (201 μL, 146 mg, 1.44 mmol) in anh. 
DCM (1.0 mL), were reacted with the crude acyl chloride in anh. 
DCM (1.0 mL) giving the product as a pale-yellow solid (75 mg, 
54% yield). m.p. 130-131 °C. v: 3197, 3069, 2945, 1645, 1599, 1556, 
1471, 1441, 1428, 1343, 1297, 1240, 1212, 1174, 1131, 1096, 1051, 
1035, 1002, 921, 692, 859, 790, 765, 748, 716, 664, 615 cm−1. 1H 
NMR (400 MHz, CDCl3) δ: 4.70 (d, J = 5.6 Hz, 2H, CH2), 6.30 (d, 
J = 2.2 Hz, 1H, 4’-H), 7.31 (broad s, 1H, NH), 7.45 (m, 1H, 4-H), 
7.54 (d, J = 2.2 Hz, 1H, 5’-H), 7.74 dt, J = 9.2 Hz, J’ = 2.2 Hz, 1H, 2-
H), 7.85 (td, J = 1.6 Hz, J’ = 0.8 Hz, 1H, 6-H). 13C NMR (101 MHz, 
CDCl3) δ: 37.1 (CH2, CH2), 104.5 (CH, C4’), 115.8 (dq, 2JCF = 24.5 
Hz, 3JCF = 4.0 Hz, CH, C4), 118.1 (d, 2JCF = 22.9 Hz, CH, C2), 119.7 
(m, CH, C6), 122.8 (qd, 1JCF = 270.5 Hz, 3JCF = 2.8 Hz, C, CF3), 
132.3 (CH, C5’), 132.9 (qd, 2JCF = 33.9 Hz, 3JCF = 7.5 Hz, C, C5), 
137.4 (d, 3JCF = 6.9 Hz, C, C1), 146.3 (C, C3’), 162.4 (d, 1JCF = 250.9 



Hz, C, C3), 165.0 (d, J = 2.2 Hz, C, CO). HRMS: Calcd for 
[C12H9F4N3O-H]-: 286.0609, found: 286.0605. 

3-fluoro-N-(oxazol-4-ylmethyl)-5-(trifluoromethyl)benzamide, 
61. Following general procedure D, 3-fluoro-5-(trifluorome-
thyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene (2.0 mL) 
and drops of DMF  was reacted with thionyl chloride (279 μL, 457 
mg, 3.84 mmol). Then, oxazol-4-ylmethanamine hydrochloride (71 
mg, 0.53 mmol) and triethylamine (268 μL, 194 mg, 1.92 mmol)  in 
anh. DCM (1.0 mL), were reacted with the crude acyl chloride in 
anh. DCM (1.0 mL) giving the product as a yellowish solid (107 mg, 
77% yield). m.p. 99-100 °C. v: 3272, 3117, 1659, 1608, 1547, 1506, 
1470, 1442, 1427, 1348, 1328, 1295, 1280, 1247, 1232, 1210, 1171, 
1122, 1095, 1068, 1045, 1004, 968, 923, 916, 881, 859, 796, 774, 
748, 690, 664, 621 cm−1. 1H NMR (400 MHz, CDCl3) δ: 4.56 (d, J = 
5.1 Hz, 2H, CH2), 7.28 (broad s, 1H, NH), 7.43 (m, 1H, 4-H), 7.68-
7.72 (complex signal, 2H, 2-H, 2’-H), 7.82 (s, 1H, 6-H), 7.86 (s, 1H, 
5’-H). 13C NMR (101 MHz, CDCl3) δ: 35.8 (CH2, CH2), 116.0 (dq, 
2JCF = 24.5 Hz, 3JCF = 3.9 Hz, CH, C4), 118.2 (d, 2JCF = 22.7 Hz, CH, 
C2), 119.8 (p, 3JCF = 3.7 Hz, CH, C6), 122.9 (qd, 1JCF = 273.0 Hz, 
3JCF = 3.1 Hz, C, CF3), 133.1 (qd, 2JCF = 33.8 Hz, 3JCF = 7.7 Hz, C, 
C5), 136.4 (CH, C2’), 136.4 (CH, C3’), 137.5 (d, 3JCF = 6.9 Hz, C, 
C1), 151.6 (CH, C5’), 162.6 (d, 1JCF = 251.0 Hz, C, C3), 164.9 (d, 
4JCF = 2.4 Hz, C, CO). HRMS: Calcd for [C12H8F4N2O2-H]-: 
287.0449, found: 287.0445. 

3-fluoro-N-(thiazol-4-ylmethyl)-5-(trifluoromethyl)benzamide, 
62. Following general procedure D, 3-fluoro-5-(trifluorome-
thyl)benzoic acid (100 mg, 0.48 mmol) in anh. toluene (2.0 mL) 
and drops of DMF  was reacted with thionyl chloride (279 μL, 457 
mg, 3.84 mmol). Then, thiazol-4-ylmethanamine dihydrochloride 
(99 mg, 0.53 mmol) and triethylamine (268 μL, 194 mg, 1.92 mmol) 
in anh. DCM (1.0 mL), were reacted with the crude acyl chloride in 
anh. DCM (1.0 mL) giving the product as a white solid (61 mg, 42% 
yield). m.p, 98-99 °C. v: 3268, 3138, 3069, 1664, 1611, 1543, 1520, 
1471, 1428, 1407, 1348, 1289, 1247, 1209, 1170, 1123, 1093, 1041, 
1002, 943, 921, 882, 859, 825, 765, 750, 729, 689, 643, 584 cm−1. 1H 
NMR (400 MHz, CDCl3) δ: 4.77 (dd, J = 5.5 Hz, J’ = 0.7 Hz, 2H, 
CH2), 7.31 (dt, J = 2.0 Hz, J’ = 0.8 Hz, 1H, 2’-H), 7.40 (broad m, 1H, 
NH), 7.43 (m, 1H, 4-H), 7.72 (dt, J = 8.7 Hz, J’ = 2.1 Hz, 1H, 2-H), 
7.84 (td, J = 1.6 Hz, J’ = 0.8 Hz, 1H, 6-H), 8.77 (d, J = 2.0 Hz, 1H, 5’-
H). 13C NMR (101 MHz, CDCl3) δ: 40.1 (CH2, CH2), 115.9 (dq, 
2JCF = 24.8 Hz, 3JCF = 3.7 Hz, CH, C4), 116.1 (CH, C2’), 118.2 (d, 
2JCF = 22.7 Hz, CH, C2), 119.8 (p, 3JCF = 3.6 Hz, CH, C6), 123.0 (qd, 
1JCF = 272.7 Hz, 3JCF = 2.8 Hz, C, CF3), 133.1 (qd, 2JCF = 33.9 Hz, 3JCF 
= 7.7 Hz, C, C5), 137.6 (d, 3JCF = 6.8 Hz, C, C1), 153.0 (C, C3’), 
153.7 (CH, C5’), 162.6 (d, 1JCF = 251.0 Hz, C, C3), 164.8 (d, 4JCF = 
2.4 Hz, C, CO). Anal. calcd for C12H8F4N2OS: C 47.37, H 2.65, N 
9.21. HRMS: Calcd for [C12H8F4N2OS-H]-: 303.0221, found: 
303.0219. 

(2,5-dimethylthiophen-3-yl)methyl 3-fluoro-5-(trifluorome-
thyl)benzoate, 63. To a solution of (2,5-dimethylthiophen-3-
yl)methanol (88 mg, 0.62 mmol), EDC·HCl (178 mg, 0.93 mmol) 
and DMAP (30 mg, 0.25 mmol) in anh. DCM (2.0 mL), 3-fluoro-5-
(trifluoromethyl)benzoic acid (155 mg, 0.74 mmol) was added un-
der Ar atmosphere and the mixture was stirred at RT for 16 h. Then, 
DCM (10 mL) was added and the mixture was washed with brine (2 
x 20 mL). The organic layer was dried over anh. Na2SO4, filtered and 

concentrated in vacuo. The resulting crude was purified by column 
chromatography in silica gel (using as eluent mixtures of EtOAc in 
hexane from 0% to 10%) to obtain the product as a colorless oil (96 
mg, 47% yield). v: 2923, 1727, 1606, 1453, 1363, 1347, 1249, 1238, 
1202, 1171, 1131, 1103, 1091, 959, 906, 887, 828, 768, 692, 582 
cm−1. 1H NMR (400 MHz, CDCl3) δ: 2.42 (m, 3H, 5’-CH3), 2.46 (s, 
3H, 2’-CH3), 5.24 (s, 2H, CH2), 6.69 (d, J = 1.2 Hz, 1H, 4’-H), 7.51 
(dddd, J = 8.1 Hz, J’ = 2.5 Hz, J’’ = 1.6 Hz, J’’’ = 0.7 Hz, 1H, 4-H), 
7.91 (ddd, J = 8.7 Hz, J’ = 2.6 Hz, J’’ = 1.4 Hz, 1H, 2-H), 8.11 (s, 1H, 
6-H). 13C NMR (101 MHz, CDCl3) δ: 13.0 (C2’-CH3), 15.2 (C5’-
CH3), 61.0 (CH2, CH2), 117.3 (dq, 2JCF = 24.6 Hz, 3JCF = 3.7 Hz, CH, 
C4), 120.2 (d, 2JCF = 23.0 Hz, CH, C2), 122.5 (p, 3JCF = 3.9 Hz, CH, 
C6), 123.0 (qd, 1JCF = 272.8 Hz, 4JCF = 2.9 Hz, C, CF3), 126.9 (CH, 
C4’), 131.0 (C, C3’), 133.0 (qd, 2JCF = 33.9 Hz, 3JCF = 7.5 Hz, C, C5), 
133.7 (d, 3JCF = 7.6 Hz, C1), 136.5 (C, C2’), 136.8 (C, C5’), 162.4 
(d, 1JCF = 250.4 Hz, C, C3), 164.2 (d, 4JCF = 2.3 Hz, C, CO). HRMS: 
Calcd for [C15H12F4O2S+Na]+: 355.0386, found: 355.0389. 

1-(2,5-dimethylthiophen-3-yl)-N-(3-fluoro-5-(trifluorome-
thyl)benzyl)methanamine, 64. To a solution 1-(bromomethyl)-3-
fluoro-5-(trifluoromethyl)benzene (50 mg, 0.19 mmol) and tri-
ethylamine (81 μL, 59 mg, 0.58 mmol) in DMF (1.0 mL) was added 
(2,5-dimethylthiophen-3-yl)methanamine hydrochloride (35 mg, 
0.19 mmol) and the mixture was kept under stirring at RT for 16 h. 
Water (15 mL) followed by EtOAc (10 mL) were added and the 
mixture was extracted. The organic layer was washed again with 
brine (15 mL) and then it was dried over anh. Na2SO4 and filtered. 
Solvents were concentrated in vacuo and the resulting crude was pu-
rified by column chromatography in silica gel (using as eluent mix-
tures of EtOAc in hexane from 0% to 15%) to afford the product as 
a colorless oil (27 mg, 45% yield). v: 2921, 2860, 1605, 1452, 1342, 
1227, 1166, 1125, 1091, 975, 869, 830, 761, 721, 698, 712 cm−1. 1H 
NMR (400 MHz, CDCl3) δ: 2.30 (s, 3H, 2’-CH3), 2.40 (m, 3H, 5’-
CH3), 3.62 (s, 2H, thio-CH2), 3.84 (s, 2H, aryl-CH2), 6.59 (q, J = 1.2 
Hz, 1H, 4’-H), 7.20 (m, 1H, 4-H), 7.29 (dddd, J = 9.4 Hz, J’ = 2.6 
Hz, J’’ = 1.4 Hz, J’’’ = 0.7 Hz, 1H, 2-H), 7.41 (tq, J = 1.5 Hz, J’ = 0.7 
Hz, 1H, 6-H). 13C NMR (101 MHz, CDCl3) δ: 12.9 (C2’-CH3), 15.2 
(C5’-CH3), 46.1 (CH2, thio-CH2), 52.3 (CH2, aryl-CH2), 111.4 (dq, 
2JCF = 24.6 Hz, 3JCF = 3.8 Hz, CH, C4), 118.4 (d, 2JCF = 21.3 Hz, CH, 
C2), 120.6 (p, 3JCF = 3.6 Hz, CH, C6), 123.5 (qd, 1JCF = 272.5 Hz, 
3JCF = 3.1 Hz, C, CF3), 126.7 (CH, C4’), 132.4 (qd, 2JCF = 33.0 Hz, 
3JCF = 8.1 Hz, C, C5), 132.9 (C, C3’), 135.4 (C, C2’),, 136.0 (C, C5’), 
144.8 (d, 3JCF = 7.1 Hz, C, C1), 162.7 (d, 1JCF = 248.2 Hz, C, C3). 
HRMS: Calcd for [C15H15F4NS+H]+: 318.0934, found: 318.0934.  

N-(3-fluoro-5-(trifluoromethyl)benzyl)-2,5-dimethylthio-
phene-3-carboxamide, 65. Following general procedure D, 2,5-di-
methylthiophene-3-carboxylic acid (100 mg, 0.64 mmol) in anh. tol-
uene (3.0 mL) and drops of DMF was reacted with thionyl chloride 
(279 μL, 457 mg, 3.84 mmol). Then, (3-fluoro-5-(trifluorome-
thyl)phenyl)methanamine (148 mg, 0.77 mmol) and triethylamine 
(268 μL, 194 mg, 1.92 mmol) in anh. DCM (2.0 mL) reacted with 
the crude acyl chloride in anh. DCM (1.0 mL) giving the product as 
a beige solid (85 mg, 40% yield). m.p. 105-106 °C. v: 3293, 2925, 
1634, 1609, 1563, 1515, 1454, 1424, 1351, 1341, 1315, 1280, 1229, 
1169, 1120, 1084, 1041, 994, 973, 875, 852, 834, 785, 768, 716, 701, 
690, 650, 601 cm−1. 1H NMR (400 MHz, CDCl3) δ: 2.37 (s, 3H, 2’-
CH3), 2.63 (s, 3H, 5’-CH3), 4.59 (d, J = 6.1 Hz, 2H, CH2), 6.35 



(broad s, 1H, NH), 6.76 (d, J = 1.2 Hz, 1H, 4’-H), 7.22 (m, 2H, 2-H, 
4-H), 7.35 (s, 1H, 6-H). 13C NMR (101 MHz, CDCl3) δ: 15.0 (C2’-
CH3), 15.1 (C5’-CH3), 42.8 (d, 4JCF = 1.7 Hz, CH2, CH2), 111.9 (dq, 
2JCF = 24.6 Hz, 3JCF = 3.9 Hz, CH, C4), 118.1 (d, 2JCF = 21.9 Hz, CH, 
C2), 120.1 (m, CH, C6), 123.3 (qd, 1JCF = 272.5 Hz, 3JCF = 3.3 Hz, 
C, CF3), 123.9 (CH, C4’), 130.6 (C, C3’), 132.9 (qd, 2JCF = 33.3 Hz, 
3JCF = 8.2 Hz, C, C5), 136.5 (C, C5’), 142.9 (d, 3JCF = 7.2 Hz, C, C1), 
143.8 (C, C2’), 162.8 (d, 1JCF = 249.4 Hz, C, C3), 164.7 (C, CO). 
HRMS: Calcd for [C15H13F4NOS-H]-: 330.0581, found: 330.0573. 

Virological experiments. Cells and viruses. Madin-Darby canine 
kidney (MDCK) cells were a kind gift from M. Matrosovich 
(Philipps University, Marburg). Human embryonic kidney 
(HEK293T) cells were purchased from Thermo Scientific and 
HeLa cells were from ATCC (CCL-2). The virus panel consisted of: 
A/PR/8/34 [A/H1N1; reverse-engineered from the plasmids 
which were kindly provided by M. Kim (Korea Research Institute of 
Chemical Technology); hereunder abbreviated as PR8]; A/Vir-
ginia/ATCC3/2009 [A/H1N1; ATCC VR-1738; hereunder abbre-
viated as Virg09]; A/Victoria/361/11 [A/H3N2; a kind gift from G. 
Rimmelzwaan (Erasmus Medical Center, Rotterdam)]; and 
B/Ned/537/05 (Yamagata lineage; a kind gift from R. Fouchier 
(Erasmus Medical Center, Rotterdam)]. The virus stocks were pre-
pared in MDCK cells or embryonated hen eggs, and titrated by the 
50% cell culture infective dose (CCID50) method. 

Assessment of antiviral activity based on reduction of viral cyto-
pathic effect (CPE). The infection medium consisted of Ul-
traMDCK medium (Lonza), supplemented with 225 mg/L sodium 
bicarbonate, 2 mM L-glutamine and 2 μg/mL TPCK (tosylphenyl-
alanylchloromethyl-keton)-treated trypsin (Sigma-Aldrich). Our 
detailed method can be found elsewhere.53 In short, MDCK cells 
were seeded at 7,500 cells per well in 96-well plates. On the next day, 
the virus was added at an MOI of 50 CCID50 per well, immediately 
followed by serial dilutions of the test compounds. After three days 
incubation at 35 °C, microscopy was performed to score virus-in-
duced CPE and compound cytotoxicity. Next, the CellTiter 96® 
AQueous MTS Reagent (Promega) was added to the cells and, four 
hours later, the absorbance at 490 nm was measured in a plate reader. 
The compounds’ antiviral activity was expressed as the half-maximal 
effective concentration (EC50) in the MTS or microscopic scoring 
assay (see ref. 46 for calculation details]. Cytotoxicity was expressed 
as the CC50, i.e. 50% cytotoxic concentration by MTS assay and the 
MCC (minimum cytotoxic concentration), i.e. concentration pro-
ducing minimal changes in cell morphology.  

Selection of resistant influenza viruses by serial passaging. MDCK 
cells were infected with Virg09 virus as above, and exposed to differ-
ent concentrations of VF-57a or RL-007. Three days later, all wells 
were inspected to select the highest compound concentrations at 
which virus-induced CPE was visible, and freeze these supernatants 
at -80 °C. The harvests were further passaged under gradually higher 
compound concentrations, until resistance was reached (i.e. virus 
breakthrough at 40 μM of compound). A no compound control was 
passaged in parallel. Virus clones were obtained by plaque purifica-
tion under 0.6 % agarose and 4 μM VF-57a or 10 μM RL-007. After 
expansion in MDCK cells, the clones underwent RNA extraction, re-
verse transcription and high-fidelity PCR, followed by Sanger se-
quencing (by Macrogen) of the HA gene. To determine the 

hemolysis pH of the wild-type (WT) and mutant Virg09 viruses, we 
first prepared allantoic stocks. The method from Leiva et al.,42 was 
adapted to round-bottom 96-well format. Briefly, virus was added to 
the wells together with an equal volume of 2% chicken red blood cell 
(RBC) suspension in PBS. After 10 min incubation at 37 °C, un-
bound virus was removed by centrifugation. The cell pellets were re-
suspended in acidic buffer, i.e. PBS that was acidified with acetic acid 
to a pH ranging from 5.0 to 6.0, with 0.1 increments. After 25 min 
incubation at 37 °C, the samples were neutralized with NaOH and 
the plates were centrifugated to pellet intact RBC. The supernatants 
were transferred to a fresh plate and the absorbance at 540 nm was 
measured in a plate reader. The hemolysis pH was defined as the pH 
at which 50% hemolysis occurred, relative to the value at pH 5.0.  

Pseudovirus entry assay. The pCAGEN plasmids encoding the H1 
HA and N1 NA of Virg09 virus were previously described.54 The co-
don-optimized DNAs encoding H5 HA and N1 NA of the highly 
pathogenic avian A/H5N1 virus (A/bald eagle/FL/W22-
114/2022, hereunder abbreviated FL22) were purchased from Life 
Technologies and cloned into pCAGEN [provided by C. Cepko 
(Boston, MA) via Addgene (plasmid 11160)], using NEBuilder 
HiFi DNA Assembly mix. To prepare murine leukemia virus (MLV) 
pseudoviruses bearing these HA and NA proteins, HEK293T cells 
were transfected with a mixture of the pCAGEN and MLV backbone 
plasmids (kind gift from S. Pöhlmann, German Primate Center-
Leibniz Institute for Primate Research, Göttingen). The details were 
published before.54 Three days after transfection, the Virg09 pseudo-
viruses were incubated for 15 min with 80 μg/mL trypsin, followed 
by 80 μg/mL soybean inhibitor. Finally, the Virg09 and FL22 pseu-
doviruses were stored in aliquots at -80 °C.  

To determine the compounds’ inhibitory effect on pseudovirus en-
try, MDCK cells were seeded in white 96-well plates and, on the next 
day, preincubated with serial compound dilutions (in medium with 
2% FCS) for 20 min. The pseudovirus was added and the plates were 
spinoculated at 37 °C for 45 min at 450 x g, followed by 60 min incu-
bation at 37 °C. After replacing the supernatants by fresh medium 
without compound, the plates were incubated for three days at 37 
°C. To quantify the expression of the firefly luciferase reporter, we 
used a luciferase assay system kit and Glomax Navigator instrument, 
both from Promega. 

Cell-cell fusion assay. To quantify the inhibitory effect on H1 HA-
mediated membrane fusion, we used the pGal5-luc and pGal4-VP16 
plasmids (kind gift from S. Pöhlmann) and transactivation setup re-
ported by his team,55 with several modifications. Briefly, suspensions 
of HeLa cells were prepared in two tubes in which either the pGAL5-
luc or pGAL5-VP16 plus HA-pCAGEN plasmid were added (or 
pCAGEN-empty plasmid for the mock control), together with 
Fugene® transfection reagent and growth medium (= MEM supple-
mented with non-essential amino acids, HEPES, L-glutamine and 
10% FCS). The cells were seeded in 6- and 96-well plates, respec-
tively, and incubated for one day. From the 6-well plate, the cells 
were detached with non-enzymatic cell dissociation solution 
(Sigma), then overlaid on the HA-expressing cells in the 96-well 
plate. On the next day, the cells were sequentially incubated at 37 °C 
with the following reagents (with removal after each step): (i) for 15 
min: 5 μg/mL of TPCK-trypsin to activate HA; (ii) for 15 min: serial 
compound dilutions; (iii) for exactly 5 min: fresh compound diluted 



in PBS-CM (= PBS supplemented with Ca2+ and Mg2+) adjusted to 
pH 5.3; (iv) washing with growth medium; (v) for 5 h: growth me-
dium to allow cell-cell fusion; and (vi) cell culture lysis reagent from 
Promega. After reading the luminescence with the luciferase assay 
system kit and Glomax Navigator instrument, the relative lumines-
cence units (RLU) values were subtracted for the value seen in 
mock-transfected cells, and the % luminescence at each compound 
concentration was calculated, relative to the condition which re-
ceived medium instead of compound.  

For H5 HA, we used a microscopic readout as established in a previ-
ous study.54 HeLa cells were seeded in 96-well plates and transfected 
with H5 HA (strain A/duck/Hunan/795/2002). On the next day, 
the cells bearing surface-exposed HA (already activated by endoge-
nous furin) were preincubated for 15 min with compound; exposed 
for 5 min to PBS-CM at pH 5.2 under continued presence of com-
pound; and then washed with PBS-CM. Cell culture medium was 
added and after 3 h incubation, the cells were fixated and stained 
with Giemsa solution to allow microscopic assessment of polykar-
yon formation. 

Surface plasmon resonance (SPR)-based assessment of HA refold-
ing. H1 HA protein (strain A/California/06/09; ectodomain 99.4% 
identical to that of Virg09-HA), produced in HEK293 cells, was pur-
chased from eEnzyme (IA-H1-11SWt). The mouse monoclonal an-
tibodies recognizing the HA head (7B2-32) or stem region (C179) 
were from Kerafast and Takara Bio, respectively. The HA protein 
was diluted in PBS to 50 μg/mL and pre-incubated with 100 μM VF-
57a or RL007 for 10 min at 37 °C. Next, a pre-determined amount 
of 1 M citric acid buffer of pH 4.7 was added to install a pH of 5.2. 
The protein was incubated for 1 h at 37 °C to induce the conforma-
tional change in HA, then re-neutralized using citric acid buffer pH 
7.  

To conduct SPR analysis, the protein sample was diluted to 5 
μg/mL, in HEPES-buffered saline supplemented with 1 mg/mL 
BSA and 0.05% v/v Tween20. First, the antibodies were coupled 
onto a rabbit anti-mouse C1 sensor chip (Cytiva) at a density of 
around 100 resonance units (RU) with a flow rate of 10 μL/min for 
120 s. Next, the sample was injected for 180 s, at a flow rate of 10 
μL/min and with a dissociation time of 150 s. Isotype controls were 
used to assess non-specific binding and buffer injections for refrac-
tive index changes. After each sample injection, a regeneration was 
performed using three 10 mM Glycine.HCl pH 1.7 injections at a 
flow rate of 30 μL/min for 20 s and a 0.5% Triton X-100 injection at 
a flow rate of 30 μL/min for 15 s. All binding experiments were per-
formed on a Biacore T200 instrument (Cytiva) and at 25 °C, using a 
binding buffer composed of 10 mM HEPES, 150 mM NaCl and 
0.05% v/v Tween20. Data were analysed using Biacore T200 Evalu-
ation Software 3.1 and a report point at 100 s after the injection stop 
was used as the binding response. 

Molecular modeling. Ligand parametrization with QM calcula-
tions. The 3D structure of VF-57a was prepared using GaussView 
6.0 and optimized at the B3LYP/6-31G(d) level employing the 
Gaussian 16.0 software package.56 The minimum energy nature of 
the optimized compound was verified upon inspection of the vibra-
tional frequencies, which were positive. The ligand was parameter-
ized using the gaff2 force field.57 Partial atomic charges were derived 

following the RESP-charges protocol58,59 at the B3LYP/6-31G(d) 
level. Arbidol and (S)-F0045 were parametrized using the same pro-
tocol. In this case, the geometry used in geometry optimization was 
taken from the crystallographic structures available in the Protein 
Data Bank (PDB ID 5T6N12 and 6WCR,30 respectively).  

Molecular modeling: Homology modelling and system setup.  The 
3D models of H1 and H3 HA were built by homology-modelling us-
ing the SWISSMODEL.60 Two models were built up for the H1 HA. 
The first relied on the complex formed by (S)-F0045 with PR8 
(PDB ID 6WCR),30 where modeling was used to unfold the last hel-
ical turn of the short α-helix in HA2 in order to simulate the local 
structure observed in this region in the complex between HA and ar-
bidol (PDB ID 5T6N),12 and hence enabling the binding of the lig-
ands to the arbidol binding site in the PR8 strain. The second was 
the homology model obtained for the sequence of Virg09 strain us-
ing 6WCR30 as structural template. For the H3 model, the sequence 
of the H3N2 A/Hong Kong/7/1987 strain was employed using the 
X-ray structure of Arbidol bound to H3 HA A/Hong Kong/1/1968 
as structural template (PDB ID 5T6N).12  

For the H1 model, two distinct binding sites were explored for VVF-
57a (namely Site A and Site B). In Site A, the X-ray structure of the 
Arbidol-bound HA and the modified H1 model (with the aforemen-
tioned last turn of the α-helix in HA2 subunit unfolded) were aligned. 
Then, VVF-57a was placed in the binding pocket (see SI, Figure S2) 
through overlay of the thiophene ring of VVF-57a onto the thiophenyl 
ring of arbidol, taking advantage of the hydrophobic nature of the 
residues surrounding this region of the binding site. In Site B, VVF-
57a was overlaid on the chemical skeleton of (S)-F0045 (see SI, Fig-
ure S1) retaining the hydrogen bond between the carbonyl oxygen 
and the hydroxyl group of T3182. However, two distinct binding 
modes were explored depending on the overlay of the halogenated 
phenyl (binding mode A) or the thiophene unit (binding mode B) 
onto the 2,5-dichlorophenyl moiety of (S)-F0045. For the H3 
model, VVF-57a was simply docked into the arbidol binding pocket. 

To calibrate the structural stability of the complexes, the crystallo-
graphic complexes of (S)-F0045 in PR8 HA and arbidol in HK HA 
were used as control systems. 

As a final remark, let us note that due to the trimeric nature of HA, 
the complexes formed by HA with either arbidol, (S)-F0045 and 
VF-57a were built up using a stoichiometric ratio 1:1, that is, with 3 
ligands bound to the trimeric HA. 

Sequence alignment. Sequences of the studied Influenza A strains 
(see SI, Figure S4) were aligned using the multiple sequence align-
ment tool of CLUSTAL OMEGA (v. 1.2.4) in the EMBL’s Euro-
pean Bioinformatics Institute (EMBL-EBI) web server.61 

Molecular Dynamics Simulations. Each system was minimized using 
10000 steps of steepest descent in combination with 5000 steps of 
conjugate gradient algorithm. Then, each system was equilibrated in 
2 steps for a total simulation time of 5 ns. The systems were heated 
in the NVT ensemble from 5 K to 300 K in a 250 ps temperature 
ramp and kept at 300K fot 50 ps more. Subsequently, the density of 
the system was equilibrated for 4.7 ns in the NPT ensemble (pres-
sure: 1 bar, T: 300 K).  



Production runs were done for 500 ns. Temperature control was 
achieved using Langevin dynamics and pressure control was main-
tained using the Berendsen barostat. All bonds involving hydrogen 
atoms were constrained by the SHAKE algorithm62 in order to em-
ploy a timestep of 2 fs. The amberff14sb force field63 was used for the 
protein, Joung and Cheatham III parameters were used for the coun-
terions64 and the TIP3P model for water.65 Counterions (K+ and Cl-

) were added to maintain the neutrality of the simulated system and 
to maintain the ionic concentration at 0.15 M following the SPLIT 
method.66 All simulations were performed with AMBER20 pack-
age.67 During all the simulations a set of distance NMR restraints 
were applied to maintain the structural stability of the HA trimer, 
since the models (constructed from the mentioned X-ray structures 
above) miss the transmembrane part of the protein. The restraints 
involved one residue of each HA monomer located at the end-
chains. A force constant of 5 kcal/mol was applied gradually when a 
displacement higher than 2Å from the crystallographic distance oc-
curs (the restraint becomes fixed at 5kcal/mol 1.5 Å after the first 
cutoff).  

Relative Binding Free Energy (RBFE) Simulations. The relative 
binding free energy (RBFE)68 between derivatives was determined 
through alchemical transformations, wherein a ligand (L1) is con-
verted into a structurally related analogue (L2) both in the protein-
bound complex and in the unbound state in aqueous solution (see 
Eq. 1).  ( 1 2) = ( 1 2) ( 12)                           (Eq. 1) 

The transformation from L1 to L2 was divided into a series of win-
dows, where λ = 0 and λ = 1 represent L1 and L2, respectively, and 
intermediate λ values denote a linear interpolation between the pa-
rameters of the initial and final systems.69 A dual-topology alchemi-
cal perturbation protocol was employed, utilizing 23 λ-windows 
evently spaced following the trapezoidal rule. To smoothly transi-
tion from L1 to L2, softcore potentials were applied to the atoms in-
volved in a chemical change. Each λ simulation initially ran for 6 ns, 
adding extensions in the windows that were not converged when 
necessary. The Thermodynamic Integration (TI) estimator, imple-
mented in alchemlyb,70 was utilized to estimate the free energy 
change for each λ simulation. All simulations were conducted using 
the GPU-accelerated TI implementation68,71 of Amber20.67 

Initial coordinates for each binding mode were extracted from unbi-
ased MD runs. All systems were meticulously equilibrated with the 
dual topology using the TI code in each λ before production runs. 
Each system underwent heating in the NVT ensemble from 5 K to 
300 K (150 ps), followed by equilibration at 1 bar in the NPT en-
semble (300 ps). Finally, the density equilibrated system was simu-
lated for 100 ps more switching back to the NVT ensemble prepar-
ing the system to conduct the actual RBFE production. During the 
equilibration process, the heavy atoms of the protein and ligand were 
restrained with positional restraints (5 kcal·mol 1) additionally to 
the NMR restraints applied to the bottom of the HA model as in the 
unbiased MD simulations. Subsequently, each λ state was simulated 
in the NVT ensemble at 300 K using the Langevin thermostat and 
the SHAKE algorithm for bonds involving hydrogen atoms. 
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"Now Garmr howls loudly before Gnipahelli,

the fetter will break, and the wolf will run free.

I know many things, and I see further ahead,

about the great fate of gods, the mighty gods.

A ship fares from the east, Muspell’s forces

will come over the sea, and Loki steers.

All the giant’s kindred travel with the wolf, 

and with them the brother of Býleiptr goes."

VVVVV lva (VVVVV luspá, stanzas 47, 49)





 





 





 





 

 











 







 

 



 





 











"Surtr travels from the south with the scourge of twigs,

the sun of the battle gods, shone from his sword.

Rocky cliffs collapse and witches wander, 

the dead throng on the way to Hel, and the sky is cloven.

The sun turns black, land sinks into the sea,

the bright stars vanish from the sky,

steam rises with a roaring noise,

the high heat plays against the sky itself."

VVVVV lva (VVVVV luspá, stanzas 51, 55)









 

 

 

 

 





"I see a second time

the earth rise, green again from the sea,

waterfalls tumble, an eagle flies above,

hunting fish on the mountain.

I see a hall standing, fairer than the sun,

thatched with gold, on Gimlé. 

There shall the honourable hosts live

and enjoy delight during their lifedays."

VVVVV lva (VVVVV luspá, stanzas 57, 62)

































Now Hávi’s sayings have been spoken in Hávi’s hall,

very useful to the sons of men,

but useless to the sons of giants!

Hail he who spoke! Hail to him who knows!

May he who learned benefit!

Hail to those who heard!

Hár (Hávamál, stanza 164)
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