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ABSTRACT
Hexahydroquinoline (HHQ) is a widely recognized scaffold that has garnered considerable attention owing to its diverse 
pharmacological properties. The structure of HHQ includes a 1,4‐dihydropyridine (DHP) ring, which serves as the pharma
cophore for the predominant class of drugs known as calcium channel blockers. DHPs are frequently utilized in the man
agement of cardiovascular diseases and also show potential for pain management. Since all DHPs on the market possess ester 
functionality, we aimed to employ bioisosteric replacement to observe if their amide‐containing counterparts would still block 
calcium channels. Therefore, we synthesized new HHQs with ester or amide functionality (EM1‐EM15) and investigated their 
effects on L‐(Cav1.2) and T‐(Cav3.2)‐type calcium channels using the whole‐cell patch clamp technique. Although the amide 
derivatives were somewhat less effective than their ester counterparts, they still blocked calcium channels to a 
significant degree. Retesting EM4 enantiomers on two types of calcium channels demonstrated that the (R)‐isomer was more 
responsible for the blocking activity in both cases. Molecular docking and molecular dynamics simulations demonstrated that 
(R)‐EM4 and (R)‐EM6 adopt binding modes in Cav1.2 similar to amlodipine, while showing favorable stability. Docking 
studies in Cav3.2 suggested that EM compounds bind within the Ⅲ‐Ⅳ fenestration, a reported non‐selective DHP binding site. 
Furthermore, amide derivatives were found to be more metabolically stable based on the in vitro experiments conducted on rat 
microsomes. Overall, our study reveals HHQ with an amide group as a promising new scaffold for developing future calcium 
channel blockers for treating cardiovascular and pain conditions.
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medium, provided the original work is properly cited and is not used for commercial purposes. 

© 2026 The Author(s). Drug Development Research published by Wiley Periodicals LLC. 

1 of 14 Drug Development Research, 2026; 87:e70261 
https://doi.org/10.1002/ddr.70261

https://doi.org/10.1002/ddr.70261
https://orcid.org/0000-0003-0191-0746
https://orcid.org/0000-0001-5168-3866
https://orcid.org/0000-0002-0902-3394
https://orcid.org/0000-0003-3765-3235
https://orcid.org/0000-0003-0501-6231
https://orcid.org/0000-0002-5344-0048
https://orcid.org/0000-0002-2287-9509
mailto:miyaseg@hacettepe.edu.tr
mailto:miyasegunduz@yahoo.com
http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1002/ddr.70261
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fddr.70261&domain=pdf&date_stamp=2026-03-15


1 | Introduction 

Voltage‐gated calcium channels serve as the principal conduc
tors of the entry of calcium ions (Ca2+) into a range of elec
trically excitable cells within the body (Catterall 2023). Elevated 
intracellular calcium levels have been associated with a broad 
spectrum of physiological functions including neurotransmitter 
release, hormone secretion, and muscle contraction (Bkaily and 
Jacques 2023). Hence, compromised calcium signaling can lead 
to various pathological conditions, such as hypertension and 
neurological disorders (Glaser et al. 2019).

Selective inhibition of calcium currents in cardiac and smooth 
muscle through the administration of calcium blockers, mainly 
1,4‐dihydropyridines (DHPs), represents a widely adopted thera
peutic approach in the treatment of cardiovascular disorders (KE; 
Jones et al. 2024). The Cav1.2 isoform of voltage‐gated calcium 
channels, which exhibits unique electrophysiological and phar
macological properties among other subtypes, is the principal 
target of DHP drugs such as nifedipine, amlodipine, and so on that 
are commonly prescribed for the management of hypertension 
and angina pectoris (Hofmann et al. 2014; Bain 2019).

While DHPs are well‐established for their ability to inhibit L‐type 
calcium channels, some DHP‐based molecules have also dem
onstrated the capacity to modulate the T‐type calcium channel 
family (Bladen et al. 2015; Akman et al. 2022; Aygün Cevher 
et al. 2019). Among three distinct isoforms (Cav3.1‐Cav3.3) with 
specific physiological roles, the Cav3.2 subtype has been found to 
play a key part in the regulation of pain signaling, and its 
increased activity has been linked to a variety of chronic pain 
conditions arising from nerve injury, diabetes, and chemo
therapeutic treatment (Weiss and Zamponi 2019; Harding and 
Zamponi 2022; Weiss and Zamponi 2023). Consequently, the 
Cav3.2 channel emerges as a promising target for the develop
ment of novel analgesic therapeutics (Cai et al. 2021).

Due to their significant position among calcium channel block
ers, modification of the DHP framework has been the focus of 
many research studies (Saini et al. 2023). Prior studies have 
primarily explored modifying the alkyl substituents on the ester 

groups of DHPs, including the commercially available molecules 
within this class of compounds (Bandyopadhyay et al. 2017). 
Furthermore, incorporating the DHP scaffold into a fused ring 
system such as hexahydroquinoline (HHQ) has also resulted in 
the identification of novel and potent inhibitors of various cal
cium channel subtypes (Schaller et al. 2018; Bladen et al. 2014).

When the chemical structures of commercial DHPs, according 
to the Anatomical Therapeutic Chemical Classification System 
(ATC Code: C08CA), are analyzed, it can be seen that despite 
extensive chemical modifications in its alkyl side chain, ester 
moiety has never been replaced with amide functionality 
(Figure 1) (Nahler 2009).

Bioisosteric substitution is a widely applied strategy in the 
rational modification of lead compounds, as this approach can 
result in enhanced potency, optimized pharmacokinetic prop
erties and decreased toxicity (Meanwell 2023). As the amide 
functionality is a key structural feature in the composition of 
numerous pharmacologically active compounds, we aimed to 
swap the ester moiety of DHP‐based calcium channel blockers 
with amide group (Kumari et al. 2020). In this way, we aimed to 
obtain a new scaffold, HHQ with amide functionality, for cal
cium channel inhibition by applying the principle of bioisos
terism. Additionally, we synthesized ester derivatives as the 
chemically‐similar analogues of these amides (Figure 2).

After confirming the proposed chemical structures, the mole
cules were tested for their inhibition capacity against Cav1.2 and 
Cav3.2 channels. Furthermore, the metabolic stability of the 
compounds were investigated and the physiological data 
obtained were supported by molecular modeling techniques.

2 | Material and Methods 

2.1 | Chemistry 

Synthesis of the target compounds was carried out by a mod
ified Hantzsch reaction. An equimolar amount of 5,5‐dimethyl‐ 
1,3‐cyclohexanedione (dimedone), benzyl acetoacetate/ 

FIGURE 1 | Examples of certain commercial DHP‐type calcium channel blockers with varying ester groups. 
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acetoacetanilide/4‐chloroacetoacetanilide, appropriate aldehyde, 
and excess ammonium acetate were refluxed in absolute ethanol 
(20 mL) for 8–10 h. After completion, the reaction mixture was 
cooled, and obtained product was filtered. All solid products 
were crystallized from ethanol except for EM2, EM3, and EM5 
that were purified by crystallization from ethanol:water (9:1).

2.2 | X‐Ray Diffraction Analysis 

Suitable crystal of EM14 was selected for data collection which 
was performed on a Bruker diffractometer equipped with a 
graphite‐monochromatic Mo‐Kα radiation at 296 K. We used 
these procedures for our analysis: solved by direct methods; 
SHELXS‐2013 (Sheldrick 2008); refined by full‐matrix least‐ 
squares methods; SHELXL‐2013 (Sheldrick 2015); data collec
tion: Bruker APEX3 (Bruker AXS Inc. 2012); molecular gra
phics: MERCURY (MacRae et al. 2020); solution: WinGX 
(Farrugia 2012). Crystallographic data for the structural analysis 
has been deposited with the Cambridge Crystallographic Data 
Centre, CCDC No. 2344906.

2.3 | Whole‐Cell Patch Clamp Assay 

Calcium channel blocking capacity of the compounds was 
determined against Cav1.2 and Cav3.2 by applying whole‐cell 
patch clamp assay as reported previously (Akman et al. 2022). 
Data analysis was performed using GraphPad Prism 5 
(GraphPad Software, La Jolla, CA). All data results are pre
sented as mean values ± standard errors of the mean. n values 
given in the figures reflect numbers of cells tested.

2.4 | Enantioseparation of EM4 and Absolute 
Configuration Determination 

EM4 was dissolved in acetonitrile (Fisher Scientific, Waltham, 
MA, USA) at a concentration of ~1 mg/mL. (S,S)‐WhelkoShell 
column was obtained from AZYP LLC (Arlington, TX, USA) in 
the dimension of 150 mm x 4.6 mm (i.d.), with 2.7 μm superfi
cially porous particles (SPP). The analytical and preparative 
separations were done on an Agilent 1220 Infinity II LC System 
(Product No. G4290B) supported by the OpenLAB Software 
Version 2.2. ~8 mg of EM4 (P1 or P2) was dissolved in 135 µL 
CDCl3 to collect IR and VCD spectra (Armstrong et al. 2021). 
The R enantiomer of EM4 was constructed using ComputeVOA 
software, resulting in 28 conformers within a 7 kcal/mol energy 
window. Initial DFT calculations were performed at the 6‐31 G 
(d) level with CPCM (Chloroform). The 22 lowest energy con
formers were further optimized at the cc‐pVTZ level. These 

conformers were Boltzmann averaged, frequencies scaled by 
0.984, and plotted as Lorentzian bands for comparison to ex
periment (Freedman et al. 2003).

2.5 | Molecular Modeling Studies 

2.5.1 | Molecular Docking 

The Cryo‐EM structure of human Cav1.2 in complex with am
lodipine (PDB: 8WE8) (Gao et al. 2023) and human Cav3.2 (PDB 
9AYH) (Huang et al. 2024) was used to create the template for 
molecular docking. Molecular docking studies were then per
formed for EM4 and EM6 in the DHP cavity of Cav1.2 using 
GOLD (v2020; Genetic Optimization for Ligand Docking, The 
Cambridge Crystallographic Data Center, UK) (G. Jones 
et al. 1997). Atoms within a 6 Å radius around amlodipine were 
defined as part of the binding site. Twenty binding hypotheses 
for each compound were generated in the DHP binding site, 
minimized in the MMFF94 force field and then visually in
spected (Halgren 1996). Binding modes that form a hydrogen 
bond with Ser1132 were preferred over others, resulting in one 
final binding mode for each compound.

For Cav3.2, molecular docking studies were initially performed for 
all EM compounds in the binding site of the co‐resolved phos
pholipid within the Ⅲ‐Ⅳ fenestration, a radius of 10 Å around 
the phospholipid. Then, only (R)‐EM4 and (R)‐EM6 were con
sidered and twenty binding mode hypotheses were generated. A 
distance constraint was applied between the backbone carbonyl 
oxygen of Ser1501 and the N‐1 hydrogen of the HHQ moiety. 3D 
pharmacophores were generated in Ligandscout (v4.4.3; In
teLigand, Vienna, Austria) (Wolber and Langer 2005; Wolber 
et al. 2006) to filter out poses which did not fulfill a hydrogen 
bond between the N‐1 hydrogen and either the backbone car
bonyl oxygen or the hydroxyl oxygen of Ser1501.

2.5.2 | Molecular Dynamics Simulations 

The stability and dynamic interaction patterns of the binding 
modes of (R)‐EM4 and (R)‐EM6 were further analyzed using 
MD simulations. The protein‐ligand complexes of (R)‐EM4 and 
(R)‐EM6 in Cav1.2, obtained from the molecular docking 
studies, were first prepared in Maestro (v13.1.137; Schroedinger 
LLC, New York City, NY, USA). The prepared systems were 
then simulated five times using Desmond (v2022.01; Schroe
dinger LLC, New York City, NY, USA) for 50 ns on graphic 
processing units on the Freie Universität Cluster. Simulations 
were performed utilizing the OPLS2005 force field (Jorgensen 
et al. 1996). In the final step, dynophores were generated for 
(R)‐EM4 and (R)‐EM6. Dynophores is an in‐house application 
that tracks possible protein‐ligand interactions on each frame of 

FIGURE 2 | General chemical structures of the target HHQs (EM1‐EM15) with ester or amide functionality. 
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an MD simulation and summarizes them as interaction clouds 
(Schaller et al. 2020).

2.6 | Metabolic Stability Determination 

Metabolic stability determination of EM1‐EM3 was performed 
on Wistar albino rat liver microsomes according to the previ
ously reported procedure (Pelin COŞKUN et al. 2023). All ani
mal research procedures were followed in accordance with the 
standards set forth in the eighth edition of Guide for the Care 
and Use of Laboratory Animals (published by the National 
Academy of Sciences, The National Academies Press, Wash
ington, D.C.).

3 | Results and Discussion 

3.1 | Chemistry 

In this study, we synthesized fifteen HHQ derivatives (EM1‐ 
EM15) bearing ester or amide functionality according to a 
modified Hantzsch reaction. The target molecules were obtained 
by refluxing equimolar amounts of dimedone, aldehyde deriva
tive, and appropriate dicarbonyl compound (benzyl acetoacetate/ 
acetoacetanilide/4’‐chloroacetoacetanilide) in absolute ethanol in 
the presence of excess ammonium acetate as shown in Figure 3.

The chemical structures of EM1‐EM15 were confirmed by a 
combination of spectroscopic techniques, including 1H NMR, 
13C NMR, X‐ray analysis, and HRMS. In the 1H NMR spectra, 
the resonances of the H‐4 and N‐H protons on the HHQ ring 
were identified as singlets, appearing at chemical shifts of 
4.80–5.04 ppm and 9.06–9.77 ppm, respectively. The presence of 
a chiral center at C‐4 of the HHQ ring results in non‐equivalent 
methylene protons in the benzyl group of ester‐carrying deri
vatives. Consequently, the methylene groups appeared as an AB 
spin system, with J coupling constants of approximately 12.4 Hz. 
Additionally, singlet signals derived from the N‐H proton of the 
amide functionality observed between 8.67 and 8.93 ppm con
firmed the proposed structures of the amide‐bearing HHQs. In 
13C NMR spectra, carbonyl signals belonging to ester/amide and 
ketone groups were observed at around 165 and 195 ppm, 
respectively. In the HRMS analysis, the mass measurements 
aligned consistently with the calculated molecular weight values. 

Furthermore, isotope peaks were detected for the compounds 
that carry chlorine. The 1H NMR, 13C NMR, and HRMS data for 
the target HHQs are provided as supporting material.

3.2 | Crystal Structure of EM14 

The proposed chemical structure of EM14 was also confirmed 
by single crystal X‐ray analysis. The molecular structure of 
EM14 with the atomic labeling is shown in Figure 4. The 
asymmetric unit contains two symmetry independent mole
cules with no significant difference in their structures.

The C7═O1 [1.236(2) Å], C17═O2 [1.239(2) Å], C33═O5 
[1.236(2) Å] and C43═O6 [1.240(3) Å] bond distances are typ
ical double bond character (Table 1).

The C═C double bond distances range from 1.335(3) to 1.363(3) 
Å, respectively. The torsion angle of C6‐N1‐C7‐C8 is 174.0(2)°, 
while the torsion angle of C32‐N3‐C33‐C34 is −175.7(2)°. The 
dihedral angle between the dihydropyridine and benzodioxole 
rings are 83.15(6)° and 88.84(6)°, while the dihedral angle 
between the dihydropyridine and phenyl rings are 78.61(6)° and 

FIGURE 3 | Chemical structures and synthesis of the target HHQs investigated in this study. 

FIGURE 4 | The molecular structure of EM14. 
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80.62(7)°. Each cyclohexene ring adopts a half‐chair confor
mation. The puckering parameters (q2, q3, QT, θ and φ) are 
0.3896 Å, ‐0.2380 Å, 0.4565°, 121.41° and 55.16° for C10‐C11‐ 
C17‐C16‐C15‐C14 ring and 0.4014 Å, 0.2500 Å, 0.4729°, 58.09° 
and 237.87° for C36‐C37‐C43‐C42‐C41‐C40 ring. The molecules 
of EM14 are connected by N‐H ∙ ∙ ∙ O hydrogen bonds (Table 2).

The combination of N‐H ∙ ∙ ∙ O hydrogen bonds produces edge‐ 
fused R2

2(14) rings which is running parallel to the [010] 
direction (Figure 5).

3.3 | Determination of Cav1.2 and Cav3.2 
Inhibition 

We determined the calcium channel inhibition capacity of the 
synthesized compounds (EM1‐EM15) on both Cav1.2 and 
Cav3.2 by employing a whole cell patch‐clamp assay. Nifedipine 
as one of the most popular member of commercial DHPs was 
also tested as positive control (Akman et al. 2022). The data 
were presented as the percent inhibition of the calcium current 
observed after applying each EM compound and nifedipine at 
10 μM concentrations (Figure 6). When the obtained data were 
analyzed, it was observed that, as expected, nifedipine inhibited 
the L‐type calcium current almost completely while it failed to 
effectively block T‐type calcium channel like many of the DHP‐ 
based antihypertensives on the market. On the other hand, 
eight of our compounds (EM1‐EM4, EM6‐EM9) produced 
more than 50% block of Cav1.2 whereas eleven derivatives 
(EM1‐EM4, EM6‐EM10, EM13, and EM15) inhibited Cav3.2 
calcium currents by at least 50%. Additionally, not only were 
more compounds effective inhibitors of Cav3.2 compared to 
Cav1.2, but the compounds generally mediated stronger inhi
bition of Cav3.2 compared to Cav1.2. Within this series, EM13 
and EM15 stood out in terms of their high selective blocking 
activity against Cav3.2 over Cav1.2.

Subsequent analyses were performed to obtain the dose‐response 
curves of EM4 and EM6, identified as effective inhibitors of 
Cav1.2 and Cav3.2 with ester and amide groups, respectively. 
Figure 7 illustrates the dose–response curves for the inhibition of 
Cav1.2 and Cav3.2 by EM4 and EM6, along with representative 
current traces recorded in the absence and presence of 1 μM of 
the test compound. Additionally, IC50 values were calculated 
from curve fitting of the dose‐response data. EM4 and EM6 

TABLE 1 | Selected bond distances and angles for EM14 (Å, ⁰).

C7‐O1 1.236 (2) C17‐O2 1.239 (2)
C33‐O5 1.236 (2) C43‐O6 1.240 (3)
C8‐C9 1.338 (3) C10‐C11 1.363 (3)
C34‐C35 1.335 (3) C36‐C37 1.360 (3)
C6‐N1‐ 
C7‐C8

174.0 (2) C32‐N3‐ 
C33‐C34

−175.7 (2)

TABLE 2 | Hydrogen‐bond parameters for EM14 (Å, °).

D‐H· · ·A D‐H H···A D···A D‐H···A

C14—H14B···O5 0.97 2.57 3.328 (3) 135
N1—H1A···O6 0.86 2.11 2.962 (2) 172
N2—H2A···O5 0.86 2.04 2.871 (2) 163
N3—H3A···O2i 0.86 2.08 2.939 (2) 174
N4—H4A···O1i 0.86 2.14 2.964 (2) 162

Note: Symmetry code: (i) x, y − 1, z.

FIGURE 5 | The 1D supramolecular network in EM14. 
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inhibited Cav1.2 with IC50 values of 1.6 ± 0.4 μM and 
2.8 ± 0.9 μM, respectively. Against Cav3.2, EM4 exhibited an IC50 

of 0.6 ± 0.3 μM, while EM6 showed an IC50 of 1.4 ± 0.2 μM.

Additionally, we conducted further experiments to investi
gate the state‐dependent inhibition of Cav1.2 and Cav3.2 by 
EM4. Specifically, we evaluated how the blocking efficiency 

changes based on the membrane potential and the frequency 
of stimulation. For Cav1.2 and Cav3.2, under the standard 
testing condition, the cells were held at ‐90 mV and ‐120mV, 
respectively, and the testing frequency was 0.1 Hz. When the 
cells were held at more depolarized voltage (‐60mV), the 
inhibition of currents increased significantly for both channel 

FIGURE 6 | Block of rat Cav1.2 (A) and human Cav3.2 (B) by application of 10 µM EM1‐EM15 and nifedipine (n = 3). Error bars reflect standard 
errors of the mean. 
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subtypes, which indicated that the block was voltage depen
dent. Furthermore, when the testing frequency was increased 
from 0.1 Hz to 1 Hz, the degree of inhibition significantly 
increased for both channel isoforms, which demonstrated 
that the block was also frequency dependent (Figure 8). 
These data are overall consistent with the preferential block 
of inactivated channels.

3.4 | Enantiomeric Separation of EM4 and  
L‐/T‐Type Calcium Channel Blocking Activity  
of the Isomers 

Chiral chromatographic separation of EM1‐EM15 have been 
previously reported (Sajeevan J et al. 2025). In this study, EM4 
was identified as one of the most potent inhibitors of both 
L‐ and T‐type calcium channels in this series, according to the 
physiological data obtained. Hence, we sought to separate the 
stereoisomers of EM4 to determine the inhibitory profile of 
each enantiomer. The enantioseparation of EM4 using high‐ 
performance liquid chromatography (HPLC) resulted in two 
peaks with the following enantiomeric purities: Peak 1 (99.9%) 
and Peak 2 (98.2%) (Figure 9).

The structure of (R)‐EM4 was optimized (Figure 10) and the 
absolute configuration of the resolved enantiomers of EM4 was 
determined using vibrational circular dichroism (VCD), which 
was (as is typical) performed in solution phase (Nafie 
et al. 2002; McGown et al. 2023). The infrared (IR) and VCD 
spectra of EM4 peaks 1 and 2 were measured and the resulting 
experimental spectra were compared to DFT‐calculated IR and 

VCD spectra of the (R) enantiomer. EM4 peak 1 was a very 
good match which allowed the assignment of (R) for peak 1 and 
(S) for peak 2 (Figure 11) (Debie et al. 2011; Polavarapu and 
Covington 2014).

FIGURE 7 | Dose response curves for EM4 (A, B) or EM6 (C, D) inhibition of rat Cav1.2 or human Cav3.2 (n = 3 per dose). The inserts show 
representative currents in the absence and the presence of 1 μM tested compound. 

FIGURE 8 | Voltage dependence and frequency dependence of block 
of rat Cav1.2 (A) and human Cav3.2 (B) by 1 μM of EM4 (n = 3). For Cav1.2 
inhibition, p = 0.02 when comparing the holding potential of ‐90mV to ‐ 
60mV, p = 0.005 when comparing the frequency of 0.1 Hz to 1 Hz (t‐test). 
For Cav3.2 inhibition, p = 0.005 when comparing the holding potential of ‐ 
120mV to ‐60mV, p = 0.03 when comparing the frequency of 0.1 Hz to 1 Hz 
(t‐test). Asterisks denote statistical significance: *p < 0.05, **p < 0.01. 
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Subsequently, the purified enantiomers were individually tested 
on Cav1.2 and Cav3.2. In both cases, the R enantiomer of EM4, 
referred to as Peak 1, presented better blocking capacity of L‐ and 
T‐type calcium channels compared to the S isomer. (R)‐EM4 
inhibited Cav1.2 and Cav3.2 calcium currents with the inhibition 
values of 84.5% and 97.1%, respectively (Figure 12).

3.5 | Molecular Modeling Studies 

In L‐type channels, numerous DHPs have been shown to bind to 
a cavity close to the selectivity filter (Gao and Yan 2021; Zhao 
et al. 2019; Gao et al. 2023; Wei et al. 2024). This cavity is formed 
by segment 5 (S5III), segment 6 (S6III), the connecting segment 
4‐5 (S4‐5III) and the pore helix 1 (P1III) of repeat Ⅲ; and segment 
6 (S6IV) of repeat Ⅳ (Figure 13A) (Wu et al. 2015; Zhao 
et al. 2019; Gao et al. 2023; Wei et al. 2024). To investigate 
whether the EM compounds also target the DHP binding site and 
whether they can achieve a similar binding pose as other DHPs, 
molecular docking studies were performed for EM4 and EM6 in 
Cav1.2. Binding modes featuring a hydrogen bond to Ser1132, 
which is considered critical for blocking activity (Yamaguchi 
et al. 2000), were preferred over others, resulting in one final 
binding pose for (R)‐EM6 and (R)‐EM4 (Figures 13B and 14). 

For the S‐isomers, on the other hand, only binding modes with 
hydrophobic contacts were identified. These findings are con
sistent with the stereoselective activity testing, which showed 
that the S‐isomer of EM4 is less active than its R‐isomer.

Therefore, we decided to conduct MD simulations only for the 
R‐isomers in Cav1.2. (R)‐EM4 and (R)‐EM6 exhibit favorable 
shape similarity with amlodipine in Cav1.2, showing a similar 
binding mode to other DHPs. Both exhibit the critical hydrogen 
bond between the DHP nitrogen and Ser1132, while also 
forming hydrophobic contacts with their aromatic rings, halo
gens, the methyl group at C2; and the dimethyl moiety at C7 
with their surrounding residues. In addition, the fluorine moi
ety of (R)‐EM4 acts as a hydrogen bond acceptor for Thr1056.

To investigate the binding modes of (R)‐EM4 and (R)‐EM6 in 
detail, dynophores were generated for (R)‐EM4 and (R)‐EM6 to 
reveal all protein‐ligand interactions (Figure 15) (see Supporting 
Information S1: Table 1). Both ligands form the aforementioned 
hydrogen bonds between their DHP nitrogen and the Ser1132 
hydroxyl oxygen and one hydrogen bond between their fluorine 
and the hydroxyl oxygen of Thr1056. Previous literature has 
shown that mutations of Ser1132 and Thr1056 lead to a decrease 
in blocking activity of DHPs (Mitterdorfer et al. 1996; Yamaguchi 
et al. 2000). Since our proposed binding mode is consistent with 
these findings, it suggests that both ligands may gain their 
blocking activity by binding to the DHP cavity.

For (R)‐EM4, a hydrogen bond between the ester carbonyl 
oxygen and the hydroxyl oxygen of Thr1057 was observed. 
Compared to (R)‐EM4, the carbonyl oxygen and amide nitro
gen of (R)‐EM6 did not form any hydrogen bonds with their 
surrounding residues. We suspect that this is due to the missing 
rotatable bond between the amide nitrogen and aromatic ring, 
unlike (R)‐EM4. The resulting rigid chain prevents the for
mation of any hydrogen bonds, which leads to a decrease in 
blocking activity of (R)‐EM6. Our analysis reveals that a flexible 
side chain of the C3‐ester moiety significantly improves Cav1.2 
blocking activity of the ligand and potentially also improves 
binding affinity. Since (R)‐EM6 was analyzed to bind to the 
DHP cavity, we conclude that the DHP amides are suitable 
alternatives to develop novel calcium channel blockers.

For Cav3.2, an established concept for a DHP receptor is cur
rently lacking. T‐type selective antagonists such as ACT‐709478 
and TTA‐A2 in Cav3.2 or Z944 in Cav3.1, have been shown to 

FIGURE 9 | Separation of the enantiomers of EM4 using normal 
phase LC and chiral stationary phase. WhelkoShell 150 × 4.6 mm (i.d.) 
2.7 µm SPP, 10/90 Ethanol/Hexanes, 2.50 mL/min, λ = 254 nm, 1 µL 
injection, (black) racemic mixture of EM4, (red) first peak of EM4, 
e.e. = 99.9%, (green) second peak of EM4, e.e. = 98.2%. 

FIGURE 10 | The optimized structure of (R)‐EM4 presented in two different views. 
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partially bind within the central cavity, obstructing ion flow and 
extend into the Ⅳ‐Ⅰ or Ⅱ‐Ⅲ fenestration. The resolved structures 
to which these antagonists bind have been characterized as being 
in the inactivated, closed state, which is defined by four depo
larized, or “up” voltage sensing domains and a closed intra
cellular gate. Pharmacologically, the binding mode of T‐type 
selective antagonists has been described as a combination of pore 
blockage and allosteric antagonism, with a preference for inhi
bition of the inactivated state due to the fenestration blockage 
(Zhao et al. 2019; Huang et al. 2024; Tringham et al. 2012). Since 
EM compounds are non‐selective T‐type antagonists and block 
Cav1.2 and Cav3.2 with similar potency, we hypothesize that they 
bind to a non‐selective binding site in Cav3.2, rather than the Ⅳ‐Ⅰ 

or Ⅱ‐Ⅲ fenestration. In a recent study, the binding site of another 
non‐selective series of compounds containing a DHP‐based HHQ 
scaffold (DA1‐DA12), was predicted to be located in the Ⅲ‐Ⅳ 
fenestration of Cav3.2 (Akman et al. 2022) analogous to the DHP 
binding site in Cav1.2.

Of particular interest is the potential binding mode of benidi
pine in Cav3.2, which is also classified as a non‐selective cal
cium channel antagonist. It was analyzed to block over 50% of 
Cav3.2 inward current following comparable perfusion of 10 µM 
(Furukawa et al. 2009). Supported by docking experiments, Wei 
et al. hypothesized that non‐selective DHP‐based calcium 
channel antagonists such as benidipine bind to the Ⅲ‐Ⅳ fen
estration site in T‐type calcium channels (Wei et al. 2024). 

FIGURE 11 | A comparative analysis of experimental infrared spectra (IR) and vibrational circular dichroism (VCD) (represented by blue lines) 
of the EM4 peaks with the DFT‐calculated IR and VCD (depicted by green lines) for the respective enantiomers shows a close correlation. This 
indicates that the stereochemistry of Peak 1 is R, while Peak 2 corresponds to the S configuration. 

FIGURE 12 | Percentage of rCav1.2 and hCav3.2 current inhibition by EM4 enantiomers (10 μM) and their chemical drawing indicating the 
configurations. p = 0.03 for the inhibition of Cav1.2 and Cav3.2 (one‐way ANOVA, n = 3). 

9 of 14 Drug Development Research, 2026

 10982299, 2026, 2, D
ow

nloaded from
 https://analyticalsciencejournals.onlinelibrary.w

iley.com
/doi/10.1002/ddr.70261 by T

urkey C
ochrane E

vidence A
id, W

iley O
nline L

ibrary on [26/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Therefore, we examined the Ⅲ‐Ⅳ fenestration site in the 
closed, inactivated Cav3.2 structure (PDB 9AYH) (Huang 
et al. 2024) for potential binding modes of (R)‐EM4 and 
(R)‐EM6 using molecular docking.

The docking results indicate that a hydrogen bond can be 
formed between the N‐1 hydrogen of the HHQ scaffold and the 
backbone carbonyl oxygen of Ser1501, rather than the hydroxyl 
moiety of Ser1501 as previously reported. The difference is 
likely due to the presence of the bulky ester or amide side chain 
(Figure 16). Since interactions to the P1Ⅲ loop have been re
ported to block ion flow by destabilizing the symmetry of the 
selectivity filter (Catterall et al. 2020), it is highly likely that an 
interaction with the backbone carbonyl has a similar effect.

For (R)‐EM4 and (R)‐EM6 two similar poses were identfied in 
which the carbonyl oxygen of the ester or the amide moiety 
formed a hydrogen bond with the hydroxyl moiety of Ser1501. 
In contrast to (R)‐EM6, the longer C‐3 ester side chain of 
(R)‐EM4 lacks interactions with the S5 segment of domain Ⅲ. 
For the N‐(4‐chlorophenyl) side chain of the amide group in 
(R)‐EM6, an additional halogen bond to Cys1438 was observed 
along with further lipophilic contacts to Phe1441 and Val1434. 
The distinct interaction pattern is consistent with the slightly 
higher blocking activity of EM6 in Cav3.2. Furthermore, this 
interaction profile may explain the low blocking activity of 
EM5, in which the C3‐side chain is N‐phenylamide lacking the 
chlorine substituent, and consequently, the halogen bond.

FIGURE 13 | Pore unit of Cav1.2 in complex with amlodipine (pink) (A), DHP binding site with amlodipine and docked (R)‐EM4 (blue) and 
(R)‐EM6 (yellow) (B). 

FIGURE 14 | Docking pose of (R)‐EM4 (A) and (R)‐EM6 (B) in Cav1.2. Yellow spheres depict hydrophobic contacts, red arrows and green 
arrows show hydrogen bond acceptors and hydrogen bond donors. 
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3.6 | Metabolic Stability Determination 

Metabolic stability pertains to the susceptibility of a pharma
ceutical compound to metabolic processes. A significant num
ber of drugs administered orally undergo extensive clearance by 
the liver. Therefore, precise forecasting of hepatic metabolism 

and first‐pass clearance is essential during the initial phases of 
drug discovery and development (Masimirembwa et al. 2003; 
Gajula et al. 2021). Our goal in this study was to investigate the 
metabolic stability of our compounds and assess the impact of 
ester and amide functionalities on this stability. We chose 

FIGURE 15 | Dynophores of (R)‐EM4 (A) and (R)‐EM6 (B) in Cav1.2 in two‐dimensional and three‐dimensional representation. Yellow dots 
depict hydrophobic contacts (H), while red and green dots represent hydrogen bond donors (HBD) and hydrogen bond acceptors (HBA). The 
percentage indicates the frequency of a specific interaction. 

FIGURE 16 | Docking pose of (R)‐EM4 (A) and (R)‐EM6 (B) in Cav3.2. Yellow spheres depict hydrophobic contacts, red arrows show hydrogen 
bond acceptors and the purple arrow represents a halogen bond. 
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compounds EM1‐EM3, which have the same aryl group and all 
blocked both types of calcium channels. According to the data 
obtained, all tested compounds were found to be stable in 
microsomal environment. EM1 that possesses ester function
ality showed less stability compared to amide counterparts. 
Nevertheless, the t1/2 of EM1 was recorded as > 60 min for a 
60 min procedure assay. On the other hand, for EM2 and EM3, 
the presence of the amide moiety provided metabolic stability 
(Figure 17). Our findings support the in vivo stability of amide 
functional group and highlights its significance in improving 
metabolic stability (Kumari et al. 2020).

3.7 | Structure‐Activity Relationship 

To explore the structure‐activity relationships of HHQs with 
calcium channel blocking activity, we correlated the chemical 
structures of EM1‐EM15 with the physiological data obtained, 
as well as the results from molecular modeling and metabolic 
stability studies. The key conclusions from our findings are 
summarized as follows: 

• The primary chemical difference between the compounds 
lies in the type of carbonyl group (ester or amide) they 
contain. According to patch‐clamp assays, ester derivatives 
were more effective calcium channel blockers; however, 
amide counterparts demonstrated a significant degree of 
blocking on calcium currents carried by both Cav1.2 and 
Cav3.2. The amide side chain of our compounds was rigid, 
which resulted in the formation of no hydrogen bonds 
between the carbonyl oxygen or amide nitrogen and the 
calcium channel, as observed in molecular modeling stud
ies within Cav1.2. Therefore, designing amide‐carrying 
HHQs by introducing flexible amide moieties is likely to 
result in more effective calcium channel blockers.

• The incorporation of a chlorine atom at the para position of 
the phenyl ring in amide‐functionality of HHQs led to a 
notable increase in the activity of these derivatives. This 
increase in activity can be attributed to the enhanced 

hydrophobic interactions or the halogen bonding with the 
calcium channel facilitated by the chlorine substitution, 
according to molecular docking studies.

• Amide‐possessing HHQs were found to be metabolically more 
stable in comparison with their ester counterparts. This finding 
highlights the importance of designing more amide‐based 
HHQs as potential calcium channel inhibitors for the treat
ment of various cardiovascular and neurological disorders.

• At the C‐4 position of the HHQ scaffold, the phenyl ring has 
different groups attached to it at the same locations. As a 
result, we can directly link the type of substituent to the 
calcium channel blocking ability of the compounds. Par
ticularly, the substitution of methoxy groups onto the C‐4 
phenyl ring (EM10‐EM13)was not preferential for calcium 
channel blocking activity. Except for EM4, EM1‐EM9 all 
showed effective inhibition against Cav1.2 and Cav3.2. Ac
cording to molecular modeling studies, these derivatives 
have a chlorine atom at the para position of the phenyl 
ring, which forms hydrophobic contacts with Cav1.2 and 
Cav3.2. At the meta position, hydrogen bond acceptors such 
as NO2, CF3, and F were favorable substituents for inter
acting with the channel. Among them, fluorine, in addition 
to hydrophobic interactions, can also participate in hydro
gen bonding as a hydrogen bond acceptor, as observed in 
Cav1.2. Changing the aromatic substitution pattern in 
EM10‐EM15 reduced the inhibitory activity against Cav1.2. 
The 1,3‐benzodioxole ring at C‐4 of HHQs (EM13 and 
EM15) allowed us to identify selective blockers of Cav3.2 
over Cav1.2. This result aligned with our previous findings 
(Akman et al. 2022; Koçak Aslan et al. 2024).

4 | Conclusions 

In order to gain a deeper understanding of the structure‐activity 
relationships of DHP‐based calcium channel blockers, we syn
thesized fifteen compounds possessing HHQ scaffold with 
either an ester or an amide moiety. The target molecules, 

FIGURE 17 | Metabolic stability results of EM1‐EM3 with their chemical structures. 
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obtained using a modified Hantzsch method, were evaluated for 
their effects on L‐(Cav1.2) and T‐(Cav3.2)‐type calcium channels 
through the application of the whole‐cell patch clamp tech
nique. According to the inhibition values, while the amide de
rivatives exhibited slightly lower activity compared to their ester 
counterparts, they still inhibited calcium currents through 
L‐ and T‐type channels to a considerable degree. The block of 
both calcium channel subtypes by EM4 was demonstrated to be 
voltage‐ and frequency‐dependent. The enantiomers of EM4 
were separated using HPLC on a chiral stationary phase. Sub
sequent testing on the Cav1.2 and Cav3.2 channels revealed that 
the R‐isomer demonstrated a greater efficacy in inhibiting both 
types of calcium channels. Molecular docking and dynophore 
analysis provided mechanistic insight into the observed physi
ological profiles. In Cav1.2, both (R)‐EM4 and (R)‐EM6 were 
shown to bind within the well studied DHP binding pocket, 
adopting binding modes comparable to clinically used DHPs 
and forming a conserved hydrogen bond with Ser1132 that is 
critical for channel blockade. However, our analysis revealed 
that the ester derivative (R)‐EM4 exhibits greater conforma
tional stability than the amide derivative (R)‐EM6, which was 
attributed to increased flexibility of the ester side chain and its 
ability to better accommodate stabilizing hydrogen bonds 
between the carbonyl oxygen and Thr1057. For Cav3.2, docking 
studies suggested that both compounds interact with the Ⅲ–Ⅳ 
fenestration, a proposed non‐selective DHP binding site 
in T‐type calcium channels. Notably, the amide derivative 
(R)‐EM6 engages in additional lipophilic contacts and forms a 
stabilizing halogen bond that are absent in the ester analogue 
(R)‐EM4, providing a structural rationale for the high blocking 
activity of EM6 at Cav3.2. Besides this, even being slightly less 
effective against calcium channels, amide derivatives were 
demonstrated to be metabolically more stable than their ester 
counterparts. Altogether, our data demonstrates for the first 
time that amide‐bearing HHQs hold significant promise for the 
design of further calcium channel blockers as potential ther
apeutics against cardiovascular and pain disorders.
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