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ABSTRACT. The formation of insulin amyloid fibrils leads to accumulation of protein 

aggregates at the sites of insulin injection and interferes with insulin delivery for treatment of 

diabetes. We investigated the ability of small molecules, aromatic glyco-acridine derivatives, to 

prevent insulin fibrillization. The fluorescence spectroscopy and atomic force microscopy shown 

that glyco-acridines interfere with insulin aggregation and that their inhibitory activity depends 

on their structure. The binding free energies, estimated by all-atom molecular dynamics 

simulations, indicate that non-polar interaction is the key factor controlling the binding affinity 

of glyco-acridine derivatives to insulin. We introduced, for the first time, geometrical descriptors 

that allowed us to distinguish the binding affinities of stereo-isomers. The binding free energies 

correlate with the distance between planes of the acridine tricyclic core and side parts in unbound 

and bound states. In addition, the aromatic part of glyco-acridines is important for directing the 

ligand – dimer insulin interaction. Our findings may provide a basis for the development of new 

small molecule inhibitors for therapy of amyloid-related diseases. 

Introduction  

 Self-assembly of misfolded proteins into amyloid oligomers or fibrils is associated with a 

variety of human diseases known as systemic amyloidoses1. It has been shown that more than 20 

human poly/peptides are associated with about 40 different diseases including Alzheimer’s 

disease, prion disorders, Parkinson's disease, diabetes mellitus2,3. Thus, it is of the most 

importance to understand the mechanisms of amyloid formation as well as find ways to control 

or inhibit this process.  

 Considerable efforts have been devoted to development of new efficient treatments of 

amyloidosis. Taking into account multistep character of protein aggregation, several approaches 
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have been proposed4. A direct inhibition of amyloid aggregation by small molecules appears to 

be one of the most promising methods5. Small molecules can easily reach every tissue in the 

body and interfere with the process of amyloid aggregation. 

 It was previously shown that small aromatic molecules are efficient inhibitors of amyloid 

fibril formation in vitro6,7 and can prevent the cell death in amyloidogenic cytotoxicity assays8. 

Aromatic compounds, such as rottlerin, clotrimazole, or sulconazole, interfere with 

amyloidogenesis of prion proteins and lysozyme9,10. Curcumin can inhibit aggregation of 

amyloid beta peptide11 and α-synuclein12,13. Paclitaxel and several small aromatic compounds 

showed the ability to inhibit insulin amyloid assembly in vitro6,7,14. Polyphenols were also 

identified as effective amyloid inhibitors13,15. We have previously demonstrated structure-related 

activity of diverse aromatic acridine derivatives toward inhibition of aggregation of the lysozyme 

in vitro16,17 and in silico18. The anti-aggregation activity of aromatic compounds is possibly 

related to their interactions with aromatic residues in the binding site or simply due to their non-

polar interaction with the highly hydrophobic binding sites of proteins. Porat et al. suggested that 

aromatic interactions between the phenolic compounds and aromatic residues of amyloidogenic 

sequences may direct the inhibitor to the amyloidogenic core of the protein and thus, facilitate 

the interference of the compound with amyloid aggregation6. That would apply not only to 

phenolic but also for aromatic compounds. 

 Insulin, a protein hormone produced by beta cells in pancreas, plays a central role in 

glucose metabolism19. Insulin is composed of chain A (21 residues) and chain B (30 residues), 

which are linked together by two inter-chain disulfide bonds20. Although, the most stable form of 

insulin is a hexamer coordinated with 2-4 Zn2+ atoms in vivo, only less stable monomer and 

dimer states present the active forms21. Amyloid deposits of insulin are observed at the site of 

 

3 

Page 4 of 40Medicinal Chemistry Communications

M
ed

ic
in

al
C

he
m

is
tr

y
C

om
m

un
ic

at
io

ns
A

cc
ep

te
d

M
an

us
cr

ip
t



frequent insulin injection in diabetes patients22. Under certain destabilized condition, such as low 

pH, high temperature, presence of salts or detergents, insulin has higher propensity to form 

amyloid aggregates23. The understanding and effective inhibition of the insulin amyloid 

aggregation would improve the storage and delivery of insulin for the treatment of diabetes.  

 In this study, we employed experimental and computational methods to investigate the 

interference of glyco-acridine derivatives with amyloid fibrillization of insulin. Experimental 

data obtained by AFM and ThT fluorescence assay indicate that glyco-acridines prevent amyloid 

fibrillization with IC50 values in the µM range and their activity depends on their structure. The 

classical docking and molecular mechanics generalized Born surface area (MM-GBSA) methods 

were used to understand the binding process at the atomic level. Our study confirmed the critical 

role of aromatic ring in directing the inhibitor's interaction with insulin dimer. We show that 

non-polar interactions dominate over the polar interactions and the glyco-acridine binding 

affinities correlate with the distance between planes of the core and side parts. These results 

point out the importance of compound geometry for distinguishing binding affinities of stereo-

isomers.  

MATERIALS AND METHODS 

Chemicals 

 Human recombinant insulin (lyophilized powder, I2643 - 50MG), NaCl and Thioflavin T 

(ThT) were obtained from Sigma Chemical Company (St Louis, MO). All other analytical 

reagent grade chemicals were purchased from either Sigma-Aldrich or Fluka. Glyco-acridine 

derivatives were synthesized at the Department of Organic Chemistry, Faculty of Science, 
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Safarik University, Kosice. Glyco-acridines were dissolved in DMSO and freshly prepared 

before the measurements.  

In vitro insulin amyloid fibrillization 

 Insulin amyloid aggregates were prepared by dissolving lyophilized powder in 100 mM 

NaCl buffer (pH 1.6) to a 10 μM final concentration. The solution was then incubated under 

constant stirring at 65°C for 2 h. Formation of amyloid fibrils was monitored by characteristic 

changes in ThT fluorescence intensity and confirmed by atomic force microscopy. 

ThT fluorescence assay 

 Amyloid aggregation of insulin was detected as a significant enhancement of the ThT 

fluorescence intensity. ThT was added to the 10 μM insulin samples to reach final ThT 

concentration of 20 μM. Measurements were performed using Synergy MX (BioTek) 

spectrofluorimeter in a 96-well plate. The excitation was set at 440 nm and the emission recorded 

at 485 nm. The excitation and emission slits were adjusted to 9.0/9.0 nm and the top probe 

vertical offset was 6 nm.  

Examination of the ability of glyco-acridines to affect insulin amyloid fibrillization 

 Glyco-acridine derivatives (at final 60 μM concentration) were added to 10 μM insulin 

solution at the beginning of the insulin amyloid fibrillization described above. The ability of 

glyco-acridines to inhibit formation of insulin amyloid aggregates was evaluated by ThT assay. 

The experiments were performed in triplicates and the reported values are the averages of 

measured values with standard deviation. In control experiments, the insulin was omitted to 

measure the fluorescence of glyco-acridine derivatives alone. 
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Time dependence of insulin amyloid aggregation - effect of glyco-acridines  

 Glyco-acridine derivative (at 60 µM final concentration) was added to 10 µM native 

insulin solution to evaluate its effect on the process of insulin amyloid fibril formation. The 

mixture was exposed to the conditions triggering the aggregation process (pH 1.6, 65°C and 

stirring at 1200 rpm). To determine the extent of insulin amyloid aggregation, ThT was added to 

the selected aliquots at indicated time intervals and fluorescence was measured by ThT assay. 

Every experiment was performed in triplicates and the reported values are the averages of 

measured data, the error bars represent the average deviation. The growth curves were obtained 

by fitting the average values by non-linear least-square method. 

Determination of IC50 

 IC50 value (concentration of glyco-acridine derivative leading to 50% inhibition of insulin 

fibrillization) was determined by measuring the ability of glyco-acridine to inhibit formation of 

insulin amyloid aggregates within compound concentrations range from 10 pM to 1 mM at fixed 

10 μM insulin concentration. The amount of amyloid aggregates was observed by ThT 

fluorescence assay. The fluorescence intensities observed in presence of glyco-acridine 

derivatives were normalized to the fluorescence signal of amyloid fibrils alone. The final IC50 

value represents the average value obtained by fitting three independent concentration 

dependencies by non-linear least-squares method. The volume of DMSO in samples was lower 

than 2% and had no effect on insulin fibrillization or stability of fibrils. 

Attenuated total reflectance Fourier transform infrared (ATR FT-IR) spectroscopy 
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ATR-FTIR spectra were obtained with a Nicolet 8700 Fourier Transform Infrared (FTIR) 

(Thermo Scientific) spectrometer equipped with Smart OMNI-Sampler (diamond crystal).  

Spectra were recorded for 680 µM insulin and glyco-acridine derivatives with the same 

concentration ratio (1:6) as in the ThT measurements. Each spectrum is average of 256 

interferograms recorded in amide I region (1740 – 1600 cm-1) with resolution of 2 cm-1. The 

buffer with 2% DMSO background was subtracted from protein spectrum. 

Atomic force microscopy 

 Samples of 10 μM of insulin with 60 μM of glyco-acridine derivatives were placed on the 

freshly cleaved mica surface by drop casting method. After 5 min adsorption samples were 

washed with ultrapure water and left to air dried. AFM images were taken in a tapping mode 

using Scanning Probe Microscope (Veeco di Innova, Bruker AXS Inc., Madison, USA) with an 

NCHV cantilever with specific resistance of 0.01 – 0.025 Ω cm, antimony (n) doped Si, radius of 

the tip curvature of 10 nm at scan rate 0.25 - 0.5 kHz and 512 pixels per line resolution (512 x 

512 pixels/image). No smoothing or noise reduction was applied. 

Docking method 

 The insulin dimer structure24 was retrieved from the RSCB Protein Data Bank (PDB ID: 

1GUJ). The structure of the protonated insulin dimer structure (at pH 2.1) was calculated using 

PDB2PQR server25 with the Amber force field. The PDBQT files for insulin and glyco-acridine 

derivatives were generated using Autodock Tools 1.5.426,27 and used as the input for the 

Autodock Vina version 1.128, which is more efficient than Autodock 427 for docking glyco-

acridine derivatives into insulin. The iterated local search global optimizer algorithm was 

employed with the Broyden−Fletcher−Goldfarb−Shanno method29 for local optimization in 
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Autodock Vina, the genetic algorithm was used for global optimization. To obtain accurate 

results, we set the exhaustiveness of global search equal to 1000. The maximum energy 

difference between the worst and best binding modes was set to 7. A total 10 binding modes 

were generated with random starting positions of the glyco-acridine ligand and fully flexible 

torsion degrees of freedom. The center of grids was placed at the center of mass of the receptor 

with grid dimensions large enough to cover the whole receptor. 

Molecular Dynamic simulations 

 We used the MM-GBSA method to estimate the binding free energy of glyco-acridine 

derivatives to insulin. Insulin-ligand configurations obtained in the best docking mode were used 

as starting configurations for the molecular dynamics (MD) simulation at 300 K using the 

Amber99sb and gaff force field for receptor and ligands, respectively. The simulation was 

performed with the help of the AMBER11 package30. RESP charges31, calculated by 

Gaussian0932 (HF/6-31G*), were assigned to ligands. The Generalized Born implicit solvent 

model33,34 (igb=2) was used for simulation at pH 2.1. SHAKE35 algorithm was used to restrain 

all bonds involving hydrogen atom. A time step of 2 fs was used. Non-bonded interactions were 

calculated with a cut-off of 2.5 nm. The MD simulation was kept running until a long enough 

stable trajectory was observed. Snapshots were taken every 100 ps for calculations of binding 

affinity by the MM-GBSA method. 

MM-GBSA method 

 The MM-GBSA method36,37 which is more accurate and reliable than docking, was used 

to estimate the binding free energy of glyco-acridine derivatives to insulin. In general, the MM-

GBSA method calculates the binding free energy of ligand to the receptor as: 
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   ∆Gbind = ∆Eelec + ∆Evdw + ∆Gsur + ∆GGB - T∆S          (1) 

where ∆Eelec and ∆Evdw are contributions from electrostatic and vdW interactions, respectively. 

∆Gsur and ∆GGB are contributions of non-polar and polar solvation energies. The entropic 

contribution ∆S is estimated using the normal mode approximation. Equilibrium snapshots 

collected from the MD run were used as the input for MM-GBSA calculation. Energies were 

calculated by AMBER MM-GBSA utility38 with the same force fields, charges and solvent 

model as used in the MD simulations, but no cut-off was used for the evaluation of non-bonded 

interactions. The default values were assigned to the rest of the parameters. The input files for 

MD and MM-GBSA calculations were prepared by utility sets38 in AmberTools1.5.  

Results and discussion 

 Several therapeutic approaches have been proposed for amyloid-related diseases. Based 

on the generally accepted evidence that amyloid oligomers are mostly involved in cell death, one 

of the approaches includes direct inhibition of the protein amyloid fibrillization. Therefore, the 

intensive research is aimed to identify new compounds able to prevent protein self-assembly into 

amyloid aggregates. A significant attention is devoted to small molecules with aromatic 

structures, which can specifically interact with amyloid aggregate and inhibit their formation. We 

have investigated the ability of nine glyco-acridine derivatives containing aromatic rings to 

inhibit amyloid fibrillization of insulin with the aim to understand the mechanism of inhibition. 

We focused on the relationship between the binding affinities of compounds obtained using in 

silico methods and their inhibitory activities determined experimentally in vitro. 

Glyco-acridine derivatives 
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 Studied glyco-acridine derivatives contain of a planar tricyclic acridin-9-yl core and a 

side saccharide chain connected by different linkers. Saccharide terminal units contain 

tetraacetylated or nonacetylated β-D-glucopyranosyl, β-D-galactopyranosyl or β-D-

manopyranosyl skeletons. Three types of linkers were used to attach saccharide terminals to the 

acridine core. Linkers have been prepared based on starting 9-hydrazinoacridine and 2,3,4,6- 

tetra-O-acetyl-β-D-glycopyranosylisothiocyanate synthons (Glu=1, Gal=2, Man=3): 

thiosemicarbazides (T1, T1OH, T2,), cyclic 1,3-thiazolidinones (C1, C2, C2OH and C3) and 

isothiosemicarbazides (I1 and I2). The structures of all screened compounds are shown in Figure 

1; the chemical compositions and formulas are presented in Table S1 in Supporting Information 

(SI). The diversity of glyco-acridine derivative structures allowed us to study relationship 

between their chemical structure and ability to inhibit insulin amyloid fibrillization. 
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Figure 1. The structural configuration of studied glyco-acridine derivatives. Tricyclic acridine 

core is planar. The arrangement of the distinct linkers and side parts are presented. 

Impact of glyco-acridine derivatives on insulin aggregation 

 The effect of glyco-acridine derivatives on insulin fibrillization was studied using ThT 

fluorescence assay. The results obtained for 60 μM concentration of glyco-acridine and 10 μM of 

insulin are presented in Figure 2 (the fluorescence intensities were normalized to the 

fluorescence signal detected for the insulin amyloid aggregates (Iagg) alone). The data clearly 

show significantly lower (lower than 50%) fluorescence intensities in presence of glyco-acridine 

compounds when compared to fluorescence of untreated insulin aggregation. These results 

indicate that glyco-acridine derivatives have ability to inhibit formation of insulin amyloid 

aggregates. The highest fluorescence intensities (about 45% of Iagg) were obtained for glyco-

acridine derivatives C1, C2, T1, and T1OH. The lowest fluorescence intensities of about 18% of 

Iagg were observed for derivatives T2 and I1. 
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Figure 2. ThT fluorescence intensities of insulin amyloid aggregates alone (Iagg) and in 

presence of 60 µM glyco-acridine derivative. The extent of insulin aggregation was normalized 

to the control representing the fluorescence signal of the insulin amyloid fibrils (10 µM) in 

absence of acridine compound (Iagg, white hatched bar, taken as 100%). The single experiment 

was performed in triplicate samples. The error bars represent the standard deviation of three 

separate samples. 

 

 We used FTIR spectroscopy for examination of the content of secondary structure of 

native insulin and after its fibrillization in absence and presence of glyco-acridines. The data are 

presented in Figure 3. The FTIR spectrum of the native insulin (violet dash line) has the maxima 

corresponding to the high content of the α-helix structure (peak at 1651 cm-1). The intensive 

increase of the β-sheet structure accompanying formation of the peak at 1630 cm-1 together with 

decrease of the peak intensity for α-helix structure was observed for insulin after amyloid 

fibrillization (violet solid line). The spectra obtained in presence of glyco-acridines clearly 

indicate that content of each type of secondary structure varies with the ability of derivatives to 

inhibit insulin fibrillization. The high content of the β-sheet structure together with lower content 

of α-helix structure were observed for derivative T1OH (cyan line). In contrary for derivative I1 

(green line) the spectrum is similar to the spectrum of native insulin with high content of the α-

helix structure. These results indicate that ability of T1OH to inhibit insulin fibrillization is lower 

than in the case of compound I1. The spectra obtained for T2 (blue line) and C1 (red line) show 

considerable contents of both the α-helix and β-sheet structures indicating their inhibition 

activities are between derivatives T1OH and I1. We suggest that obtained FTIR spectra strongly 

support the data presented in Figure 2. 
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Figure 3.  FTIR spectra detected for native insulin (violet dash line) and insulin after 

fibrillization alone (violet solid line) or in presence of derivatives T1OH (cyan dash-dotted-

dotted line), C1 (red short dash line), T2 (blue dotted line) or I1 (green long dash line). The ratio 

of the insulin: glyco-derivative = 1:6 is the same as in the ThT measurements. Concentration of 

the insulin was 680 µM.  

Growth curves of insulin amyloid fibrillization 

  Next, we aimed to determine what step of insulin fibrillization is being inhibited by the 

interaction with glyco-acridine derivatives. Thus, the kinetics of the fibril formation in presence 

of glyco-acridine derivatives was examined using the ThT fluorescence assay. The growth 

curves of the insulin fibrillization in presence of 60 µM glyco-acridines selected from each of the 

structural group are shown in Figure 4. 

 The growth curve of insulin fibrillization represents nuclei-dependent kinetics typical for 

formation of amyloid fibrils. The sigmoidal profile has the characteristic of lag phase (formation 

 

13 

Page 14 of 40Medicinal Chemistry Communications

M
ed

ic
in

al
C

he
m

is
tr

y
C

om
m

un
ic

at
io

ns
A

cc
ep

te
d

M
an

us
cr

ip
t



of nuclei) lasting about two minutes followed by the steep increase of fluorescence intensity due 

to fibril polymerization. The steady-state fluorescence value was achieved after five minutes, 

suggesting that formation of the mature fibrils was finished.  

 The presence of glyco-acridine derivatives changed the characteristics of the S-shape 

growth curves, namely the time of the lag phase, the slope of curve and steady-state fluorescence 

values in comparison to the insulin fibrillization occurring in the absence of glyco-acridine 

derivatives. For thiosemicarbazide derivatives T1OH (cyan dash-dotted-dotted line) and T2 (blue 

dotted line) were observed a longer lag phase and lower values for steady-state fluorescence 

intensities (more than 50% decrease). In case of derivative C1 (red short dash line), the lag phase 

was prolonged even further and the slope of the curve representing fibril growth was more 

modest. The characteristic of the growth curve for derivative I1 (green long dash line) was 

completely different; significantly longer lag phase (about 10 min) was followed by a rather 

sharp increase in fluorescence intensity. This data suggest that glyco-acridine derivatives can 

slow nuclei formation and the subsequent formation of oligomers and fibrils. 

 We also examined kinetic of insulin fibrillization by measurement of the absorbance at 

600 nm. The obtained data are presented in Figure S1 in SI. The kinetics are similar to growth 

curves presented in Figure 4 and thus, strongly support data obtained by ThT assay. 
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Figure 4. Time-course of insulin fibrillization (10 µM) in the absence (violet circles) and in the 

presence of 60 µM glyco-acridine derivatives T1OH (cyan stars), T2 (blue triangles), C1 (red 

squares) and I1 (green diamonds) monitored by ThT fluorescence assay. The error bars represent 

the standard deviation of three independent samples. 

Atomic force microscopy (AFM) 

  The fast kinetic of insulin fibrillization was confirmed also by atomic force microscopy 

(Figure 5). Formation of globular aggregates was observed after 1 min incubation with a 

tendency of prolongation into fibrils. Thin protofibrils elongated into fibrils were observed 

within 3 minutes, suggesting that the elongation phase was almost finished at the time. In steady 

state, the insulin formed long, straight and thin amyloid fibrils with tendency to associate into 

bigger complexes. 
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Figure 5. AFM images of amyloid aggregates formed by 10 μM insulin alone and in the 

presence of 60 μM glyco-acridine derivatives T1OH, T2, C1 and I1 corresponding to 1 min, 3 

min and 12 min time-points on growth curves presented in Figure 4. Bars represent 1 μm. 

 The inhibitory effect of glyco-acridines was clearly demonstrated using this technique. 

Representative images of glyco-acridines belonging to each structural group are presented in 

Figure 5. In case of thiosemicarbazides T1OH and T2, slightly prolongated lag phase was 

followed by the formation of significantly shorter fibrillar aggregates compared to structures 

observed for insulin alone after 3 min. In the steady-state (after 12 min) we observed a huge 

amount of the mature fibrils. Interference of acridine derivatives C1 and I1 with the process of 

insulin amyloid fibrillization resulted in further prolongation of the lag phase. It corresponds 

with the presence of oligomers and globular aggregates 3 min after start of the process of 

fibrillization. In the steady-state phase, the aggregates are much shorter and thinner even at 12 

min. In case of I1, the amount of aggregates was significantly reduced compared to that observed 

for other derivatives. Thus, visualization of the process of aggregation using AFM was clearly in 

agreement with data obtained by ThT assay. 

Determination of IC50 

 IC50 values (concentration of compound causing the half-maximal inhibition of insulin 

fibrillization) were determined for all experimentally studied glyco-acridine derivatives by ThT 

assay in concentration range from 10 pM to 1 mM and fixed insulin 10 μM concentration. The 

relative fluorescence intensities (normalized to the fluorescence signal of insulin amyloid 

aggregates formed in the absence of glyco-acridines) for representative glyco-acridines from 

each structural group are provided in Figure 6. The data clearly show that glyco-acridines inhibit 
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process of insulin aggregation in a dose dependent manner. The IC50 values, determined by 

fitting of the average value curves by the nonlinear least-squares method, were within in 

micromolar range and are summarized in Table 1. The lowest IC50 value corresponding to the 

most effective inhibitory effect was obtained for derivate I1 (7.22 μM). A higher IC50, ranging 

from 22.4 μM to 39.79 μM, were determined for T1, T2, C2, C3 and I2. The least effective were 

derivatives C1 and T1OH with the IC50 values 59.48 μM and 60.75 μM, respectively. 

acridine concentration (M)
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Figure 6. The inhibition of insulin fibrillization induced by increasing concentrations of glyco-

acridines detected by ThT assay; T1OH (cyan stars), T2 (blue triangles), C1 (red squares) and I1 

(green diamonds). The degree of inhibition was plotted as a percentage of the control (insulin 

fibrillization in the absence of glyco-acridines). The fits were calculated as four parameter 

logistic curves. Corresponding IC50 values are listed in Table 1. 
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Docking of glyco-acridine derivatives 

 To gain insight into the inhibitory mechanism at the atomistic level, we first carried out 

the docking simulation. The glyco-acridine derivatives were docked into a dimer structure of 

insulin. In the best docking mode with the lowest binding energy all ligands bound to the same 

binding pocket formed by residues G1, I2, V3, E4, Y19, C20, N21 from chain A and L11, L15, 

F24, F25, Y26, T27, P28, K29 from chain B of insulin (Figure 7). The binding site belongs to 

one monomer because the dimer is not entirely symmetric with respect to monomers. However, 

the second best docking position belonged to another monomer highlighted in blue. It should be 

noted that fragment of residues 11-17 (LVEALYL) of chain B, which was considered as a 

crucial part in insulin fibrillization39-42, is at the bottom of binding pocket (in Figure 7 

highlighted in red). 

 

Figure 7. The best docking positions of all glyco-acridine derivatives in complex with insulin 

dimer; one insulin monomer is in green the second is in blue. Fragment LVEALYL at the bottom 

of binding pocket is highlighted in red. 
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 It is apparent that the aromatic core of glyco-acridines binds to the binding pocket while 

the more hydrophilic site parts are exposed to solvent. This reasonable conformation of insulin-

glyco-acridine complexes remains valid in aqueous environment. The binding energies ∆Ebind of 

ligands are listed in Table 1. The anti-correlation between binding energies and the 

experimentally determined IC50 values (correlation coefficient R = - 0.76, Figure S2) is not 

rational as for instance, ligand I1 has the lowest IC50, but its binding affinity is the worst. 

However, this poor correlation between experimental and docking results is not surprising 

because the docking method involves a number of crucial approximations. Thus, the docking 

approach failed accurately estimate the binding energy presumably due to the crude 

approximations, in which the receptor is considered as a rigid object and the number of trial 

positions of ligand is limited. 

Table 1. The binding free energy estimated by the MM-GBSA method. Energy is measured in 

kcal/mol. ∆Ebind is the binding energy obtained by the docking method. 

 

 To better understand the reason behind this correlation, we considered the binding site in 

a more detail. As it is apparent from Figure S3 in the Supporting Information, the binding pocket 

Ligands 
IC50 

experimental 
(µM) 

∆Evdw ∆Eelec ∆GGB ∆Gsur −T∆S ∆Evdw+∆Gsur ∆Eelec+∆GGB ∆Gbind 
∆Ebind 

Docking 

T1 39.8 ± 5.7 -36.32 -5.01 18.51 -3.93 18.60 -40.25 13.50 -8.16 -6.5 
T1OH 60.8 ± 4.3 -21.63 -9.60 18.23 -2.39 13.20 -24.02 8.63 -2.19 -7.1 

T2 22.4 ± 0.1 -44.95 -14.41 30.31 -4.88 19.58 -49.83 15.90 -14.34 -6.3 
C1 59.5 ± 4.2 -41.20 -3.92 21.01 -4.79 20.59 -45.99 17.09 -8.31 -7.2 
C2 34.6 ± 5.6 -46.51 -27.92 46.26 -5.60 21.68 -52.11 18.34 -12.09 -6.6 

C2OH 14.9 ± 2.4 -44.96 -30.14 45.12 -5.19 16.80 -50.15 14.98 -18.36 -6.9 
C3 30.8 ± 1.4 -56.01 -19.47 38.49 -5.45 19.41 -61.46 19.02 -23.03 -6.6 
I1 7.2 ± 3.6 -52.33 -14.20 32.31 -5.32 15.66 -57.65 18.10 -23.88 -6.0 
I2 33.3 ± 0.1 -48.56 -27.75 42.30 -5.25 23.04 -53.81 14.55 -16.22 -6.8 
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is rather flexible because includes three gaps adjacent to the tangent of two insulin monomers. 

This great flexibility invalidates the docking method. However, the docking method did reliably 

predicted of the binding site. As shown below, the more precise MM-GBSA method yielded the 

binding free energy and inhibition constant with great correlation. 

Molecular dynamic simulations of glyco-acridine binding 

 The binding pocket and ligands were assumed to undergo major conformational changes 

to adapt to each other in the equilibrium. To simulate these structural dynamics, we performed 

the MD simulations using the configurations obtained in the docking best modes (Figure 7, the 

configuration of each derivative is shown in Figure S4) as the starting configurations.  

Equilibration. We carried out MD runs of 20-80 ns depending on ligands (Figure S5 in SI). The 

time dependence of the receptor-ligand interaction and of Cα root mean square displacement 

(RMSD) of the receptor shows that the systems reach equilibrium (curves reach saturation) at 

different time frames. While T1 and I2 complexes reach equilibrium just after ≈ 7 ns, T2 

complex reached equilibrium at ≈ 65 ns for (Figure S5 in SI). Snapshots were collected in 

equilibrium, i.e. after the arrow in Figure S5, and were used to estimate the binding free energies 

given by Eq. 1. 

Binding free energies and their correlation with IC50. The values of ∆Gbind calculated by the 

MM-GBSA method are summarized in Table 1. They vary between -23.88 and -2.19 kcal/mol 

depending on ligands. As expected, the MM-GBSA method which is more precise than the 

docking method gives a good correlation between ∆Gbind and IC50 (R = 0.84, Figure 8). For 

example, the glyco-acridine derivative I1 has the lowest binding free energy and shows the 

strongest inhibition of insulin amyloid fibrillization. 
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The importance of the binding site dynamics. In a sharp contrast with the docking results, the 

correlation between ΔGbind and IC50 correctly reflects the trend of the higher binding affinity 

associated with smaller inhibition constant, which implies importance of dynamics of the binding 

site. Thus, it confirms that the binding pocket and the ligand undergo major conformational 

changes to adapt to each other upon binding. For example, in the unbound state the width and 

depth of the binding pocket are 3.2 Å and 3.8 Å, respectively (Figure 9). In the presence of I1, 

the binding pocket becomes slightly wider, 3.5 Å, and much deeper, 13.0 Å. The fragment 

LVEALYL at the bottom of the binding pocket (Figure 7) is expected to substantially change its 

conformation upon ligand binding. Because LVEALYL provides the basic structural 

organization of the spine of insulin fibrils40, the binding glyco-acridine derivatives might inhibit 

insulin fibrillization through conformational modulation of this peptide. 

 

Figure 8. Correlation of IC50 values with binding energies ΔGbind obtained by MM-GBSA. R = 

0.84. Error bars of ∆Gbind come from averaging over snapshots collected in equilibrium. 

 

22 

Page 23 of 40 Medicinal Chemistry Communications

M
ed

ic
in

al
C

he
m

is
tr

y
C

om
m

un
ic

at
io

ns
A

cc
ep

te
d

M
an

us
cr

ip
t



A lack of the key role of hydrogen bonding in binding affinity. We calculated the hydrogen 

bond (HB) interaction energy between ligands and the receptor to examine the influence of HBs 

on the binding affinity. The hydrogen bond energy, ΔEHB was estimated as the total interaction 

energy between donor (-NH,-OH) and acceptor (-O,-N) groups using Amber99sb and gaff force 

field. The calculation was performed using equilibrium snapshots collected from the MD runs for 

all ligands and results are shown in Table S3 in SI. The obtained hydrogen bond energies ∆EHB 

show no correlation with the free binding energies ∆Gbind (correlation coefficient R = -0.29, 

Figure S6 in SI). Particularly, the HB energies of the two most active ligands, I1 and C2OH, are 

the lowest ones. Thus, the hydrogen bonding presumably has only a minor impact on the binding 

affinity of glyco-acridine derivatives to insulin. 

 

Figure 9. Structure of the binding pocket in the absence and presence of the most active ligand 

I1. In the unbound state described by the PDB structure the width and depth of the binding 
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pocket are 3.2 Å and 3.5 Å, respectively.  In the bound state (structure is the last snapshot from 

the MD run) these values level up to 3.5 Å and 13.0 Å. 

Dominating role of non-polar interaction energy. To get further insight into key factors 

determining binding affinity and inhibitory activity of glyco-acridine derivatives, the free 

binding energies obtained by the MM-GBSA method were decomposed for detail analysis. 

Basically, ∆Gbind consists of entropy (-T∆S), the polar and non-polar interaction energy. The 

polar interaction energy is a sum of electrostatic interaction energies between ligand with 

receptor and solvent, ∆Eelec+∆GGB, while the non-polar interaction energy is a sum of the van der 

Waals (vdW) interaction energies of ligand with receptor and solvent, ∆Evdw+∆Gsur.  

 As it was previously demonstrated the electrostatic effects play key role in mediating 

interaction between proteins as well as in formation and growth of amyloid fibrils43. It was also 

proposed that binding of inhibitors can change the charges on the surface of proteins and 

influence interactions between proteins and thus suppress process of fibrils formation 42,44-46. Our 

results indicate that the polar and non-polar contributions varied widely from ligand to ligand. 

However, the non-polar interaction energy was always negative and dominates over the small 

and positive polar term (Table 1). The non-polar part showed high correlation with the free 

binding energy ∆Gbind (R = 0.9, Figure 10), while there was anti-correlation between polar 

interaction energy and ∆Gbind is poorer (R = -0.71). Thus, the non-polar interactions favor while 

the polar interactions disfavor ligand binding due to high energy needed for desolvation. Thus, 

glyco-acridine derivatives bind to insulin mainly by non-polar interaction. 

 The entropy contribution was always positive due to association of ligand with receptor 

that reduces the freedom of the system. Although, most of the ligands are stereo-isomers which 
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have the same number of atoms, entropy contributions were between 13.2 and 23.04 kcal/mol. 

The result suggests that the ligand geometry is more important than the number of atoms and 

entropy may affect ranking of glyco-acridine derivatives in the free binding energy as well as in 

their inhibitory activity. 

van der Waals interactions of glyco-acridine tricyclic core and binding of derivatives to 

insulin. The data above indicated that non-polar interactions determine the ligand binding 

affinity, we next tried to narrow down what part of ligand is the most important contributor. For 

this purpose the vdW interactions between insulin and the acridine core, linker and side parts of 

ligand were analyzed in detail (Table S4 in SI). For all ligands with the exception of C2, the 

contribution of the core part was greater than those of linker and side chain. More importantly, 

only the core part showed a high correlation with the free binding energy (R = 0.9, Figure S7 in 

SI). We have estimated the vdW and electrostatic interaction of the core with aromatic rings of 

residues HIS, PHE, TYR, and TRP. As evident from Table S4 in SI, interaction between two 

aromatic rings is repulsive due to their positive charges. In addition, there was no correlation 

between the aromatic interaction energy and the binding free energy (Figure S8 in SI). This 

suggests that although, the hydrophobic aromatic tricyclic core of acridines strongly binds to 

insulin, the aromatic-aromatic interactions play a minor role. 
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Figure 10. Correlation between ∆Gbind and the polar (∆Epolar) and non-polar (∆Enon-polar) 

interaction energies. 

Structural geometry of glyco-acridine derivatives and the binding affinity 

 The vdW interactions of glyco-acridine core with receptor define the differences in non-

polar interaction as well as binding affinity. Because the core is an invariant part and some of the 

ligands are stereo-isomers, it remains unclear why the binding affinities of studied ligands are so 

different. In order to understand this issue, we have investigated the structure of ligands in more 

detail. The geometry of glyco-acridine derivatives is characterized by the orientation of the core 

and the side chains linked together by a linker. We introduced two geometry descriptors, Dgxy 

and Dgyz, representing the distance between planes of core and side chains in vertical direction 

oz and horizontal direction ox, respectively (Figure 11). 
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Figure 11. Common structure of glyco-acridine derivatives with the planar tricyclic acridin-9-yl 

core and a side saccharide connected by a linker R which can be -H, -OCOCH3 or -OH 

depending on derivatives. Axial positions of side part are in blue and equatorial positions are in 

green. Dgxy is distance from center of cyclic six-membered ring of side part to the plane Oxy 

which is perpendicular to bond between core and linker part. Origin O was placed on C atom of 

this bond. Dgyz is distance from center of cyclic six-membered ring of side saccharide to the 

plane of core represented by Oyz plane. 

 The bound state values of geometrical descriptors were calculated using MD snapshots 

collected in the equilibrium (Table 2). The distance from side chain to core in vertical oz 

direction (Dgxy) was anti-correlated with the free binding energy (R = -0.71, Figure 12), while a 

poorer correlation was observed for Dgyz (R = 0.51). Interestingly, there was a high anti-

correlation also between the vdW interaction energy of core with Dgxy (R = -0.88, Figure S9 in 

SI) and a lower correlation with distance in horizontal ox direction, Dgxy (R = 0.66). The side 

chains oriented upward away from the core in vertical oz direction favored the vdW interaction 

of the core as well as the free binding energy while those with larger horizontal ox distance did 
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not. This was because the core binds to the binding pocket at both sides of its planar tricyclic. 

The side chain geometrically blocks the core from interaction with the binding pocket, reducing 

binding affinity of ligands. The upward vertical orientation oz of the side chain is the optimal 

orientation for binding. 

Table 2. Geometric descriptors Dgxy and Dgyz of glyco-acridine derivatives in bound and 

unbound* states. 

Ligands 
Dgxy  
(Å)  

Dgyz  
(Å)  

D*
gxy  

(Å)  
D*

gyz  
(Å)  

T1  2.39  5.19  2.72  4.84  
T1OH  1.34  3.83  1.32  3.80  
T2  5.90  2.34  1.68  3.57  
C1  3.78  1.88  3.23  2.34  
C2  3.02  2.79  3.51  1.98  
C2OH  3.33  2.50  3.68  2.23  
C3  4.16  2.59  3.34  2.63  
I1  5.51  2.30  3.99  2.69  
I2  3.93  2.22  4.12  2.70  

 

To estimate distances Dgyz and Dgxy in the state where the ligand is not bound to insulin we have 

performed 100 ns MD for each free ligand with the same conditions as for receptor-ligand 

complex. Skipping the first 10 ns as time for equilibration, snapshots collected from the last 90 

ns were used for estimation of geometrical descriptors (Table 2, Figure S10). The calculated 

values of D*gxy in unbound state is also anti-correlated with the free binding energy (R = - 0.66, 

Figure 12) pointing out the important role of ligand geometry in its binding affinity. As expected, 

the correlation level with geometrical descriptors in unbound state is lower compared to that in 

bound state (Figure 12 and Figure S9 in SI). The correlation between ΔGbind and D*gxy opens up a 

new possibility to obtain the information about the binding affinity by simulating only the 
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dynamics of free ligands. This kind of simulations is much less time consuming than the 

simulation of protein-ligand complexes. 

 

Figure 12. Correlation between the free binding energies and geometrical descriptors of glyco-

acridine derivatives in bound and unbound states. * denotes the unbound state. 

Role of geometry and flexibility of linker and side chains 

 Combining all of computational results revealed that the planar hydrophobic tricyclic 

core binds to the binding pocket exposing the hydrophilic side chain to the polar solvent. 

 Both, the ligand and the binding pocket undergo major conformational changes to adapt 

to each other favoring the vdW interactions of the tricyclic core of the ligand with the receptor. 

To accommodate the tricyclic core inside the binding pocket, the ligand has to re-orient the side 
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chains upward from the core increasing Dgxy. Thus, ligand with high binding affinity should have 

a compact side chain and high flexibility.  

 Tetra acetylated β-D-galactopyranosyl and tetra acetylated β-D-manopyranosyl side 

chains contain an acetyl group bonded to C4 and C2 at axial position as opposed to the equatorial 

position in tetra acetylated β-D-glucopyranosyl (Figure 11). The orientation of acetyl group at 

these axial positions is upward far away from the core, reducing geometric obstacle against the 

binding of the core. That explains why the binding affinity increases in ligands T1, T2, and C1, 

C2, C3 ligands, when the tetra acetylated β-D-glucopyranosyl in the side chain is replaced by the 

tetra acetylated β-D-galactopyranosyl or tetra acetylated β-D-manopyranosyl containing side 

chain. Thus, ligand C3 is more active than ligand C2 because C2 is closer to core than C4 and the 

effect of axial position of C2 is stronger than that of C4.  

 In addition to the geometry of side chains, the relative orientation of core and side chains 

is also determined by geometry and flexibility of linker. Among three types of linkers, cyclic 1,3-

thiazolidinones, which includes a five-membered ring and only one rotatable bond (Figure 13), is 

the most rigid linker and geometric descriptors, Dgxy and Dgyz, of ligands from the C1, C2, C3 

group, which contain this linker, vary between bound and unbound state the least and remain 

small. It also explains the lower binding affinity of those ligands compared to the others with the 

same side chains. Thiosemicarbazide and isothiosemicarbazide linkers containing three and two 

rotatable bonds, respectively, are more flexible (Figure 11), but both of them also contain an 

intra-hydrogen bond which reduces their flexibility. For both linkers, only the rotatable bond N-

N, which does not change the length of the intra-hydrogen bond rotating around itself, keeps its 

flexibility intact. 
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Figure 13. Structures of three types of linker. R is a side part; rotation able bonds of linker are in 

purple. 

 In the case of thiosemicarbazides, there is repulsion between Hl of the linker and Hc of 

the core (Figure 11), which prevent thiosemicarbazides from rotating around the bond N-N and 

thus to achieve upward orientation away from the core. Thus, isothiosemicarbazides have the 

more flexible linker and consequently the binding affinity of I1 is higher than that of T1. 

 The smaller side chain is undoubtedly less geometrically limiting and thus, increases the 

binding affinity. As the result, C2OH with a small non-acetylated β-D-galactopyranosyl side 

chain is one of the most active ligands superior to C1, C2, and C3 (Table 2). However, this is not 

true for T1OH which has the lowest binding affinity because T1OH distorted flexible 

thiosemicarbazide linker with small non-acetylated β-D-glucopyranosyl side chain. With small 

side chain, the repulsion between Hl of the linker and Hc of the core can be minimized by 

rotating the linker around the N-N bond. The positioning of the side part closer to the core 

(Figure 13) prevents the core insertion into the binding pocket of insulin. 

Conclusions 
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 Results obtained using in vitro experiments (ThT assay, FTIR spectroscopy and AFM) 

showed that glyco-acridines are able to interfere with insulin amyloid fibrillization with the half-

maximal inhibition constant IC50 in the µM range. The result of this interaction is reduction of 

the insulin amyloid fibrillization. In silico calculation presumed importance of conformations of 

the side chain and core of glyco-acridine derivatives as well as their linker. 

 Our data indicate that the non-polar interactions together with the core of acridine 

derivatives are the key factors determining ligand's free binding energy to insulin. The 

contribution of the linker and side chains to the inhibitory activity depends not only on their 

position relative to the core but also on their flexibility. 

 The experimentally determined inhibitory activities of glyco-acridines are in agreement 

with in silico results. The lowest inhibitory activities were obtained for glyco-acridine 

derivatives C2 and T1OH in vitro. The distorted linker connecting small side chain (glyco-

residue) to the acridine core of T1OH produces tight conformation of side chain and core 

resulting in the lowest binding affinity. The highest inhibitory activities were observed for 

derivatives I1, C2OH, and T2, in which side chains and the glyco-acridine core are not close to 

each other and thus, the core can interact with insulin. 

 The interesting task was to explain the differences in the inhibitory activities as well as 

binding affinities of the stereo-isomeric glyco-acridine compounds. To address this problem, we 

have introduced geometrical descriptors Dgxy and Dgyz to characterize the three-dimensional 

orientations of different parts of glyco-acridines. The binding affinity was shown to be correlated 

with the distance between planes of the core and side chains in bound state explaining different 

activities of stereo-isomers.  
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 Based on the detailed analysis of the effect of side chain geometry and linked flexibility 

we predict that the glyco-acridine derivatives with high binding affinity consist of: i) the planar 

tricyclic acridin-9-yl core, ii) the flexible isothiosemicarbazide linker or a planar linker like 

cyclic 1,3-thiazolidin-4-one, which is bonding to side part at oxygen atom of carbonyl group 

(etherized) instead at nitrogen atom and iii) the small side chain such as nonacetylated β-D-

glucopyranosyl.  

In addition, the crucial role of aromatic part in directing the interaction of the inhibitor to 

receptor was confirmed by simulation. By elucidating the critical role of the planar aromatic core 

and other geometric factors affecting the binding free energy, our findings will be useful for 

design of potential lead compounds for amyloid-related diseases. 

The derivatives I1, C2OH and T2 were the most effective inhibitors of insulin 

fibrillization with IC50 values in micromolar range. Thus, these glyco-acridines represent 

potential therapeutical agents for insulin-associated amyloidosis and, possibly, for amyloid-

related diseases in general. 
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