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Abstract: The behavior of four drugs from the family of nucleoside analog reverse-transcriptase 
inhibitors (zalcitabine, stavudine, didanosine, and apricitabine) in a membrane environment was 
traced using molecular dynamics simulations. The simulation models included bilayers and mono
layers composed of POPC and POPG phospholipids. It was demonstrated that the drugs have 
a higher affinity towards POPG membranes than POPC membranes due to attractive long-range 
electrostatic interactions. The results obtained for monolayers were consistent with those obtained 
for bilayers. The drugs accumulated in the phospholipid polar headgroup region. Two adsorption 
modes were distinguished. They differed in the degree of penetration of the hydrophilic headgroup 
region. Hydrogen bonds between drug molecules and phospholipid heads were responsible for 
adsorption. It was shown that apricitabine penetrated the hydrophilic part of the POPC and POPG 
membranes more effectively than the other drugs. Van der Waals interactions between S atoms and 
lipids were responsible for this.
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1. Introduction

Nucleoside analog reverse-transcriptase inhibitors (NRTIs) are synthetic antiretrovi
ral drugs used in the treatment of human immunodeficiency virus (HIV) infection and 
acquired immunodeficiency syndrome (AIDS) [1]. Together with non-nucleoside reverse- 
transcriptase inhibitors [2] and protease inhibitors [3], they lay at the heart of highly active 
antiretroviral therapy (ART) [4,5]. ART has been extremely successful in reducing morbidity 
and mortality caused by HIV/AIDS. The development of ART enabled turning HIV/AIDS 
into a chronic yet manageable illness and greatly extended the lifespan of HIV-infected 
individuals [6,7]. ART is also used in both pre- and postexposure prophylactic treatment 
strategies in order to limit the spread of HIV [8- 10].

The antiviral action of ART is designed to block HIV replication at various stages of 
the virus' life cycle. In the case of NRTIs, the mechanism firstly proceeds via intracellular 
phosphorylation by deoxycytidine kinase to the active triphosphate forms [11]. After 
activation, NRTIs compete with endogenous triphosphates for binding to viral reverse 
transcriptase and subsequent incorporation into DNA strands [12- 14]. Since NRTIs lack 
the 3/-hydroxyl group, such an event results in chain termination and, finally, inhibition of 
reverse transcription. Non-nucleoside reverse-transcriptase inhibitors block the enzyme 
allosterically by inducing conformational changes [15,16]. In turn, HIV protease inhibitors 
prevent maturation of viral proteins [3]. Finally, entry inhibitors preclude insertion of the 
viral material into host cells [17,18]. The combined effect of these drugs allows for the 
suppression of plasma levels of HIV RNA (viral load) below the detectable limit.

Despite this unquestionable success of ART, some issues still require addressing. The most 
serious of them are connected with infection rebound if ART is interrupted or discontinued.

Molecules 2023, 28, 6273. https://doi.org/10.3390/molecules28176273 https://www.mdpi.com/journal/molecules

MDPI

https://www.mdpi.com/journal/molecules
https://orcid.org/0000-0001-5184-2521
https://orcid.org/0000-0003-3950-7514
https://orcid.org/0000-0002-9698-7369
https://doi.org/10.3390/molecules28176273
https://doi.org/10.3390/molecules28176273
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
mailto:anna2.stachowicz@uj.edu.pl
mailto:bkorch@chemia.uj.edu.pl
mailto:korchow@chemia.uj.edu.pl
https://doi.org/10.3390/molecules28176273
https://www.mdpi.com/journal/molecules
https://www.mdpi.com


Since ART only suppresses HIV infection, insufficient treatment adherence results in restored 
high HIV levels, increased morbidity, and resumption of potency to transmit the infection. It 
m ay also lead to proliferation of drug-resistant mutants [19]. Infection rebound is connected 
with the existence of infection reservoirs and sanctuary sites, i.e., cells containing replication- 
com petent viral material, w hich are resistant to treatm ent [20- 22]. It w as show n that the 
development of these reservoirs is related to the fact that they reside in locations unreachable by 
the ART drugs, e.g., lymphoid tissue [23- 25], the central nervous system [26,27], or the genital 
tract [28,29]. In order to penetrate these regions, the drugs first have to pass physiological 
barriers, such as the blood-brain, blood-cerebrospinal fluid, or blood-testis barrier. Commonly 
accepted mechanisms for transport of NRTIs across these barriers include passive diffusion and 
active transport with the use of membrane transporters [30,31]. It is therefore of interest to study 
interactions between NRTIs and phospholipid membranes in order to allow improvement in 
their uptake.

In this study, four NRTI drug molecules were examined, namely zalcitabine (ddC) [32,33], 
stavudine (d4T) [34], didanosme (ddI) [35], and apricitabine (ATC) [36]. Their chemical 
structures are shown in Scheme 1. ddC, ddI, and d4T are examples of first-generation NRTIs, 
approved for use in the early 1990s [37]. ATC w as discovered m ore recently, in response to 
adverse effects caused by the NRTIs of the previous generation [38] and resistance issues [39,40]. 
We have em ployed m olecular dynam ics (MD) sim ulations to study the behavior of NRTIs 
in  m odel lipid m onolayers and bilayers. In the past decades, M D  sim ulations have becom e 
a valuable tool in  studies of biological systems. They give insight into atom istic/m olecular 
details w hich are unavailable to direct experimental measurements. In some of our previous 
works, we have demonstrated that MD simulations can be helpful in studying drug-membrane 
interactions [41,42]. They were also successfully used in studies of the interactions betw een 
NRTIs and reverse transcriptase [43- 47]. The aim  of this study w as to exam ine m utual 
interactions betw een the selected NRTIs and phospholipid m em branes. O ne-com ponent 
POPC or POPG systems were considered. POPC is commonly used as a universal model lipid 
to study biological m em branes. POPG  w as chosen to exam ine the influence of headgroup 
charge on the behavior of NRTIs. Clearly, such simple, one-component systems do not capture 
the complexity of biological membranes. However, we were more concerned with elucidating 
clear trends and thus decided to keep the m odels as simple as possible. We analyze the 
drugs' adsorption to the m em branes and rationalize the observed trends in term s of their 
electronic structure on the grounds of conceptual density functional theory. The energetics 
of N R TI-lipid  interactions is also analyzed w ith sem iem pirical methods. The m em branes 
w ere constructed in two form s: m onolayers and bilayers. The behavior of both m em brane 
types is com pared to check w hether in this case a m onolayer system  can be regarded as a 
good model of a bilayer. The former has some advantages in terms of experimental studies of 
drug-m em brane interactions. Most importantly, in monolayer systems, surface area per lipid 
can be easily controlled.

Scheme 1. Chemical structures of the four NRTIs used in this work: zalcitabine, ddC (a), stavudine, 
d4T (lb), didanosine, ddI (c), and apricitabine, ATC (d).



2. Results and Discussion
2.1. M olecular D ynamics Simulations

Side view s of all m olecular system s exam ined here are shown in Figures 1 and 2 . The 
left and right columns in both figures correspond to monolayer and bilayer systems, respec
tively. POPC m onolayers/bilayers are collected in Figure 1 , w hile POPG systems are shown 
in Figure 2 . The drug m olecules are m arked as red balls. The subsequent rows correspond 
to different antiretroviral drugs: zalcitabine (ddC), stavudine (d4T), didanosine (ddI), and 
apricitabine (ATC). V isual inspection of the obtained structures already leads to several 
qualitative conclusions. Firstly, the behavior of drug m olecules w as sim ilar in  m onolayer 
and bilayer system s. Secondly, all of them have higher affinities for anionic POPG than for 
zwitterionic POPC lipids. Among the four examined drugs, ATC shows the greatest affinity 
for phospholipid  m em branes. Strong adsorption of ATC m olecules to the hydrophilic 
parts of the PO PC  and PO PG  m onolayers and bilayers can be observed. d4T also readily 
adsorbs to the hydrophilic parts of the POPG m em branes, but its affinity to POPC is smaller 
than that of ATC. The rem aining m olecules adsorb to the m onolayer/bilayer surface, bu t 
penetration into the hydrophilic parts of the m em branes is lim ited. Penetration deep into 
the hydrophobic parts of the m em branes w as not observed. This can be easily understood 
since these drugs are w ell soluble in w ater and their w ater/octanol partition coefficients 
are negative.

The above qualitative observations are confirm ed w hen partial density  plots for 
various system com ponents are analyzed. They are shown in Figures 3 and 4 . The arrange
m ent of panels in  these figures is the sam e as in Figures 1  and 2 . The sam e functional 
groups w ere plotted for m ono- and bilayer system s. They include hydrophilic PO 4 and 
choline (POPC) or hydroxyl (POPG) functional groups (red and blue colors, respectively), 
sn -2 double bonds (green), and term inal C H 3 groups of the hydrophobic tails (orange). 
W ater is m arked w ith cyan areas. The positions of the drug m olecules' center of m ass are 
show n as gray areas.

As far as lipid com ponents are concerned, it can be seen that the partial density plots 
are alm ost symmetric. This is not surprising since phospholipids only diffuse laterally. The 
vertical com ponent of d iffusion m ay appear for h igh  surface pressures w hen m em brane 
collapse occurs. On the other hand, the partial density plots of the drug m olecules are not 
sym m etric, w hich is due to asym m etric distribution betw een the two m onolayers present 
in the systems. In bilayer systems, drug m olecules diffuse across periodic cell walls. Such a 
situation does not appear in m onolayer system s due to the presence of the vacuum  slab; 
crossing the w ater-vacu u m  interface is associated w ith  a large energy cost (hydration 
energy). Considering the asym m etric distribution of the drug m olecules, their interactions 
w ith  the upper/low er m onolayer or the upper/low er bilayer leaflet can be regarded as 
independent sim ulations.

A ccum ulation of drug m olecules in  the headgroups region is m anifested by d istinct 
m axim a in  p (z )  plots for m ost drugs. This is connected w ith  adsorption to phospholipid 
headgroups. Two adsorption m odes can be d istinguished. They differ in the degree of 
penetration into the lipid heads: (i) adsorption to the m onolayer/bilayer surface and 
(ii) adsorption into the headgroup region. In density  plots, these tw o m odes m anifest as 
distinct m axim a along the z-axis. Those corresponding to adsorption into the headgroups 
are clearly shifted towards the interface. The behavior of the drug m olecules in monolayer 
and bilayer system s is consistent. The distribution of N RTIs across the w ater slab w as 
uniform , i.e., no clustering of the drug m olecules in solution w as observed.

The higher affinity of the exam ined NRTIs tow ards anionic PO PG  than tow ards the 
zwitterionic POPC is evidenced by the more pronounced maxima in the p (z )  plots. Compar
ison betw een the drugs shows that ATC stands out from the remaining m olecules in terms of 
its large affinity towards the m em branes. For the other NRTIs, the tendency to accum ulate 
in the m em branes is sm aller and dim inishes in the follow ing series: d4T > ddI/ddC.



Figure 1. POPC monolayer (left column, panels (a,c,e,g)) and bilayer (right column, panels (b,d,f,h)) 
with zalcitabine (ddC, first row, (a,b)), stavudine (d4T, second row, (c,d)), didanosine (ddI, third 
row, (e,f)), and apricitabine (ATC, fourth row, (g,h)). Color code: red—drug; molecules, blue—PO PC 
headgroups, gray—POPC hydrophobic tails, cyan—water.



Figure 2. POPG monolayer (left column, panels (a,c,e,g)) and bilayer (right column, panels (b,d,f,h)) 
■with zalcitabine (ddC, first row, (a,b)), stavudine (d4T, second row, (c,d)), didanosine (ddI, third 
row, (e,f)), and apricitabine (ATC, fourth row, (g,h)). Ccdor code: red—drug; moleculesi blue—POPG 
headgroups, gray and black—POPG hydrophobic tai!s, cyan—water, yellow—Na+.



Figure 3. Partial density plots, p =  pfz),  for POPC monolayers (left column) and b(lay- 
ers (riget column): zalcitabine (a,b), stavudine (c,d), didanosine (e,f), and apricitabine (g,h). 
Color code: cyan—water, red lines—PO4 groups, blue—N(CH3)r, green—C=C from sn-2 chains^ 
orange—termmal CH3 groups of hydrophobk teiilsi, gray area—center of mass of1 drug molecules.



Figure 4. Partial density plots, p =  p(z),  for POPG monolayers (left column) and bilayers 
(right column): zalcitabine (a,b), stavudine (c,d), didanosine (e,f), and apricitabine (g,h). Color 
code: cyan—water, red lines—PO4 groups, blue—OH of POPG, green—C=C from sn-2 chains, 
orange—terminal CH3 groups of hydrophobic tails, gray area—center of mass of drug molecules.



There is a sm all difference betw een PO PC  and PO PG  bilayers in  term s of their thick
ness. Nam ely, the PO PC  bilayer, w hich  is slightly m ore ordered than that of PO PG , is 
thicker. C hain  interpenetration in both  system s is sim ilar, bu t in PO P C  the thickness of 
the hydrophobic part is greater. This is m anifested in the shape and position of the partial 
density  plots of the term inal C H 3 groups. For PO PG  bilayers, these plots are low er and 
wider than for POPC bilayers (the same norm alization is maintained). This can be rational
ized in terms of repulsion betw een the anionic headgroups of PG, w hich results in a higher 
area per lipid (A PL). W hen  pure PO PG  and PO PC  bilayers w ere equilibrated in an N pT  
ensem ble (310 K, 1 atm ), the APL stabilized at 69.4 and 67.3 A 2 /lipid, respectively. Struc
tural param eters of the bilayer and m onolayer system s are sum m arized in Table 1. Bilayer 
thickness w as defined as the average distance betw een the phosphorus atoms of opposite 
leaflets. The thickness of the hydrophobic part was defined as the average distance between 
the C 2 carbon atom s of opposite leaflets. In  the case of the m onolayer system s, term inal 
carbon atoms were used instead of other leaflet P/C2 atoms. In all systems, the thickness of 
the POPC/PO PG bilayer is more than twice the thickness of the monolayer. This indicates 
greater disorder in  the hydrophobic chains in  m onolayer system s. The presence of drug 
m olecules does not change the structural param eters.

Table 1. Bilayer/monolayer thickness parameters dP^P/ dP—CT and d C i-C i/d a -C T . All values are 
in angstroms.

Bilayer ddC d4T ddl ATC

POPC: dP—P 37.2 ±  0.2 37.3 ±  0.2 37.3 ±  0.2 37.4 ±  0.2
POPC: dC2-C2 31.1 ±  0.1 31.2 ±  0.2 31.1 ±  0.2 31.3 ±  0.2
POPG: dP—P 36.0 ±  0.2 36.1 ±  0.2 35.9 ±  0.3 36.2 ±  0.2
POPG: dc2-C2 29.4 ±  0.5 30.0 ±  0.3 29.2 ±  0.5 30.4 ±  0.2

Monolayer

POPC: dP_CT 17.0 ±  0.3 17.0 ±  0.2 17.0 ±  0.2 17.2 ±  0.2
POPC: dc2-CT 13.9 ±  0.3 13.9 ±  0.2 13.9 ±  0.2 14.1 ±  0.2
POPG: dP_CT 16.5 ±  0.2 16.4 ±  0.2 16.4 ±  0.2 16.6 ±  0 .2

POPG: dC2-CT 13.6 ±  0.2 13.6 ±  0.2 13.6 ±  0.3 13.7 ±  0.2

The effect of drug m olecules on lipid chains is sum m arized in Figure 5 , w here chain 
order param eters (Smol) in sn-1 and sn-2  chains are plotted. In the case of POPC, the curves 
are overlapping and only a small broadening is observed. Smol values in the bilayers (solid 
lines) are higher than in the m onolayers (dashed lines). This shows that bilayers are slightly 
more ordered than m onolayers at the same surface area. The same relationship is observed 
in POPG systems. The order in the POPC bilayer/m onolayers is slightly higher than in the 
POPG systems. A  slight ordering effect of ATC m olecules in the POPG monolayer can also 
be observed. This is m anifested by increased S mol values obtained w ith this drug.

Diffusion coefficients (D ) are good descriptors to analyze the behavior of drug molecules. 
We have calculated their values from  the second half of the sim ulations (60 n s) according 
to the Enstein  relationship [48]. The obtained coefficients, sorted in ascending order, are 
show n in Figure 6 . It can be seen that the D  values fall into tw o ranges: sm all values 
below  c.a. 2 x  10 - 6  cm 2 s - 1  and larger values. Inspection of the trajectories reveals that 
m olecules w ith  sm all D  values are the ones penetrating into the hydrophilic part of the 
m em brane. The largest D  values correspond to drug m olecules in solution. A nalysis of 
the plots show n in Figure 6  confirm s the observations from  the density profiles. Nam ely, 
ATC has the strongest tendency to accum ulate in the m em branes, especially in the PO PG  
bilayer. The highest m obility in both system s is observed for the ddC m olecule, indicating 
w eak adsorption of this drug to the m em branes. This large difference betw een ATC and 
ddC m olecules suggests that interactions with ribose rings are im portant in term s of NRTI 
adsorption (ATC and ddC share the sam e cytidine base; see Schem e 1).



Figure 5. Co mparison of lipid chain order parameters in bilayer (solid lines) and monolayer (dashed 
lines) systems w(th the four studied NRTIs . (a) sn-1 chains in POPC, (b) sn-2 chains in POPC, 
(c) -n-1 chains in POPG, (d) sn-2 chains in POPG.

Figure 6. Diffusion coefficients of drug molecules in bilayer (panel (a)) and monolayer (panel (b)) sys
tems. The data were obtained from trajectories of 60 ns.

All examined NRTIs have a hydrophilic character. As w as observed in Figures 1 and 2, 
they either accum ulated in the hydrophilic part of the m onolayer/bilayer or stayed in the 
Wćiter. It can be exmected that hydrogen bonds (H Bs) are a strong stabilnzing factor for 
adsorption of these m olecuies to the m em branes. In Table 2 , w e rum m arize the average



total num ber of HBs between drug molecules and phospholipid or water molecules. It was 
taken into account that NRTIs can be both donors and acceptors of hydrogen. A standard 
geom etric criterion (donor-acceptor distance below  3 A and angle cutoff of 2 0 °) w as used 
to count hydrogen bonds. The num bers collected in the table show  that N RTIs interact 
m ore strongly w ith  PO PG  than PO PC. In alm ost every system , the average num ber of 
H Bs betw een the drug and PO PG  is higher than in the case of POPC; the only exception is 
ddC in the m onolayer model. A m ong the NRTIs, the highest num ber of HBs w as counted 
for ATC, followed by d4T. This observation is consistent w ith the m onolayer/bilayer side 
view s and partial density  plots. In both  lipid environm ents, the drug m olecules act as 
hydrogen donors. In the case of POPC, this mode is dominant and the acceptor contribution 
is negligible. The acceptor contribution slightly increases for POPG bilayers/m onolayers; 
how ever, donor contribution rem ains m ore pronounced. These num bers correspond to 
18 drug m olecules. A nother interesting relationship is the num ber of hydrogen bonds 
form ed w ith w ater m olecules, w hich in all cases is greater than 17. This can be explained 
by  the strong hydration of the hydrophilic region of the m em branes (see partial density 
plots in  Figures 3  and 4 ). In  H Bs w ith  w ater, drug m olecules again  m ay act as hydrogen 
donors and acceptors. In this case, the acceptor contributions are dom inant.

Table 2 . Number of hydrogen bonds formed by drug molecules with lipids and water molecules for 
monolayer and bilayer models. Standard geometry criterion was applied (donor-acceptor distance 
below 3 A and angle cutoff 2 0 °). The first line in each "System" entry gives the total number of 
HBs. The decomposition of this value into number of HBs with drug molecule acting as hydrogen 
donor/acceptor is shown in second/third lines.

Monolayer Bilayer

System HB with Lipid HB with Water HB with Lipid HB with Water

ddC/POPC
1.57 ±  1.22 
1.48 ±  1.19 
0.09 ±  0.30

27.35 ±  4.93 
7.41 ±  2.47 

19.94 ±  3.94

0.21 ±  0.47 
0.18 ±  0.43 
0.03 ±  0.20

28.93 ±  5.10 
7.29 ±  2.54 

21.64 ±  4.28

d4T/POPC
2.65 ±  1.53 
2.46 ±  1.29 
0.19 ±  0.42

29.87 ±  5.11 
8.56 ±  2.57 

21.31 ±  4.30

0.87 ±  0.94 
0.79 ±  0.88 
0.09 ±  0.30

31.38 ±  4.87 
8.71 ±  2.46 

22.67 ±  4.07

ddI/POPC
1.13 ±  0.97 
0.99 ±  0.88 
0.14 ±  0.26

34.77 ±  5.25 
8.59 ±  2.45 

26.18 ±  4.62

0.64 ±  0.80 
0.61 ±  0.78 
0.03 ±  0.18

34.86 ±  5.44 
8.63 ±  2.47 

26.23 ±  4.64

ATC/POPC
4.79 ±  2.11 
4.62 ±  2.24 
0.17 ±  0.25

31.13 ±  4.84 
12.11 ±  3.14 
19.02 ±  3.85

6.07 ±  2.12 
5.98 ±  2.09 
0.09 ±  0.27

28.76 ±  4.76 
11.42 ±  2.97 
17.34 ±  3.72

ddC/POPG
1.30 ±  1.16 
0.69 ±  0.77 
0.61 ±  0.73

27.68 ±  4.78 
6.23 ±  2.26 

21.45 ±  4.14

1.44 ±  1.19 
1.20 ±  1.07 
0.24 ±  0.50

25.48 ±  4.55 
5.93 ±  2.09 

19.55 ±  3.95

d4T/POPG
3.39 ±  1.68 
3.09 ±  1.90 
0.30 ±  0.62

24.99 ±  4.67 
6 .8 6  ±  2.36 

18.13 ±  4.31

5.89 ±  2.10 
5.49 ±  1.96 
0.41 ±  0.62

21.26 ±  4.73 
5.95 ±  2.20 

15.31 ±  3.58

ddI/POPG
1.87 ±  1.23 
1 .66  ±  1.21 
0.21 ±  0.31

26.58 ±  4.94 
6.52 ±  2.21 

20.06 ±  3.97

1 .20  ±  1 .10  
1.12 ±  1.04 
0.08 ±  0.30

28.66 ±  5.17 
7.30 ±  2.50 

21.36 ±  4.63

ATC/POPG
7.80 ±  2.56 
6.93 ±  2.25 
0.87 ±  0.58

17.59 ±  4.02 
7.46 ±  2.81 

10.13 ±  2.97

7.07 ±  2.62 
6.84 ±  2.56 
0.23 ±  0.49

20.33 ±  4.15 
10 .22  ±  2 .88  
10.11 ±  2.96

The com m on features of all the drug m olecules are hydroxyl groups in the sugar ring, 
quinone oxygen atom s, and aromatic N /N H  groups in the nucleobases. In ATC and ddC, 
am ine N H 2 groups are also present. A ll these m oieties can form  hydrogen bonds w ith



lipids. Detailed analysis of the H B-count output shows that the m ajority of HBs are formed 
w ith  hydrogen-donating groups of N RTIs, i.e., N H , N H 2, and O H  groups. In both the 
POPC and POPG m em branes, they are prim arily formed w ith PO 4 oxygen atoms. Only in 
the case of ATC, especially in POPG systems, are some HBs formed w ith lipid ester groups. 
O n the other hand, hydrogen-accepting interactions are scarcer, and have shorter lifetim es. 
They are form ed by arom atic N  atom s and quinone oxygens. In PO PG , they are form ed 
w ith  glycerol O H  groups. In  PO PC  system s, they occur betw een N RTIs and positively 
charged N (C H 3 )3 groups. The latter case is not a standard hydrogen bond configuration. 
H ow ever, interactions w ith  N (C H 3 )3 have a sim ilar abundance and lifetim e, as do those 
w ith  O H  of POPG . Therefore, it can be concluded that they fall into the extended IUPAC 
definition of HB: a hydrogen bond is an  attractive interaction between a hydrogen atom  fro m  a 
molecule or a molecular fragm ent X -H  in which X  is more electronegative than H, and an atom or a 
group o f  atoms in the same or a different molecule, in which there is evidence o f  bond form ation  [49].

O ne can expect that adsorbed drug m olecules are additionally stabilized by  van  der 
W aals contacts. This interaction is especially  im portant w hen ddC  and ATC m olecules 
are com pared. From  Schem e 1, it can be seen that they only differ in the presence of S 
atom s in the ATC sugar ring. H ow ever, they represent the opposite m em brane binding 
patterns— ATC binds the m ost readily, ddC the least. In order to understand this observa
tion, w e calculated averaged van der Waals and electrostatic interaction energies betw een 
NRTIs and lipids and betw een NRTIs and water. The N am dEnergy tool of VM D  w as used 
for this purpose. A total of 100 frames were extracted from the final 20 ns of the simulations. 
For each frame, NRTIs were first divided into two groups, molecules adsorbed to the m em 
brane and molecules in solution, on the basis of their distance from the bilayer center. Next, 
the electrostatic and van der W aals contributions to the potential energy w ere calculated 
and averaged in each group. The results obtained for the sim ulations w ith  PO PC  and 
POPG bilayers are reported in Tables S1 and S2 of the Supplem entary M aterials. It can be 
seen that in the case of ATC m olecules adsorbed to the m em brane, the presence of S atoms 
indeed results in a large van  der W aals contribution to the d ru g-lip id  interaction energy. 
The value obtained for this m olecule is the largest am ong all the NRTIs. Interestingly, the 
electrostatic contribution is also the largest for this m olecule. O n the other hand, w hen 
m olecules in solution are exam ined, both  the electrostatic and van der W aals interaction 
energies of ATC and ddC w ith  w ater are of sim ilar m agnitudes. It  can be concluded that 
van  der W aals interactions betw een S atom s of ATC and lipids are responsible for the 
increased tendency of this drug to accumulate in the POPC bilayer. The results obtained for 
PO PG  lead to sim ilar conclusions. O ne m ore observation com es from the values reported 
in  Tables S1 and S2. Nam ely, in  the case of PO PC  system s, interaction energies betw een 
NRTIs and the m em brane are negligible for m olecules that are not adsorbed. On the other 
hand, in  the case of the PO PG  system s, attractive electrostatic interaction betw een lipids 
and N RTIs w as also detected for the m olecules in solution. This explains the increased 
accum ulation of the drug m olecules in the POPG system s.

To com plete this analysis, w e calculated van der Waals and electrostatic contributions 
to the interaction energies betw een lipids and corresponding functional groups in  the 
ATC and ddC  m olecules adsorbed to the PO PC  bilayer. These included the follow ing: 
ribose ring O atom s, and the groups present in 31 positions: S in ATC and C H 2 in ddC. As 
expected, electrostatic interactions were dom inant for O  atoms. The average energy values 
w ere equal to - 3 .1  and - 2 .6  kcal/m ol per m olecule for ddC and ATC, respectively. Van 
der Waals stabilization w as below  1 kcal/m ol per m olecule. However, for the S  atom s, the 
van  der W aals energy w as - 3 .5  kcal/m ol per m olecule. It is therefore com parable to the 
energy of w eak hydrogen bonds. For com parison, in ddC the van  der W aals interaction 
betw een C H 2 and lipids is equal to - 1 .8  kcal/m ol per m olecule.

2.2. D rug D onor/Acceptor Properties

To further explore the observed differences betw een the NRTIs, especially the different 
behavior o f ATC, w e perform ed electronic structure calculations. O ur previous w orks



show that such calculations may provide valuable information in terms of drug-drug and 
drug-biomolecule interactions [50,51]. As shown in Scheme 1, the molecules analyzed 
here have several common structural features. Zalcitabine, apricitabine, and stavudine 
are derivatives of pyrimidine nucleosides. ddC and ATC are cytidine analogues, and d4T 
is an analogue of thymidine. Didanosine is an analogue of purine nucleoside, inosine. 
ddC and ddI share the same 2,3-dideoxyribose ring. In d4T, an unsaturated C2-C3 bond is 
introduced. Finally, in ATC, a 2-deoxy-3-oxa-4-tiorobose ring is present. We were interested 
in to what extent these similarities/differences would translate onto electronic structure 
and donor/acceptor properties. To check this, we performed electronic structure calcu
lations at the B3LYP/6-311G(d,p) level of theory. To describe donor/acceptor properties, 
we calculated global and local (atomic resolution) charge sensitivities according to the 
formalism of conceptual density functional theory [52]. The results are summarized in 
Table 3 and Figure 7.

Table 3. Chemical potential and hardness data computed at B3LYP/6-311G(d,p) level of theory. Polariz- 
able continuum model was used to evaluate the environmental effect. All values are in electronvolts.

Vacuum Water

Molecule p [eV] n [eV] p [eV] n [eV]

ddC -3 .6 9.0 -3 .8 5.4
d4T -3 .9 9.1 -3 .9 5.4
ddI -3 .5 9.0 -3 .8 5.3

ATC -3 .9 8.7 -3 .9 5.1

Figure 7. FF indices in vacuum (left half) and P CM water model (right half) for ddC (a- d), d4T (e- h), 
ddI (i- l), and ATC (m- p) molecules. The ball radii are proportional to absolute value of FF index. 
Red /blue balls corresponds to positive/negative "values. Nucleophilic FF indices are in first and third 
columns while electrophilic are in second and fourth columns.



The conceptual density functional approach is w ell docum ented in the literature, so 
here only an overview is given as required. For more details, see for exam ple the w orks of 
G eerlings et al. [52,53]. In short, this form alism  approaches chem ical reactivity in a w ay 
sim ilar to traditional phenom enological therm odynam ics. It is described in term s of its 
sensitivities (responses) to changes in  the state param eters. The first (chem ical potential, 
Equation (1)) and second (hardness, Equation (2)) derivatives of system  energy (E) w ith  
respect to the num ber of electrons (N) in  the system  can be calculated w ith  the finite 
difference m ethod (parabolic fit):

where A =  E (N ) -  E (N  +  1) and I  =  E (N  -  1) -  E (N ) are electron affinity and ionization 
potential, respectively. All the energies E (N  -  1), E (N ), and E (N  +  1) were com puted for 

the same external potential v ~̂r j , namely the fixed positions of all nuclei at the geometries 

of neutral m olecules. The obtained values are collected in Table 3 .
E lectronic chem ical potential (negative of electronegativity) is responsible for the 

direction of charge transfer. The values gathered in Table 3  show  that the m olecules 
analyzed here can be divided into two sets. The less electronegative ddC and ddI form one 
subgroup, w hile d4T and ATC are in the second subgroup. The effect of the environm ent 
on chem ical potentials is rather small. The differences in both sets of data are sm aller than
0.009 a.u. This is less than 7%. A ll m olecules have the sam e global hardness, except for 
ATC, which is slightly softer. The soft sulfur atom in the five-membered ring is responsible 
for this effect. A strong environmental effect is observed for global hardnesses: in water, its 
values drop by more than 40%  in com parison w ith its values in vacuum. It can be concluded 
that ATC and d4T have stronger acceptor properties than ddC  and ddI. Therefore, one 
can expect stronger interaction w ith  the anionic PO PG  m onolayer/bilayer system . In 
zw itterionic POPC, ATC and d4T should have a stronger affinity tow ards PO 4 units.

In Figure 7, w e collect the Fukui function (FF) indices, being  a m easure of the local 
donor/acceptor properties of a molecule. We have previously shown that atomic FF indices 
can be used to probe electrophilic/nucleophilic properties on nucleobases [54] . A gain, the 
finite difference approxim ation w as used to approxim ate FF:

where N i(N  +  1), N i(N ),  and N i(N  -  1) correspond to the electron populations of a given 
atom  in an anion, neutral m olecule, and cation, respectively. fin, f ie, and fir correspond to 
nucleophilic (n ), electrophilic (e ), and radical (r ) reactions, respectively. A tom ic charges 
fitted to m olecular electrostatic potential (CHELPG scheme) were assumed to com pute the 
FF indices.

It is clear from  Figure 7 that in  ddC, d4T, and ddI, the heterocyclic nucleobases are 
softer (large f i  indices) than the five-m em bered rings (low  f i  indices). A  slightly different 
picture is observed in  the ATC m olecule. The presence of a soft sulfur atom  in  the five- 
m em bered ring m akes the ring softer. In  this case, both  parts of the m olecule (sugar and 
nucleobase) can be regarded as active. This m ay explain increased m em brane penetration 
via sim ultaneous favorable electrostatic and van der W aals interactions. This result is 
in  line w ith  the observations from  M D  sim ulations. The sam e observation is valid  for 
nucleophilic and electrophilic FF distributions. The ring heteroatom s and substituted 
carbon atoms are harder than the other ring atoms. The m ajority of atoms in all panels work 
in  phase (dom inance of red balls). This is n o t surprising since FF  indices are norm alized

(1 )

(2 )

(3)



to unity: Y i f ?  =  1 and Yd f i  =  1. This m eans that a particular atom  has the sam e 
properties as the whole molecule. Atoms w ith negative FF indices (blue balls) have opposite 
behavior to global ones. If a m olecule acts as a donor/acceptor then these atoms have local 
acceptor/donor properties. In the ddI m olecule, one five-membered ring is coupled w ith a 
six-m em bered one. Such coupling makes both rings relatively soft. In all system s, CH 2OH 
groups are hard. C hinone oxygen, the nitrogen of the am ino group, and the carbon of 
C H 3 are harder than 1-3-diazine carbon atom s. In  all system s, hydrogen atom s are very 
hard. H ard atom s are im portant in  all interactions w here the electrostatic contribution is 
dom inant (hydrogen bonds), w hile soft atom s are im portant in  those w here polarization 
and charge-transfer contributions play a role (different van  der W aals contacts). This 
explains the predom inance of H Bs form ed w ith  hydrogen-donating groups of N RTIs,
i.e., the N H , N H 2 , and O H  groups observed in the sim ulations. The FF picture does not 
change w hen going from the vacuum  to the PCM  model.

2.3. N R TI-Lipid Interaction Energies

In order to further analyze differences betw een the N R TIs' affinities tow ards the 
m em branes, w e calculated interaction energies betw een the drugs and lipids. In  Table 4 , 
w e present the energy change accom panying the adsorption process. Each num ber is the 
average of the interaction energy from  about a hundred quantum -chem ical calculations. 
The calculations w ere perform ed for system s cut from  M D  trajectories. D rug m olecules 
together with all lipids with any atom w ithin 3 A from the NRTIs were cut. All calculations 
w ere perform ed using sem iem pirical A M 1 Ham iltonian.

Table 4. Adsorption energies (interaction energies) of drug molecules in bilayer and monolayer 
systems. Energies (kcal/mol) were computed at the AM1 semiempirical level of theory. The structures 
were cut from MD trajectories (drug molecules and lipids within 3 A from the drug).

Bilayer ddC d4T ddl ATC

POPC -2 .0  ±  0.7 - 2 .2  ±  0.6 -1 .5  ±  0.7 -3 .2  ±  1.2
POPG -2 .6  ±  1.4 -3 .8  ±  1.9 -2 .5  ±  1.4 -4 .9  ±  1.7

Monolayer

POPC -2 .5  ±  1.0 - 2 .7  ±  0.7 -3 .3  ±  0.7 -2 .9  ±  1.1
POPG -2 .4  ±  1.4 -3 .4  ±  1.6 -1 .3  ±  0.5 -4 .5  ±  1.3

It is clear from Table 4 that ATC and d4T m olecules have the greatest affinity to POPG 
m onolayers and bilayers. In  PO PC  system s, this dependence is som ew hat distorted. The 
discrepancy occurs for ddI in the POPC m onolayer: ddI has a higher affinity for POPC than 
d4T and ATC m olecules. The results obtained for m onolayers and bilayers are w ithin the 
error bars. Adsorption to PO PG  is m ore favorable than to POPC. The differences betw een 
the energies are not large. In the PO PC  bilayer, they do not exceed 1.7 kcal/m ol. In the 
PO PG  bilayer, the changes are slightly larger (2.4 kcal/m ol). In the m onolayer system , the 
differences are less pronounced.

3. Methods

Typical setup w as used in construction of m onolayer/bilayer system s [55]. M odel 
PO PC  bilayer com posed of 100 m olecules in each leaflet w as prepared using V M D  pro
gram s, nam ely M em brane Builder, A dd Solvation Box, and A dd Ions m odules. PO PG  
m onolayer w as prepared w ith  the M em brane Builder [56,57] functionality  of C H A R M M - 
G U I [58,59]. The bilayer oriented in  the xy  plane w as pu t in a box of c.a. 20,000 w ater 
m olecules. The initial size of w ater box w as 87 x  87 x 120 A. Both system s w ere sub
ject to energy m inim ization and short equilibration in  canonical ensem ble. N ext, 120 ns 
long sim ulations in the isoth erm al-isobaric ensem ble w ere perform ed. C36 C H A RM M  
force-fields for lipids [60] and TIP3P [61] w ater m odel were applied in all M D simulations. 
The tem perature and pressure w ere set to 310 K  and 1 bar, respectively. The ratio of box



x and y  lengths w as fixed. M onolayer system s w ere prepared from  the bilayer system s. 
Namely, the bilayer leaflets w ere separated into m onolayers and put on the opposite sides 
of a w ater slab, and the z-dim ension of the sim ulation box w as enlarged to accom m odate 
for the vacuum  (gas phase). The box area in  the xy  plane w as fixed to the value obtained 
for the equilibrated bilayer. In order to reduce the computational load, the num ber of water 
m olecules w as reduced to 12,000. The system s w ere equilibrated in  canonical ensem ble. 
All calculations were performed w ith periodic boundary conditions imposed on the system 
in  all three directions. Particle m esh Ew ald sum m ation [62] w as adopted to com pute 
long-range electrostatic energies. The cutoff value of 1 2  A  w as applied for Lennard-Jones 
potential. The anionic phospholipid m em branes w ere neutralized by sodium  cations [63] . 
All m olecular dynam ics sim ulations w ere perform ed using N A M D  package [64] . The tem 
perature and pressure were controlled using Langevin therm ostat (LangevinD am ping = 5) 
and barostat (LangevinPistonperiod = 200, LangevinPistonD ecay = 100).

The initial structures of zalcitabine (ddC ), stavudine (d4T), d idanosine (ddI), and 
apricitabine (ATC) w ere bu ilt based on IUPAC nam es w ith  the use of C hem D raw  pack
age from  PerkinElm er Inform atics. The absolute configuration of each m olecule w as 
verified. A ll structures w ere in itially  optim ized using M M 2 [65,66] force-field im ple
m ented in  Chem D raw . N ext, geom etrical structures of all m olecules w ere reoptim ized 
at the D FT/B3LYP/6-311G(d,p) level of theory. A ll-atom  C H A RM M  force-field for sm all 
m olecules (cgenff) [67] w as applied for the drug m olecules. M issing param eters w ere 
derived using force-field toolkit [6 8 ] available in VM D  package.

N um erous reports related to the POPC bilayer can be found in  the literature [69- 71] . 
These are both  experim ental and theoretical w orks. In contrast, the PO PG  bilayer has 
scarcely been  explored. To the best of our know ledge, there are only a few  experim ental 
papers addressing the properties of pure PO PG  bilayers [72,73]. The experim ental and 
theoretical areas per lipid in  the PO PC  bilayer are sim ilarly scattered. They vary  from  
63 A2 to 68.3 A 2 [74- 78]. The theoretical APL values are shifted towards larger APL values 
as com pared w ith  experim ental data. The average A PL from  our sim ulation is 67.3 A 2 

and is betw een the biggest experim ental and theoretical values (6 6 .6  A 2 and 68.3 A 2). M D  
sim ulations were performed at T  = 300 ,303, and 310 K. The experiments were conducted at 
2 7 5 ,2 9 7 ,3 0 3 ,3 1 0 , and 315 K. The experimental APL value for POPG is 6 6  A 2 at 298 K. In our 
sim ulations perform ed at 310 K, w e obtained a value of 69.4 A 2, w hich is reasonable w ith 
respect to surface variations for the zw itterionic POPC caused by the tem perature increase. 
It w as show n recently  [79] that such a difference is related to the long-range d ispersion 
contribution. Taking the dispersion into account brings experimental and theoretical values 
significantly closer together. N evertheless, the availability  of experim ental data on ionic 
PO PG  bilayers is lim ited and further investigations are needed to find out how  A PL 
depends on the bilayer form ation and the physicochem ical conditions of the experim ent.

The final dru g-m em brane system s w ere built by  placing 18 drug m olecules in w ater 
slabs of the system s containing previously equilibrated PO PC /PO PG  m onolayer/bilayer 
m odels. N ine m olecules w ere pu t above and below  each bilayer on 3 x  3 grid w ith  ran
dom  orientation of each m olecule. The sam e strategy w as applied in m onolayer system s: 
9 m olecules w ere pu t above low er m onolayer and 9 m olecules w ere pu t under the up
per m onolayer. The m olecules w ere in itially  im m ersed in water. In this way, 16 m odel 
system s w ere obtained. The box size in xy  p lane w as fixed to the average values from  
the prelim inary bilayer sim ulations. M onolayer system s w ere sim ulated in canonical en
sem ble. In the case of bilayer system s, (N ,A ,pn,T) ensem ble w as em ployed, w here N, A, 
pn, and T  correspond to num ber of particles, surface area, pressure norm al to the surface, 
and tem perature, respectively. The sam e surface area w as used in m onolayer and bilayer 
sim ulations independently  of drug m olecule. Physiological tem perature w as used in all 
simulations. The calculations were run for 120 ns. Trajectories were saved every 50 ps. The 
last 20 ns w ere considered as production run. The evolution of potential energy during 
the production run is show n in Figure S1 of Supplem entary M aterials to illustrate the 
achievem ent of equilibration. VM D  [80] w as used for trajectory visualization and analysis



(radial pair distribution functions, H B counts, force-field energies). To calculate the density 
profiles, the program s developed by the authors w ere used.

Electronic structure calculations were performed at the DFT/B3LYP/6-311G(d,p) level 
of theory. In order to calculate chem ical potential, hardness, and FF indices, optim ized 
geom etry of neutral drug m olecules w as frozen, and energy calculations w ere perform ed 
for cations and anions. ChelpG electrostatic-fitting scheme [81] w as used to calculate atomic 
charges. D rug-lipid interactions were calculated at the AM1 level of theory. The structures 
w ere prepared via extraction from M D  sim ulation frames. C oordinates of N RTIs together 
w ith all lipid m olecules w ithin a 3 A distance w ere saved. AM1 interaction energies w ere 
calculated  u sing the superm olecular approach. A ll Q M  calculations w ere perform ed in 
G aussian09 suite.

4. Conclusions

The behavior of four antiretroviral drugs, nam ely zalcitabine, stavudine, didanosine, 
and apricitabine, in m odel m ono- and bilayer system s w as analyzed u sing m olecular 
dynamics simulations. These drugs are used in hum an im munodeficiency virus (HIV) ther
apy. They belong to the sam e pharm acological group of nucleoside reverse-transcriptase 
inhibitors. A ccording to the B iopharm aceutical C lassification System  (a tool used for 
classifying m edicines based on dissolution, w ater solubility, and intestinal perm eability), 
stavudine is an exam ple of a C lass I drug (high solubility in w ater and h igh perm eability 
through intestinal barriers). The rem aining three drugs belong to C lass III of drugs (high 
solubility and low perm eability).

The sim ulation m odels included bilayers and m onolayers. Two phospholipids dif
fering in polar headgroups, nam ely PO PC  and PO PG , w ere tested. A ntiretroviral drugs 
have been  show n to have a greater affinity for PO PG  than PO PC  m em branes. It w as 
dem onstrated that long-range electrostatic interactions are responsible for this effect. The 
predictions for the m onolayer were consistent with those for the bilayers. This is im portant 
inform ation from  an experim ental point of view. Taking into account that the com posi
tion and m orphology of a m onolayer can be easily controlled, the m onolayer experim ent 
becom es an im portant tool for understanding various phenomena in biological membranes.

It w as dem onstrated that drug m olecules accum ulate in phospholipid polar head- 
groups. Two adsorption m odes w ere distinguished: adsorption to the phospholipid head- 
groups from  the bottom  w ith  drug m olecules im m ersed in w ater and adsorption into the 
headgroup region. The form er is m ore dynam ic in  nature, and drug m olecules can be 
pushed back  to the w ater phase. The latter is m ore static and has a longer lifetim e. The 
tw o m odes differed in  the degree o f penetration of hydrophilic headgroups. H ydrogen 
bonds between drug molecules and phospholipid heads were responsible for both types of 
adsorption. It w as show n that apricitabine penetrated the hydrophilic part of the POPC 
and PO PG  m em branes m ore effectively than the other drugs. Van der W aals interactions 
betw een the S atom s and lipids w ere identified as the driving force for this effect. This 
observation w as confirm ed by  calcu lating donor/acceptor properties on the grounds of 
conceptual DFT. H igh penetration of phospholipid m em branes w as also observed for 
stavudine. The electronic structure param eters of these tw o m olecules, nam ely  chem ical 
potentials, distinguished them from the other molecules, confirming higher affinity towards 
the anionic m em branes.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules28176273/s1, Table S1: Interaction energies be
tween NRTIs and lipids or water obtained from MD simulations of systems with POPC bilayer; 
Table S2: Interaction energies between NRTIs and lipids or water obtained from MD simulations 
of systems with POPG bilayer; Figure S1: Time dependence of total potential energy (V) during 
production MD runs.
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