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Summary. The 44 crystal structures of NNRTIs complexed with HIV-1 reverse transcriptase (RT) have

been analyzed in detail especially the orientation geometries and the distances between inhibitor

molecules and surrounding amino acids. In general, various NNIs bind to the same region of the

HIV-1 RT in the palm subdomain of p66, but subtle differences in individual interactions between RT

and its inhibitors can be detected by comparison of all structures in this study.
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Introduction

In recent years, a major challenge facing medicinal chemistry is the development
of drugs with significantly improved resistance profiles for chronic use as anti-
HIV combination therapy [1]. An important component of this regimen is non-
nucleoside HIV-1 reverse transcriptase inhibitors (NNRTIs). The NNRTIs interact
non-competitively with an allosteric site of the enzyme and thus do not directly
impair the function of the substrate’s binding site [2]. Their interaction with HIV-
1 RT leads to a conformational change in the enzyme, resulting in a decrease in
the affinity of the active site for the substrate, which we present in our previous
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publication [3]. NNRTIs are a class of structurally diverse aromatic compounds.
They can be put into the following categories: 1) Hydroxyethoxymethylphe-
nylthiothymine (HEPT) derivatives [4], 2) Tetrahydroimidazobenzodiazepinone
(TIBO) derivatives [5], 3) Dihydropyridodiazepinone such as nevirapine deriva-
tives [6], 4) Pyridinone derivatives [7], 5) Bis(heteroaryl)piperazine (BHAP) deri-
vatives [8], 6) Tertiarbutyldimethylsilylspiroaminooxathioledioxide (TSAO)
pyrimidine nucleosides [9], and 7) �-Anilinophenylacetamide (�-APA) deriva-
tives [10]. In general, various non-nucleoside inhibitors (NNIs) bind to the same
region of the HIV-1 RT in the palm subdomain of p66, but subtle differences in
individual interactions between RT and its inhibitors can been detected by the
comparison of all structures in this study. Many, but not all NNIs possess a
butterfly-like shape with two hydrophobic wings connected by a polar central
body. We present here the calculation of the dihedral angles for all structures,
which allows us to determine quantitative structural changes of HIV-1 RT on
binding to NNIs or to RNA=DNA. All reported NNRTI-resistant mutations occur
in residues surrounding the inhibitor-binding site of the enzyme [2]. A com-
monly observed drug resistance is one for which important interactions of the
aromatic moiety of the inhibitors and the neighboring residues Tyr181, Tyr188,
Phe227, and Trp229 are lost. Additionally a Lys103Asn mutation appears rela-
tively frequently giving resistance to many NNRTIs [11]. For a complete under-
standing of the inhibition mechanism of HIV-1 RT the detailed knowledge of the
conformations of the amino acid residues involved is necessary. To this end the
determination of more structures will be necessary, especially of mutant type
enzyme complexes.

Results and Discussion

NNI Binding to RT

All NNIs where the structure of the RT complex is currently known, bind to a
region of the enzyme, which is approximately 10 Å away from the catalytic site
[12, 13]. This region, which is called NNI binding pocket, forms a cavity and is
located between two sheets �4, �7, �8 of the fingers domain and �9, �10, �11 of
the p66 palm domain. It also includes the �5–�6 loop (Pro97, Leu100, Lys101,
Lys103), �6 (Ser105, Val106, Val108), the �9–�10 hairpin (Val179, Tyr181,
Tyr188, Gly190, Asp192), the �12–�13 hairpin (Glu224, Phe227, Trp229,
Leu234, Pro236) and part of �15 (Tyr318, Tyr319) [14] (see also Fig. 2 in
Ref. [3] for details). The internal surface of the pocket is predominantly hydro-
phobic with substantial aromatic character (Tyr181, Tyr188, Phe227, Trp229,
Tyr232). In addition it includes few hydrophilic residues (Lys101, Lys103,
Ser105, Asp192, Glu224) and backbone atoms, which are suitable to form hydro-
gen bonds with the inhibitor. A small part of the pocket is formed by amino acid
residues from the p51 subunit (Thr135, Glu138). There is no NNI binding pocket
in p51 itself. A solvent accessible entrance to the cavity is formed by several
residues from p66 (Leu100, Lys103, Val179, Ser191) and Glu138 from p51. The
interactions between four selected NNIs and the surrounding amino acid residues
are depicted in Fig. 1.
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The list of Table 1 shows residues of RT, which have distances less than 4 Å to
the inhibitor calculated for all available structures. This table helps to identify
important residues for inhibitor binding and also shows clearly the differences
between various inhibitors. The importance of residues Leu100, Lys101 and of
the aromatic residues Tyr181, Tyr188, Trp229, and Tyr318 is easily recognized.
These residues are in close contact with every inhibitor. For the amino acid resi-
dues listed in Table 1 and for residues forming the polymerase active site of RT,
backbone and side chain dihedral angles have been calculated for all available
structures. Table 2 is a subset of this list showing the dihedral angles of eight
important residues (Tyr181, Tyr188, Trp229, Pro236 from the NNI binding pocket
and Asp110, Met184, Asp185, Asp186 from the active site) from nine structures.
This table allows a closer examination of the differences between various struc-
tures. Some examples will be discussed later on in more detail.

Superposition of four structures was performed using the backbone atoms of
the residues mentioned in Table 1 as scaffold. This procedure leads to a phar-
macophoric overlay of the NNIs, showing a butterfly-like shape with two hydro-
phobic wings connected by a polar central body as shown in Fig. 2. In general
NNIs consist of two hydrophobic moieties (wing I and wing II) connected by a
linker group [15]. The two hydrophobic wings, aromatic rings in most cases,
have strong interactions with the aromatic side chains of the NNI binding pocket
(Fig. 2).

Fig. 1. Schematic diagrams showing the intermolecular interactions between NNIs and surrounding

amino acid residues of HIV-1 RT within an interatomic distance of 6 Å, HEPT; 8-Cl TIBO; Nevir-

apine; 2,6-Cl2 �-APA
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Table 2. The backbone and the side chain torsion angles (degrees) of some important amino acid

residues in the NNI and dNTP binding site

a F ’ ! �1 �2 �3 �4

Tyr181

1DLO �111.8 133.4 179.1 �98.2 87.4 176.8 0.5

1RTD �74.9 105.4 �180.0 �99.0 74.4 178.1 0.0

1RTI �121.5 136.0 �179.7 �80.1 44.9 179.0 0.0

1RT1 �118.9 116.4 �179.2 173.4 50.2 �173.3 �0.2

1HNV �131.4 155.6 179.9 �177.0 81.9 �177.1 0.0

1VRT �120.6 130.1 �179.8 173.8 66.5 �177.4 �0.2

1VRU �124.0 124.9 �178.5 171.2 73.4 �170.6 �0.2

1BQM �143.7 155.9 �178.7 169.2 86.8 �177.6 0.0

1FK9 �111.3 132.4 179.9 168.9 92.3 178.0 �0.1

Tyr188

1DLO �99.3 129.7 179.4 169.0 96.9 �178.0 �0.2

1RTD �94.2 108.0 179.6 161.1 107.0 �177.6 0.6

1RTI �96.7 122.8 �179.4 �65.1 89.2 �179.4 �0.1

1RT1 �99.1 90.6 �179.2 �59.7 79.2 �177.5 �0.4

1HNV �100.1 104.2 �180.0 �77.1 55.3 �178.6 �0.3

1VRT �94.9 128.2 �174.7 �69.1 87.2 176.3 0.6

1VRU �93.8 124.6 �177.4 �62.1 76.3 �179.3 �0.3

1BQM �89.1 77.4 179.8 �74.3 55.8 178.4 �0.1

1FK9 �82.1 115.2 �179.5 �62.4 79.3 175.3 0.0

Trp229

1DLO �129.4 109.9 178.8 176.8 61.7 179.6 none

1RTD �132.0 129.6 177.6 164.9 86.1 179.2 none

1RTI �113.2 109.9 178.7 �178.1 67.5 �179.8 none

1RT1 �129.2 69.3 179.2 �121.6 45.9 �172.4 none

1HNV �132.9 129.4 179.5 173.1 85.6 �178.0 none

1VRT �128.8 131.5 178.7 174.3 86.6 175.0 none

1VRU �130.8 128.2 178.3 168.5 88.5 178.1 none

1BQM �97.0 106.7 �178.7 148.5 �115.6 �175.7 none

1FK9 �135.4 126.6 178.4 178.0 76.0 177.9 none

Pro236

1DLO �45.6 �31.4 �179.3 19.5 �39.4 42.6 none

1RTD �51.6 �30.3 �179.3 26.9 �44.1 43.8 none

1RTI �58.9 �26.5 �179.2 29.5 �44.2 41.3 none

1RT1 �54.0 �34.4 �178.9 21.8 �39.8 41.4 none

1HNV �58.9 �16.5 �179.9 17.6 �31.7 33.3 none

1VRT �64.4 �29.6 �178 �26.1 40.4 �38.1 none

1VRU �54.0 �32.6 �175.8 �38.3 45.0 �34.3 none

1BQM �51.5 3.9 176.7 20.6 �37.9 40.0 none

1FK9 �69.4 �30.0 �178.6 �27.7 42.8 �40.8 none

Asp110

1DLO �116.8 133.3 �179.9 �163.1 none none none

1RTD �125.1 142.1 180.0 �155.4 none none none

(continued)
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Table 2 (continued)

a F ’ ! �1 �2 �3 �4

1RTI �85.6 86.5 �179.8 �174.1 none none none

1RT1 �104.6 111.2 177.4 �145.6 none none none

1HNV �66.5 123.8 �179 169.6 none none none

1VRT �85.4 122.6 179.8 �167.3 none none none

1VRU �94.0 116.8 179.8 164.3 none none none

1BQM �76.3 95.2 177.8 �169.6 none none none

1FK9 �91.3 128.4 �178.6 �167.7 none none none

Met184

1DLO 60.5 �160.6 179.2 �55.6 �179.3 �43.3 none

1RTD 58.3 �106.0 179.7 �84.2 �79.0 �148.5 none

1RTI 57.6 �117.0 �179.5 �70.8 178.2 �142.3 none

1RT1 55.0 �122.7 �178.9 �125.9 80.9 �109.4 none

1HNV – �100.1 174.5 �69.3 �86.1 �32.0 none

1VRT 53.8 �103.9 �177.4 �81.3 166.8 �152.8 none

1VRU 62.6 �116.4 �179.1 �90.7 169.1 116.9 none

1BQM 57.6 �83.8 �179.0 �56.5 �175.9 151.3 none

1FK9 51.6 �128.1 �179.9 �56.3 �146.5 �103.9 none

Asp185

1DLO �78.7 25.9 177.7 51.6 none none none

1RTD �115.8 �0.3 �179.8 64.7 none none none

1RTI �85.8 �13.3 �179.7 66.6 none none none

1RT1 �106.0 25.2 �179.1 �48.8 none none none

1HNV �131.4 48.9 178.1 54.7 none none none

1VRT �92.3 �12.7 �177.8 �123.3 none none none

1VRU �88.7 �18.3 �175.6 �70.0 none none none

1BQM �130.0 32.4 179.9 �53.1 none none none

1FK9 �90.0 10.5 179.7 �89.2 none none none

Asp186

1DLO �105.0 100.2 �179.7 �76.8 none none none

1RTD �89.0 104.4 179.6 �149.0 none none none

1RTI �90.9 131.5 179.8 �68.6 none none none

1RT1 �122.8 158.1 177.6 �66.3 none none none

1HNV �135.2 135.3 �178.4 �91.6 none none none

1VRT �102.4 162.3 178.7 �54.7 none none none

1VRU �88.5 160.0 179.1 �54.9 none none none

1BQM �134.8 149.1 178.7 �88.8 none none none

1FK9 �106.3 157.7 �179.4 �79.5 none none none

a F backbone torsion angle defined by the 4 atoms, C(i� 1), N(i), C�(i), C(i); ’ backbone torsion angle

defined by the 4 atoms, N(i), C�(i), C(i), N(iþ 1); ! backbone torsion angle defined by the 4 atoms, C�(i),

C(i), N(iþ 1), C�(iþ 1); �1 side chain torsion angle defined by the 4 atoms, N(i), C�(i), C�(i), C�(i); �2 side

chain torsion angle defined by the 4 atoms, C�(i), C�(i), C�(i), C�(i); �3 side chain torsion angle defined

by the 4 atoms, C�(i), C�(i), C�(i), C"(i); �4 side chain torsion angle defined by the 4 atoms, C�(i), C�(i),

C"(i), C�(i); where i refers to the residue number
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The notion of a butterfly like shape of the inhibitor gets less stringent in case of
the more recent NNIs called second generation inhibitors. Nevertheless there is still
great similarity in shape and charge distribution. This global similarity of the NNIs

Fig. 2. Superposition of four structures of NNIs overlayed in the binding pocket; MKC-442 (1RT1),

8-Cl TIBO (1HNV), Nevirapine (1VRT), and 2,6-Cl2 �-APA (1VRU)

Systematic Investigation of NNRTIs 1053



is further exemplified by looking at the electrostatic potential of some of these
compounds calculated with quantum chemical methods (see methods for calcula-
tion), which is presented in Fig. 3. As expected, these potentials show great simi-
larity in corresponding regions of the molecules.

On NNI binding conformational reorientation of a great number of residues
compared to free RT is observed. Especially large movements of the aromatic side
chains of Tyr181 and Tyr188 can be seen. Only in the case of HEPT binding, the
aromatic ring of Tyr181 remains in its original conformation. This is nicely demon-
strated in Table 2 looking at the value of �1 for Tyr181 (PDB code 1RTI, �80
degrees compared to about 180 degrees in all other 44 NNI bound structures).
Furthermore, the relative orientation of wing I and wing II of NNIs is also different
in HEPT compared to all other NNIs. This might explain the relative weak binding
affinity of HEPT. Especially in the case of strong inhibitors hydrogen bonds
between the inhibitor and the main chain oxygen of Lys101 stabilise the structure
of the complex. In the case of nevirapine (1VRT), a water molecule forms hydro-
gen bonds to both nevirapine and to the carbonyl oxygen of Leu234. Table 2 can
also be used to validate earlier assumptions concerning common structural features
of HIV-1 RT complexes. Met184 was mentioned to have an unusual conformation,
which is stabilised by a hydrogen bond to Gln182. Looking at the complete list of
backbone dihedral angles one can see that this is only true in 26 out of 44 cases.
This is demonstrated more clearly in Table 3 where possible hydrogen bonds
between Met184 and Gln182 or Gln161 are listed.

Fig. 3. Electrostatic potentials of NNIs, white indicate negatively charged parts of the molecules,

positively charged parts are displayed in grey; hydrogen atoms are omitted from the models for

reasons of clarity

1054 L. Lawtrakul et al.



Functional groups of the NNIs used for superposition, which occupy the same
space as the 5-substituent of the HEPT analogues are the 5S-methyl group of 8- and
9-chloro-TIBO the cyclopropyl group of nevirapine, the ethyl group of 1051U91,
and the amide group of 2,6-dichloro-�-APA and 2,6-dibromo-�-APA. Another
important point is the variable position of the two loops around Pro225 and
Pro236, which are interacting with the different substituents of the 1-position of
the inhibitors. These residues can adopt very different positions in order to maximize
their interaction with different inhibitors. A shift as large as 5 Å has been observed

Table 3. The possible hydrogen bonds between Met184 and Gln182 or Gln161

PDB Distance (Å)

RT-NNI

1RT2 182 O NE2 3.20

1JLA 182 O NE2 2.69

1JLQ 182 O NE2 2.82

1HNV 182 O NE2 3.66

1TVR 182 O NE2 2.96

1REV 182 O NE2 3.94

1VRT 182 O NE2 2.97

1FKP 182 O NE2 2.80

1JLB 182 O NE2 3.82

1RTH 182 O NE2 3.01

1VRU 182 O NE2 2.85

1HNI 182 O NE2 3.57

1BQM 182 O NE2 3.92

1KLM 182 O NE2 2.89

1RT5 182 O NE2 3.16

1RT7 182 O NE2 2.88

1RT4 182 O NE2 3.25

1C0U 182 O NE2 3.51

1JLC 182 O NE2 3.55

1EET 161 O NE2 3.15

1IKY 161 O NE2 2.93

1IKX 161 O NE2 3.23

1FK9 161 N OE1 3.48

1IKW 161 O NE2 2.62

1FKO 161 N OE1 3.34

1IKV 161 O NE2 3.21

RT free

1HMV 182 O NE2 3.27

1RTJ 161 O NE2 3.23

1DLO 182 O NE2 3.07

1HQE 182 O NE2 3.07

1JLE 161 O NE2 3.50

1QE1 182 O NE2 3.14

Distance greater 4 Å: RT-NNI: 1RTI, 1RT1, 1C1B, 1C1C, 1UWB, 3HVT, 1JLF, 1RT3, 1BQN, 1HPZ,

1HQU, 1RT6, 1JLG, 1C0T, 1DTT, 1DTQ, 1JKH, 1EP4; RT-RNA=DNA: 2HMI, 1C9R, 1RTD, 1HYS
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for the C� atom of Pro236 [16]. The movement of Pro236 is also responsible for the
difference in volume of the binding pocket observed for various inhibitors.

In summary, three main points are important for efficient inhibitor binding to
HIV-1 RT: 1) Burial of hydrophobic surface areas of the inhibitor, 2) The inhibitor
should fit into its binding pocket as closely as possible, and 3) The ability of the
inhibitor to form hydrogen bonds to the backbone of the protein. This is the combined
result from numerous crystallographic studies of HIV-1 RT NNI complexes, which
have been made available to the public in the last few years (Table 2 in Ref. [3]).

A more detailed understanding of the inhibition mechanism requires the exam-
ination of a series of chemically related compounds but preferentially with great
variation in their potency. Five structures with inhibitors of the HEPT series are
available and have been studied extensively [13, 16, 17] (PDB code 1RTI, 1RT1,
1RT2, 1C1B, 1C1C; see Fig. 1 in Ref. [3]). The surprisingly large difference of IC50

values for these compounds can be rationalized by comparing the different structures
(HEPT 17 mM, MKC-442 8 nM, TNK-651 6 nM, GCA-186 2 nM, TNK-6123 6 nM).
Several small conformational changes can be seen in the different complexes. The
conformational switch already mentioned of Tyr181 of about 100 degrees going
from HEPT to any other compound leads to an improved interaction of the inhibitors
with the enzyme. The same is true for changing the methyl group in position 5 of the
pyrimidine ring in HEPT to isopropyl in MKC-442 and TNK-651, which also leads
to a significant increase in potency. The importance of the substituent at the 5-posi-
tion of the pyrimidine ring on the biological activity of HEPT analogues was also
shown in previous QSAR and CoMFA studies [18–21]. The structures of a second
series of four related compounds (carboxanilide derivatives, PDB code 1RT4, 1RT5,
1RT6, 1RT7) have been published by Ren et al. [22].

Drug Resistance

One severe drawback of NNIs is the fast emergence of resistance mutants within days
or weeks. Virus strains with reduced susceptibility to inhibitors are easily selected
for. Moreover, these mutations very often also show decreased sensitivity to other RT
inhibitors (cross resistance). Especially first generation NNIs like nevirapine and
TNK-651 show a large decrease in binding affinity as a result of many different
single point mutations in RT. These mutations are predominantly clustered around
the binding site of the inhibitor pocket. Since the NNI binding pocket is different
from the active site many mutations in the NNI binding pocket still result in a func-
tional enzyme. More recently compounds have been found which have a more
favourable resistance profile [23]. These so-called second generation NNIs require
more than one mutation to turn the enzyme to be resistant against the inhibitor.

Resistance mutations are found for many residues, which are in close contact to
the inhibitor. An example is the side chain of Val106, which in most cases has
extensive Van der Waals contacts to the inhibitor (see Table 1). These interactions
might be lost on mutation to Ala. The same argument holds for Leu100Ile. Also the
mutation Tyr181Cys causes high resistance against many NNIs [13]. As the crystal
structure of the mutant RT in complex with 8-Cl TIBO [24] (1UWB) is known, this
resistance can be explained by the loss of interaction between the inhibitor and the
aromatic side chain of Tyr181. Two wild type structures have been reported where
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the phenyl group of the inhibitor interacting with Tyr181 was either modified
(GCA-186) or replaced by a cyclohexyl group (TNK-6123) [17]. Both compounds
are reported to have significantly improved potency in the case of a Tyr181Cys
mutation. For TNK-6123 this was explained with a greater flexibility of the cyclo-
hexyl ring to compensate the loss of aromatic interaction. Similar effects have been
observed for the mutation Tyr188Leu complexed with HBY 097 [25]. Furthermore,
in this structure Leu188 can adopt many different conformations leading to short
contact distances to the inhibitor. This idea is strengthened by the fact that Leu188
has no clear electron density in p66 [25]. The same effect has been observed in the
Tyr181Cys mutant with inhibitor R86183 [24]. In a recent study, however, the
structures of Tyr181Cys and Tyr188Cys mutants with various inhibitors were
described [26]. In all cases a well defined electron density was observed at position
181 and 188. Therefore, the loss of aromatic interaction in first generation com-
pounds is thought to be the main reason for weaker drug binding. This aromatic
interaction is of much less importance in the case of second generation NNIs,
which leads to a better resistance profile at least for mutations at positions 181
and 188. Another frequently observed mutation is Pro236Leu, which increases the
backbone flexibility, thereby allowing more favourable Van der Waals interactions
with the inhibitor. The Lys103Asn mutation of RT was studied with and without
inhibitors [27, 11]. Lys103 is located at the entrance of the pocket. In one study the
inhibitors HBY 097 and R90385 were used [11]. The binding mode of inhibitors
bound to wild-type or the Lys103Asn mutant show similar interactions with the
inhibitor. The different binding affinities are explained by the formation of an extra
hydrogen bond between the side-chain nitrogen of Asn103 and Tyr188 in free RT
(closed conformation). This hydrogen bond is not possible in the wild-type. Inter-
estingly this hydrogen bond has already been postulated by Esnouf et al. in 1995,
based on their structure of free RT [28]. In a second study nevirapine and the
second generation inhibitor efavirenz were used [27]. With efavirenz a reorienta-
tion of the NNI binding pocket with repositioning of the inhibitor was observed.
The aromatic ring of residue 181 remains in the wild type position. These different
rearrangements might be responsible for the better resilience to drug resistance
mutation of efavirenz compared to nevirapine.

Other mutation reported from in vivo and in vitro studies are Lys101Glu=Asp
where positive charges are changed to negative ones. The reverse is true for
Glu138Lys, while in Val179Asp=Glu and Gly190Glu there is an increase of nega-
tive charge. For a more complete understanding of these mutations further struc-
tural investigations are necessary.

Conclusion

This quantitative study of known structures of RT and its complexes with inhibitors
supports many details about conformational changes and rearrangements of sub-
domains, which have been published by various groups in the last few years. In
addition it leads to a more detailed understanding of the importance of distinct
amino acid residues in the NNI binding site. For instance residue Trp229 is in close
contact to all NNIs (Table 1). A large overall displacement is observed on NNI
binding with small local conformational changes only [3]. However, no escape
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mutants of this amino acid are observed because this leads to a severe decrease of
the enzymes activity in the absence of any inhibitor. As another example we
mention the turn around Met184. It shows different conformation in various inhi-
bitor complexes. This can be seen from the variety of possible forms of hydrogen
bonding to their residue (Table 1). Another example is the conformation of Tyr181.
A pronounced flip of the aromatic ring is observed in all cases of NNI binding,
except for HEPT. Only in this case it remains in the free enzyme conformation. For
a complete understanding of the inhibition mechanism of HIV-1 RT the detailed
knowledge of the conformations of the amino acid residues involved is necessary.
To this end the determination of more structures will be necessary, especially of
mutant type enzyme complexes.

Methods

The following software packages were used: SYBYL 6.5 [29] for the visualisation
of the structures, GAUSSIAN 94 [30] for the electron density calculations, and
gOpenMol 1.3.1 [31] for the presentation of the electrostatic potentials (ESP). Tsar
[32] calculated molecular properties of NNIs. TINKER 3.6 [33] using the AMBER
force field [34] did the superpositions of the molecules.
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