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Tyr181, the Van der waals interactions on 5,6-substituent position with surrounding
amino acid residues (F227, V106, L234 and Y188) and the hydrophobic interactions
of the R group on benzoxazin-2-one ring with the aromatic side chain of W229 and

Y 188 serve as significant interactions for the particular inhibition.

The docked conformations of efavirenz derivatives derived from GOLD and
Autodock methods reveal very similar orientations in the WT and K103N RT binding
pockets. However, based on lower rmsd of the docked pose from the X-ray pose of
efavirenz, the docked conformations derived from Autodock method has been
selected for further study on 3D-QSAR analysis and interaction energy estimation

using quantum chemical calculations.
QSAR Analysis

The conformation with the lowest final docked energy was selected for the structural
alignment in 3D-QSAR analyses. CoMFA and CoMSIA studies were applied to
determine relationships between structural properties and HIV-1 inhibitions, based on

the docked conformations.

CoMFA models

Two different types of biological activities were considered, WT and K103N
HIV-1 RT inhibitory activities. The models obtained from the analyses include steric
and electrostatic field contributions. The statistical parameters of CoOMFA models of
compounds are summarized in Table 3. Regarding WT HIV-1 RT inhibition, the best
predictive ability QSAR model with ey Of 0.662, s-press = 0.145 and noc = 3, is
obtained. The steric and electrostatic contributions of this model are 63.8 % and

36.2 %, respectively. Other statistical results of the best CoMFA model are the
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conventional r* (r* = 0.936) and the standard error of estimation (0.066). F is 83.441
and the probability (P) of obtaining this value of F if 1* is actually zero (probability of
r* = 0) is lower than 0.001. The plot between predicted and experimental WT HIV-1
RT inhibitory affinities of the non-cross-validated analysis of the model is presented
in Figure 7a.

For further analysis, the CoMFA results with respect to K103N HIV-1 RT
inhibition were investigated. The high predictive model with r’, of 0.755,
s-press = 0.302 and noc = 6, is produced, shown in Table 3. The model has 51.2 %
contribution from the steric field and 48.8 % contribution from electrostatic field,
showing approximately equal contributions for explanation of the K103N inhibitory
activities. The statistical parameters obtained are that the conventional r*is 0.944, the
standard error of estimation is 0.144, F is equal to 107.318 and the probability (P) of
obtaining this value of F if s actually zero (probability of > = 0) is lower than
0.001. The plot between predicted and experimental K103N HIV-1 RT inhibitory

affinities of the non-cross-validated analysis of the model is presented in Figure 7b.

Prediction for compounds in the test set

As the obtained CoMFA models, listed in Table 3, show reasonable predictive
power for WT and K103N RT inhibition, both models were used to predict the
inhibitory activities of 7 efavirenz derivatives in the test set. The comparison of
predicted and observed biological activities of these compounds is listed in Table 5
and plotted in Figures 7a and 7b, respectively. Based on the residual value, the
inspection of the data reveals the usefulness of the models for the prediction of the

activities of the efavirenz compounds which are not included in the training set.
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CoMSIA analysis

The results of CoMSIA studies were presented in Table 4. COMSIA analysis
was performed using five different property fields (steric, electrostatic, hydrophobic,
hydrogen bond donor and hydrogen bond acceptor fields). In the present study, the
propose of using five different descriptors is not to increase the significance and the
predictive ability of the 3D QSAR models but to partition the various properties into
the spatial location where they play a decisive role in determining biological activity.
Comparing with the obtained CoMFA model, the best COMSIA model corresponding
to the WT HIV-1 RT inhibition reveals improved predictive ability than CoMFA
model with a high predictive model (r*., of 0.708, s-press = 0.142 and noc = 6). The
other statistical results are that the conventional r* value is 0.894, the standard error of
estimation is 0.085 and F is equal to 50.844. The corresponding field contributions of
these five descriptor variables are 12.2, 19.5, 24.1, 16.8 and 27.3, respectively. The
experimental and calculated affinities derived from the CoMSIA model for the WT

inhibitory affinity is plotted in Figure 8a.

According to the K103N HIV-1 RT inhibition, the best CoOMSIA model with
the combination of all fields yielded high predictive ability with 1, of 0.773, s-press
=(.286, noc = 3, the conventional = 0.938, the standard error of estimation = 0.155
and F = 93.344. The steric, electrostatic, hydrophobic, hydrogen bond donor and
hydrogen bond acceptor field contributions of the model are 13.4, 22.3, 20.5, 26.5 and
17.3, respectively. The experimental and calculated affinities derived from the

CoMSIA model for the K103N inhibitory affinity is plotted in Figure 8b.
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Prediction for compounds in the test set

In order to evaluate the predictive ability of the resulting CoMSIA models, the
same 7 efavirenz derivative tested set as used in CoMFA study was employed to
predict the inhibitory activities. The comparison of predicted and observed biological
activities of these compounds for WT and K103N inhibition, is reported in Table 6
and plotted in Figures 8a and 8b, respectively. The good correlation shows the
validation of the obtained CoMSIA models for efavirenz derivatives excluded from

the training set.

Graphical interpretation of Fields

CoMFA Contributions

The 3D—QSAR contour maps obtained from CoMFA results for all efavirenz
derivatives illustrate clearly the steric and electrostatic contributions for ligand
binding. To better understand the field interactions between the enzyme and
inhibitors, the amino acid residues surrounding efavirenz compound in the binding
pocket were merged into the contour mapsu. Sterically unfavorable regions are
depicted in yellow, whereas favorable regions are in green. Electrostatic positive
favorable regions correspond to the blue areas and the negative favorable regions

correspond to the red areas.

The steric and electrostatic field contributions to WT HIV-1 RT inhibition is
shown in Figure 9a. Compound 25, the most potent compound active against WT

HIV-1 RT of the series, is used as a reference structure. There is a prominent blue
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contour located between the C6 and C7 positions on the benzoxazin-2-one ring. It
reveals that incorporation of electropositive group at this position would be preferable
for the activity. This suggestion is supported by experimental data that, as clearly
examples, compound 25 having hydrogen atom attached to the C6 position produces
higher potency compared to compounds with halogen groups attached to the similar
position (compounds 28, 30, 33, 34, 36, 38, 47, 50 and 53). Particularly, compound 25
shows the highest potency for the WT inhibition in the data set. There are large green
contours corresponding to the location of the R substituent attached to the C4 position
on the benzoxazin-2-one ring. However, the tolerated steric requirements of this
region are highlighted by yellow contours presented around that region, especially a
yellow one overlapping with the Tyr188 residue. It is indicated that an additional
bulky group at this site would be favorable for the affinity, but the size and the
dimension of the substituents should not be too large. This means that steric
occupancy with too bulky groups of the sidechain leads to a steric conflict resulting in
diminished favorable interactions with the aromatic ring of Y188. These suggestions
agree well with the trend observed experimentally, reported in Table 1, that the
cyclopropyl acetylene group is the optimum sidechain for this position. Compound 1
with the cyclopropyl acetylene group attached at the C4 substituent shows higher
potency. Compounds 2-5 and 12-18, occupying the C4 site with too large substituents,
result in significantly reduced potency against WT RT. A large blue electrostatic
contour area close to the cyclopropyl group of the R position suggests that
electropositive groups are predicted to increase activity in those areas. This suggestion
agrees with the experimental data that compounds containing small heterocyclic rings

having more electron rich properties, such as pyridyl, furanyl or thienyl groups
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(compounds 2-9), have diminished affinities against WT RT, compared to

compound 1.

The contributions of steric and electrostatic fields to K103N RT inhibition is
shown in Figure 9b. The most potent compound active against K103N HIV-1 RT of
the series, compound 50, is put in the contour as a reference structure. Interestingly,
the large blue contour located close to the C6 position on the phenyl ring is
completely absent, compared to the WT inhibition. There are two red contours
presented in the vicinity of the substituent attached to C6 position instead. A sterically
favored green area is located in the region of the C5 substituent attached to the phenyl
ring. It can be summarized that, in contrast to the WT inhibition, compounds having a
bulky group attached to the C5 position and the preference of electronegative groups
at the C6 position are more favorable for the K103N inhibition. This is in agreement
with the experimental observation that compounds having sterically 5,6-halogen
substituents (compounds 28, 33 and 36) confer higher potency against the K103N
mutant compared to 5-halogen analogues (compounds 25 and 27). Compounds 50,51
and 53, occupying the C5 position with bulkier groups such as methoxy or hydroxyl
group and the C6 position with chlorine atom, yield higher potency compared to
compounds 38 and 45, respectively. In particular, compound 50 shows the highest
activity against K103N HIV-1 RT in the data set. This could be the reason why
compound 25, the highest active compound against WT HIV-1 RT, shows
a significantly reduced potency against K103N RT. A blue contour close to Z
substituent of the benzoxazin-2-one ring suggests that a group with low electron
density would play a favorable role in activity. This suggestion is consistent with the

experimental data that the replacement of an oxygen atom with the NH group at this
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position always yields much more potent derivatives active against K103N RT, as
exemplified by compounds 1, 2 compared to compounds 38 and 43, respectively.
At the region close to the R position, a large green contour is still presented for the
K103N RT inhibition and the yellow one overlapping with Y188 is also located close
to approximately similar region. The structural requirements for this region could be
explained in similar manner as those for WT RT inhibition. The structural
requirements obtained from the CoMFA models for WT and K103N HIV-1 RT
inhibition show high correspondence to molecular docking results previously

described and QSAR studies reported [37,38].

CoMSIA Contributions

Additional to the steric and electrostatic fields used in CoMFA study,
hydrophobic, hydrogen bond donor and hydrogen bond acceptor fields contributing to
binding affinities can be derived from the CoMSIA models. To better understand the
field interactions between the enzyme and inhibitors, the amino acid residues
surrounding the efavirenz compound in the binding pocket were merged into the
contour maps. In the present study, since the CoMSIA steric and electrostatic contours
(not shown) are similarly placed as those of the CoOMFA models, only hydrophobic,
hydrogen bond donor and hydrogen bond acceptor field contributions were discussed
further. The magenta and white regions highlight areas where hydrophilic and
hydrophobic properties are preferable, respectively. The cyan contours indicate region
where hydrogen bond donor groups increase activity, whereas purple contours

indicate region where hydrogen bond donor groups decrease activity. Hydrogen bond
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acceptors are favored in areas indicated by orange contours, whereas white contours

are areas where hydrogen bond acceptors are disfavored.

The contribution of hydrophobic fields to the WT inhibition is shown in
Figure 10a. A predominant feature of the hydrophobic contour plot is the presence of
a large pink contour corresponding to the locations of the groups attached to C5 and
C6 positions. It reflects that introducing hydrophobic substituents at the positions
would enhance the biological activity. As demonstrated, halogen groups attached to
C5 or C6 positions on the benzoxazin-2-one ring (compounds 25-33, 36 and 38) yield
increasing binding affinities. On the other hand, methoxy or hydroxyl groups attached
to C5 or C6 positions (compounds 34, 39-40, 49-53) would not be preferable for
binding affinities. Moreover, the favorable hydrophobic region is located close to the
vicinity of the R substituent, attached to the C4 position. As examples, more
hydrophilic derivatives with alkoxy groups substituted at C4 (compounds 12-18) are
less active for WT inhibition compared with compound 1. In contrast to WT
inhibition, the contour map of hydrophobic properties highlights different areas for
the K103N inhibition, as shown in Figure 10b. A white contour is presented near the
substituent attached to C5 position. With the combination of the steric contour map
obtained from CoMFA models, it suggests that the favorable hydrophilic together
with steric substituents at the position could enhance the K103N RT inhibitory
activity. This indicates that the bulky group with low hydrophobicity would be
favorable to the biological activity, as demonstrated by compound 50, the highest
active compound against K103N HIV-1 RT. A pink contour in the vicinity of the R4
substituent shows the importance of the hydrophobic component with an optimum

steric bulk of the sidechain at the R4 position. This suggestion agrees well with the
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experimental report that the optimum sidechain for this position is the acetylene

cyclopropyl group.

Figures 11a and 11b show the contributions of the hydrogen donor fields for
the WT and K103N inhibition, respectively. For WT inhibition, two cyan contours
located at the NH group of the benzoxazin-2-one ring and presented in the vicinity of
Z substituent represents that placement of hydrogen-bond donors at the positions is
beneficial for the receptor binding. This could be attributed to the hydrogen bond
interaction between the main chain carbonyl oxygen of K101 and the amide NH of
efavirenz compound [25]. For the K103N inhibition shown in Figure 11b, the cyan
contour located at the NH group of the benzoxazin-2-one ring is completely absent,
while a cyan contour close to the Z substituent is presented. The minor cyan contour
corresponds to the hydrogen donor substituent preferable at this position. This could
be the reason that compounds having NH group as the Z substituent are more
preferable for the K103N inhibitory activity than that of O atom. The contribution is
consistent with the docking study and the electrostatic contribution derived from the

CoMFA model.

The hydrogen bond acceptor field contribution for the WT and KI103N
inhibition are shown in Figures 12a and 12b, respectively. According to WT
inhibition, a prominent orange contour is presented in the region of R substituent
attached to the C4 site suggesting the preference of hydrogen bond acceptors at the
position. It is in agreement with the observation that compounds containing acetylenic
sidechain as the R substituent possessing hydrogen acceptor property, generally

enhance the inhibitory activities. Compounds having alkoxy groups rather than
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acetylenic sidechain at the R substituent show moderate to less binding affinities.
An orange contour close to the carbonyl oxygen of the benzoxazin-2-one ring reveals
that acceptor functions of the ligand directing to the location would be preferable for
the binding affinity. This suggestion is in consistent with the obtained docking results
described previously. Similar to the contribution obtained from the WT inhibition, a
large orange contour corresponding to the location of the R group substituted to the
C4 position shown in Figure 12b, suggests that hydrogen bond acceptors at the
position could be beneficial for K103N binding affinity. Based on the obtained
CoMSIA results, it could be confirmed that not only steric and electrostatic
interactions contribute to the WT and KI103N inhibitory activities, hydrophobic,

hydrogen donor and acceptor fields are important to explain the variance of the data.

As the availability of the crystal structure of efavirenz complexed with HIV-1
RT [25,26], there are numerous contacts involving a series of hydrophobic contacts;
the aromatic sidechains of Y181, Y188, W229 and F227 in the binding pocket with
the bound inhibitor. The hydrogen bond between the benzoxain-2-one NH and the
mainchain carbonyl oxygen of K101 is formed. There is also a Van der Waals contact
between the y-C of the sidechain of K103 and the nitrogen of benzoxain-2-one ring of
efavirenz. An analysis of the structure of efavirenz complexed with the K103N RT
reveals that the substitution of a charged and linear lysine for the uncharged and
branched asparagine at the position 103 resulting in a drastic change in the chemical
environment in the proximity of the mutation and a significant conformational
rearrangement within the drug binding pocket compared with the wild type complex.
Mainly, there are two consequences for the binding of NNRTI: changed hydrophobic

and electrostatic properties of the binding pocket. It is evident that favorable
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hydrophobic interactions of the amino acid in the binding pocket with the bound
inhibitors and the hydrogen bond interaction are eliminated. Accordingly, the
inhibitory affinities of some inhibitors are drastically reduced. Based on the obtained
results, it could be suggested the methoxy group attached to the C5 position could be
possible to generate favorable interactions compensating the hydrophobic interactions
lost. The presence of NH group as the Z substituent in the benzoxazin-2-one ring
possibly contributes to form the H-n interaction with the phenyl ring sidechain of
Y 181. The interactions should compensate the loss of significant interactions between
the bound inhibitor and surrounding amino acid residues in the binding pocket. These
results show high consistency to the obtained docking and CoMFA and CoMSIA
models in the present study, highlighting the structural difference required for WT

and K103N inhibitions of efavirenz derivatives.

Interaction Energy Calculations

Interaction energy of X-ray structure and docked efavirenz in the WT and KI103N

binding pockets

The interaction energies between efavirenz from the X-ray structure and each
amino acid surrounding in the WT and K103N RT binding pockets are shown in
Table 7. In the WT binding pocket, the interaction energies of efavirenz are -16.1 to
1.0 kcal/mol at the B3LYP/6-31G(d) level of theory. In case of interaction energies at
the MP2/6-31G(d) levels of theory, all attractive interaction energies are obtained (-
18.6 to -0.9 kcal/mol). Interaction energies from both levels of calculation shows in
the same trend and the major attractive interaction is the interaction with K101 (-16.1

and -18.6 kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory,
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respectively. From the complex structure, amino and carbonyl groups of benzoxazin-
2-one ring of efavirenz compound could form two H-bonding with carbonyl group
(1.98 A) and amino group (3.17 A) of backbone K101, respectively. The interaction
energies at the MP2/6-31G(d) levels of theory also reveal the important interaction of

efavirenz to the WT binding pocket with L100, K103, Y181, Y188, H325, and P236.

For the K103N binding pocket, the interaction energies of efavirenz are -10.1
to 1.2 kcal/mol and -12.1 to -0.9 kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d)
levels of theory, respectively. Although K101 is the major attractive interaction of
efavirenz in K103N binding pocket, the results clearly show the loss of attractive
interaction with K101 about 5.0-6.5 kcal/mol, as compared with the WT binding
pocket. Their interaction energies in the K103N binding pocket with K101 are -10.0
and -12.1 kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory,
respectively. Because of the effect of amide group at N103, the efavirenz position has
slightly changed from the position in WT binding pocket and caused the longer
H-bonding with carbonyl group of backbone K101. Amino and carbonyl groups of
benzoxazin-2-one ring of efavirenz formed two H-bonding with carbonyl group (2.75
A) and amino group (2.93 A) of backbone K101, respectively. As compared to the
interaction with K103 in the WT binding pocket, the interaction energies to N103 are
decreased about 0.4 and 2.1 kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d)
levels of theory, respectively. These may cause from the loss of H-bonding between
sidechain K103 between the WT binding pocket and efavirenz. For the interaction
with other amino acids in the K103N binding pocket, the interaction energies are
about +1 kcal/mol in both levels of theory as compared with those in the WT binding

pocket.
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In order to investigate the interaction energies of the docked conformation of
other efavirenz derivatives, the interaction energies of docked efavirenz (compound.1)
in WT and K103N binding pockets are firstly studied in comparison to those of X-ray
structure. The interaction energies of compound 1 with the WT and K103N binding
pockets are shown in Table 8 and Table 9, respectively. For the WT binding pocket,
the interaction energies of compound 1 are -17.1 to 0.9 kcal/mol and -19.9 to -0.9
kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory, respectively.
Except K103, the interaction energies of compound 1 with other amino acids from
both levels of theory are similar to those of X-ray structure with +1.5 kcal/mol. The
interaction energies between compound 1 and K103 are more attractive than X-ray
structure and K103 which the different of interaction energies are 3.6 and 2.9
kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory, respectively.
This more attractive interaction is caused from the stronger attractive interaction
formed between fluoro atom of trifluoro group in efavirenz and y-C of sidechain
K103. The distances are 3.81 A and 3.51 A in X-ray structure and compound 1,
respectively. Because this substituted group (trifluoro group) does not vary in this
study, more attractive interaction with K103 may occur to other efavirenz derivatives
with the same trend. According to this explanation, compound 1 can be used to
compare the interaction with other efavirenz derivatives. In case of compound 1 in the
K103N binding pocket, the interaction energies are -7.3 to 4.6 kcal/mol and -10.3 to -
1.3 kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory,
respectively. The interaction energy differences between X-ray and compound 1 are
+1.7 kecal/mol, except L100 and K101. Because of a little movement of compound

no. 1 to form more attractive interaction with Y181, attractive interaction with L100
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and K101 are lost about 1.8 and 2.7 kcal/mol at MP2/6-31G(d), respectively. More
attractive interaction with Y181 could occur with other efavirenz derivatives in the
same manner. Therefore, to determine the interaction energies of other docked
efavirenz derivatives, compound 1, which is the docked conformation of efavirenz, is

used to compare in the further step.

Interaction energy of compounds 25 and 12 in WT binding pocket

The individual interaction is also observed with the compounds 25 and 12, the
highest and less WT activity, respectively. Their interaction energies compared with
compound 1 are shown in Table 8. The interaction energies of compound 25 in WT
binding pocket are -17.2 to 0.4 kcal/mol and -20.0 to -0.4 kcal/mol at the B3LYP/6-
31G(d) and MP2/6-31G(d) levels of theory, respectively. As compared with
compound 1, the results confirm the docking results that slightly more attractive
interaction to compound 25 could be formed to L100, K101, Y188, G190, and H235
with +1.0 kcal/mol from both levels of theory. K103 and V106 are formed more
attractive interactions within 2.0 kcal/mol. More attractive interaction with V106 is
formed with the 5-F of the ring and this cause a slight shift of the fluoromethyl group
to come closer to K103. For the less WT activity compound, interaction energies of
compound 12 are -153 to 3.6 kcal/mol and -18.0 to -0.8 kcal/mol
the B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory, respectively. The decreased
attractive interaction, as compared with compound 1, is found between compound 12
and most amino acids. Because of the bulky group attached at R position, steric

interaction occurs with L100, K101, and Y181. The individual interaction results
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support and agree well with the experimental results that compounds 25 and 12 show

higher and lower potency than compound 1, respectively.

Interaction energy of compound 50 and 22 in K103N binding pocket

In the case of the K103N RT binding pocket, compounds 50 and 22, the
highest and less potency against K103N RT, respectively, are selected to study. Their
interaction energies are shown in Table 9. The interaction action energies of
compound 50 in K103N binding pocket are -14.8 to 0.8 kcal/mol and -17.3 to -1.1
kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d) levels of theory, respectively.
From both levels of theory, more attractive interaction has significantly formed to
L100, K101, Y181, and Y188. The attached substituted groups in compound 50 cause
more fit of its conformation in K103N binding pocket than compound 1. Stronger
attractive interaction is also formed with L100 and K101. The nitrogen atom on the Z
substituent of compound 50 make the attractive interaction increased. The H-n
interaction to the aromatic sidechain of Y181 could be formed. The methoxy group
attached at CS5-position of phenyl ring has fitted with the hydrophobic pocket
consisting of V106, Y188, and L234. Most of other amino acids in the binding pocket
also slightly form more attractive interaction with compound 50. For the less active
compound against the K103N RT, the interaction energies of compound 22 are -6.9 to
2.8 kcal/mol and -9.8 to -0.7 kcal/mol at the B3LYP/6-31G(d) and MP2/6-31G(d)
levels of theory, respectively. From their docked conformation, it can be seen that the
substituting group at R-position has caused the steric effect with the pocket around
R-position. From the interaction energies, this substituting group at R-position of

compound 22 has caused the less attractive interaction with P95, Y188, W229, and
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L234. The individual interaction results are in agreement with the experimental results
that compounds 50 and 22 shows highest and less potency against the K103N RT,

respectively.

Based on the calculated results, more attractive interaction are found by using
the MP2/6-31G(d) level of theory, as compare with B3LYP/6-31G(d) level of theory.
The obtained interaction energies agree well as compared with the results previously
reported [36,54]. Therefore, to ensure that H-m interaction is included in the
calculation, MP2 method should be appropriated applied in the study. The interaction
energies could be helpful for understanding the individual interaction between ligand
and the binding pocket and suggesting for the guideline of the new more potent

inhibitor design.

CONCLUSION

The molecular docking calculations and 3D-QSAR analyses were successfully
combined to investigate the interaction and the relationship between structural
requirements of efavirenz derivatives for WT and K103N HIV-1 RT. The potential
binding orientation of the inhibitors in the binding pockets could be identified, by
using docking studies. The docking results provide additional insight into essential
inhibitor-enzyme interactions for different types of wild type and mutant type of
HIV-1 RT. Based on the docking conformations, the reliable and predictive CoMFA
and CoMSIA models of efavirenz derivatives for the WT and K103N RT inhibition
were derived. The QSAR models are successfully used to discriminate between the
structural requirements for WT and KI03N inhibitory activities. Moreover, the

interaction energy trend calculated from quantum chemical calculations of the
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inhibitors and individual amino acid residues in the binding pockets is informative to
highlight particular ligand-receptor interaction in molecular level. The results derived
from all approaches validate each other and agree well with the ligand-receptor
complex interaction derived from the X-ray crystallographic data. Evidently, in the
present study, molecular modeling with the combination of structure-based and
ligand-based drug design approaches integrated with quantum chemical calculations
has been proven as attractive and efficient tools for better understanding of the key
structural element for enhancing the interaction between efavirenz compounds and the
WT and K103N RT. Consequently, the obtained results enable to provide beneficial
guidelines to design novel compounds with higher anti-HIV—-1 RT activities against

WT and K103N RT.
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Table 1. Structures of 56 efavirenz derivatives and experimental biological activities
against both WT RT and K103N RT

R /CF3
- 5 \4
6 \ \z
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Compound X R 7 Experimental log(1/C)
no. WT K103N
01 6-Cl CC-cyclopropyl O 8.77 7.19
02 6-Cl CC-2-pyridyl O 8.27 5.96
03* 6-Cl CC-3-pyridyl O 8.40 6.94
04 6-Cl CC-2-furanyl O 8.42 6.82
05 6-Cl CC-3-furanyl O 8.42 6.49
06 5,6-diF CC-3-pyridyl O 8.65 7.23
07 6-F CC-3-furanyl O 8.60 6.43
08 6-F CC-3-pyridyl O 8.59 6.48
09 5,6-diF CC-3-furanyl O 8.49 6.55
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6.54
6.63
6.39
7.08
6.51
6.62
6.97
5.94
7.19
5.79
6.74
7.85
7.05
7.82
7.2
7.89
7.85
7.32
6.96
7.15
7.74
7.4
6.32
7.74
7.14
7.66
7.25
6.55
6.72
6.49
6.8
7.59
6.6
7.57
7.74
7.66
6.47
8.12
6.95
6.86
7.55
7.12
7.34
7.12




45

* seven compounds comprising of compounds 03,19,22,37,39,42 and 47, used as the

test set

Table 2. The rmsd (A) of the docked pose from the X-ray pose of efavirenz by using

GOLD and Autodock methods.

: Rmsd (A)
Docking method g0 4" 46 T/9) | K103N (pdb code 1fko)
GOLD 0.94 1.00
Autodock 0.35 0.53

Table 3. Summary of CoOMFA models for the WT and K103 N HIV-1 RT inhibition

Statistical results WT inhibition K103 N inhibition
e 0.662 0.755
noc 3 6
s-press 0.145 0.302
I’ 0.936 0.944
S 0.066 0.144
F 83.441 107.318
Field Contribution
Steric 63.8 51.2
Electrostatic 36.2 48.8

Table 4. Summary of CoMSIA models for the WT and K103N HIV-1 RT inhibition

Statistical results WT inhibition K103 N inhibition
ey 0.708 0.773
noc 6 3
s-press 0.142 0.286
r’ 0.894 0.938
S 0.085 0.155
F 50.844 93.344
Field Contribution
Steric 12.2 134
Electrostatic 19.5 22.3
Hydrophobic 24.1 20.5
Hydrogen donor 16.8 26.5




Hydrogen acceptor

27.3

17.3
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Table 5. Predicted log (1/C) WT and K103N HIV-1 RT inhibitory affinities of the
tested efavirenz compounds derived from CoMFA models

Compound WT HIV-1 RT inhibitory affinity K103N HIV-1 RT inhibitory affinity
No. Expt.log(1/C) | Calc.log (1/C)" | Residual Expt.log(1/C) | Calc. log (1/C)° | Residual
03 8.40 8.50 -0.1 6.94 6.28 0.66
19 8.53 7.99 0.54 6.97 6.46 0.51
22 8.19 8.73 -0.54 5.79 7.42 -1.63
37 8.64 8.43 0.21 7.14 6.76 0.38
39 8.42 8.34 0.08 7.25 7.79 -0.54
42 8.18 8.27 -0.09 6.49 6.51 -0.02
47 8.10 8.63 -0.53 7.74 7.78 -0.04

* calculated by CoMFA model for the WT inhibition

® calculated by COMFA model for the K103N inhibition

Table 6. Predicted log (1/C) WT and K103N HIV-1 RT inhibitory affinities of the
tested efavirenz compounds derived from CoMSIA models

Compound WT HIV-1 RT inhibitory affinity K103N HIV-1 RT inhibitory affinity
No.
Expt.log(1/C] Calc.log (1/C)* Residual Expt.log(1/d Calc. log (1/C)° | Residual

03 8.40 8.46 -0.06 6.94 6.58 0.36
19 8.53 8.27 0.26 6.97 6.23 0.74
22 8.19 8.58 -0.39 5.79 6.43 -0.64
37 8.64 8.20 0.44 7.14 6.72 0.42
39 8.42 8.54 -0.12 7.25 7.48 -0.23
42 8.18 8.23 -0.05 6.49 6.54 -0.05
47 8.10 8.47 -0.37 7.74 7.81 -0.07
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? calculated by CoMSIA model for the WT inhibition

® calculated by CoMSIA model for the K103N inhibition

Table 7. Interaction energies between efavirenz from X-ray structure and each amino
acid surrounding in the WT and K103N binding pockets

Interaction energy (kcal/mol)

Amino acid residue WT binding pocket K103N binding pocket
23%&% MP2/6-31G(d) 33?&% MP2/6-31G(d)
P95 -0.3 -0.9 -0.3 -0.9
L100 -0.6 -7.6 0.2 -7.7
K101 -16.1 -18.6 -10.1 -12.1
K103/N103 -1.8 -5.3 -1.4 -3.2
V106 1.0 2.4 -0.1 -3.2
Y181 -0.6 -3.8 1.2 -4.3
Y188 -1.0 -5.7 -1.6 -6.6
G190 -1.0 -1.7 -1.0 -1.9
F227 0.1 -1.0 0.4 -1.0
W229 -0.7 2.5 -1.3 -3.3
L234 0.2 -1.8 0.0 -2.5

H235 -1.7 -3.2 -1.9 -3.0



48

P236 -0.9 -3.1 -1.1 -2.7
Y318 -0.3 -2.7 -0.2 -3.3

Table 8. Interaction energies between docked conformations (docked efavirenz
(compound 01), compounds 25 and 12) and each amino acid surrounding in the WT
binding pocket

Interaction energy (kcal/mol)

Amino

acid compound 01 compound 25 compound 12
residue T R3LYP/ MP2/ B3LYP/ MP2/ B3LYP/ MP2/
6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d)
P95 -0.1 -0.9 -0.1 -0.9 -0.3 -0.8
L100 0.9 -6.3 0.4 -7.0 3.6 -3.2
K101 -17.1 -19.9 -17.2 -20.0 -15.3 -18.0
K103 -54 -8.2 -7.3 -10.2 -4.6 -7.7
V106 0.7 -2.5 -1.7 -4.1 1.2 -2.2
Y181 -0.1 -4.1 -0.1 -4.0 2.1 -1.9
Y188 -0.7 -5.2 -1.2 -6.1 1.0 -4.6
G190 -1.4 2.1 -1.5 2.3 -1.3 2.3
F227 -0.1 -1.1 0.0 -0.4 -0.2 -1.2
W229 -1.4 -2.5 -0.4 -2.3 0.3 -2.5

L234 0.2 -1.8 -0.1 -1.4 0.1 -1.8




49

H235 -1.5 -2.9 2.2 -3.0 -0.4 -2.0
P236 -1.4 -3.6 -0.8 -2.7 -1.2 -3.7
Y318 -0.3 -3.7 0.3 -3.4 0.1 -3.7

Table 9. Interaction energies between docked conformations (docked efavirenz
(compound 01), compounds 50 and 22) and each amino acid surrounding in the
K103N binding pocket

Interaction energy (kcal/mol)

A;I;iigo compound 01 compound 50 compound 22
residue . B3 YP/ MP2/ B3LYP/ MP2/ B3LYP/ MP2/
6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d) 6-31G(d)
P95 -0.3 -1.3 -0.1 -1.1 -0.1 -0.7
L100 4.6 -5.0 0.8 -7.8 2.8 -5.1
K101 -7.3 -10.3 -14.8 -17.3 -6.9 -9.8
N103 0.0 -1.5 0.3 -1.2 -0.1 -2.0
V106 0.7 -2.0 0.3 -3.1 0.1 -3.0
Y181 0.4 -5.9 -2.1 -8.9 1.5 -5.0
Y188 -1.6 -5.1 -1.9 7.5 -0.5 -4.1
G190 -1.3 2.2 -1.5 -2.5 -1.0 -2.0
F227 -0.3 -1.3 0.7 -1.4 -0.4 -0.9
W229 -1.0 -3.8 -1.1 -4.0 -0.7 -1.6
L234 -0.2 -2.0 0.0 -2.9 0.3 -0.4
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Figure 1. The conformations of docked efavirenz by using GOLD (grey) and
Autodock (dark grey) and compared with the orientation of X-ray pose (black); (a) in
the WT binding pocket (pdb code 1fk9) and (b) in the K103N binding pocket (pdb
code 1fko).
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Figure 2. The orientation of docked efavirenz derivatives by using Autodock in the
WT binding pocket ( a. top view and b. side view) and in the K103N binding pocket

(c. top view and d. side view).
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Figure 3. The conformations of docked efavirenz derivatives by using GOLD (grey)
and Autodock (dark grey) and compared with the orientation of X-ray pose (black) in

the WT HIV-1 RT; (a) Compound 25 and (b) Compound 12.
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Figure 4. The conformations of docked efavirenz derivative (compound 25) by using
GOLD (grey) and Autodock (dark grey) compared with the orientation of X-ray pose

(black) in the K103N HIV-1 RT.
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Figure 5. The conformations of docked efavirenz derivatives by using GOLD (grey)

and Autodock (dark grey) compared with the orientation of X-ray pose (black) in the

K103N HIV-1 RT; (a) Compound 50 (b) Compound 22.



56

< HsZ3
J/ —

Figure 6. The conformations of docked efavirenz derivative (compound 50) by using
GOLD (grey) and Autodock (dark grey) compared with the orientation of X-ray pose

(black) in the WT HIV-1 RT.
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Figure 7. The plots between predicted and experimental inhibitory affinities of the

non-cross-validated analysis of the CoMFA model; (a) WT inhibitory affinities

and (b) K103N inhibitory affinities.
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Figure 8. The plots between predicted and experimental inhibitory affinities of the
non-cross-validated analysis of the CoMSIA model; (a) WT inhibitory affinities and

(b) K103N inhibitory affinities.
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(b)

Figure 9. Stereoview of CoMFA steric and electrostatic STDEV*COEFF contour
plots based on WT and K103N HIV-1 RT inhibitions from the analysis of CoOMFA
models with non-cross-validation, as shown in (a) and (b), respectively. Green
contours refer to sterically favored regions; yellow contours indicate disfavored area.
Compound 25 and 50 are displayed inside the fields as ball and stick presentation in

(a) and (b), respectively.
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Figure 10. Stereoview of CoMSIA hydrophobic STDEV*COEFF contour plots based
on WT and K103N HIV-1 RT inhibitions from the analysis of CoMSIA models with
non-cross-validation, as shown in (a) and (b), respectively. Magenta contours refer to
positive hydrophobic favoring areas; white contours indicate hydrophilic favoring
areas. Compound 25 and 50 are displayed inside the fields as ball and stick

presentation in (a) and (b), respectively.
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Figure 11. Stereoview of CoMSIA hydrogen donor STDEV*COEFF contour plots
based on WT and K103N HIV-1 RT inhibitions from the analysis of CoOMSIA models
with non-cross-validation, as shown in (a) and (b), respectively. Cyan contours refer
to hydrogen donor fields favoring areas; purple contours indicate hydrogen donor
fields disfavoring areas. Compound 25 and 50 are displayed inside the fields as ball

and stick presentation in (a) and (b), respectively.
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Figure 12. Stereoview of CoMSIA hydrogen acceptor STDEV*COEFF contour plots
based on WT and K103N HIV-1 RT inhibitions from the analysis of CoOMSIA models
with non-cross-validation, as shown in (a) and (b), respectively. Orange contours
refer to hydrogen acceptor fields favoring areas; white contours indicate hydrogen
acceptor fields disfavoring areas. Compound 25 and 50 are displayed inside the fields

as ball and stick presentation in (a) and (b), respectively.
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Abstract: HIV-1 Reverse transcriptase (RT) is an essential enzyme for HIV-1 replication and, therefore, it is an important

target for the attack of antiviral agents. Although some products are already on the market, there is need to design new drugs,

because mutation in drug interacting disease proteins decreases the efficiency of the existing drugs. Non-nucleoside RT

inhibitors fill up an allosteric, mainly hydrophobic pocket in a distinct distance from the enzyme’s active center. X-ray

crystallographic investigations on the enzyme and on enzyme complexes provide information about the structural consequences

of the protein-inhibitor interaction. Applying molecular simulations the dynamic behaviour of these biomolecular systems can be
obtained in order to get some insight into the molecular flexibilities and into the detailed inhibition mechanism. Amino acids which

are important for the inhibition mechanism and the interaction with inhibitor molecules can be identified for further

considerations with more accurate molecular calculations. QSAR studies allow the development of proper prediction models,
which are used to design new drugs. Combination of molecular docking, energy minimization and MD or MC calculations with

various QSAR methods will support screening methods to find new lead compounds.

Keywords: HIV-1 reverse transcriptase, Non-nucleoside reverse transcriptase inhibitor, X-ray structures, quantitative structure-

activity analysis, molecular simulation.

1. STRUCTURE OF HIV-1 REVERSETRANSCRIPTASE AND
INHIBITOR COMPLEXES

1.1 The Enzymes of HIV-1

The human immunodeficiency virus type 1 (HIV-1) is a
retrovirus responsible for the Acquired Immunodeficiency
Syndrome (AIDS). The viral genome (GenBank Accession
number NC 001802) consists of 9181 base pairs and encodes
nine open reading frames. One of these encodes the Pol
polyprotein, which is proteolyzed into three enzymatic
proteins, reverse transcriptase (RT), protease (PR) and integrase
(IN) [1,2]. These enzymes are essential for the replication of the
virus and therefore for the whole viral life cycle. After
absorption of the virus by the cell, the RT converts the single-
stranded viral RNA into double-stranded DNA, which is then
integrated into the host chromosome by the IN. The polyprotein
expressed from the resulting cellular RNA is cut into the
individual proteins by the PR. These viral enzymes are
important targets for the treatment of HIV-1 infection. Several
products are already on the market [3-7], especially for the
inhibition of the two enzymes PR and RT.

1.2. HIV-1 Reverse Transcriptase

HIV-1 RT is a multifunctional enzyme that converts the viral
RNA into DNA and has the following functions: RNA-
dependent DNA polymerase, DNA-dependent DNA polymerase
and ribonuclease H (RNase H). Chain elongation takes place by
adding desoxyribonucleotide triphosphates to the 3’OH
terminus of the primer sequence. This process is essential for
the replication of HIV-1, and the enzyme is therefore an

*Address correspondence to this author at the Institute of Theoretical
Chemistry, University of Vienna, Wahringer Strae 17, A-1090 Vienna,
Austria; Fax: +43-1-4277 52771; Tel: ++43 1 4277 9527; E-mail:
Anton.Beyer@univie.ac.at

1573-4099/07 $50.00+.00

important target for anti-HIV-1 drugs [8-10]. Three classes of
inhibitors exist, acting on HIV-1 RT. Nucleoside Reverse
Transcriptase Inhibitors (NRTIs) and Nucleotide Reverse
Transcriptase Inhibitors (NtRTIs), which interact with the
enzyme’s active site and are competitive inhibitors. Non-
nucleoside inhibitors (NNRTIs) are the third class of RT
inhibitors. They act allosterically and are highly specific for
HIV-1 RT. NNRTIs are compounds of a surprisingly different
chemical constitution, and all bind to the same site of RT, near
to, but distinct from the polymerase active center. They inhibit
the RT activity by inducing conformational changes at
functionally important residues.

A major drawback of NNRTIs is the occurrence of drug
resistance by mutation of the RT protein [11-13]. Additionally,
such mutations in many cases also lead to a decreased
sensitivity to other NNRT inhibitors. This is the reason for the
necessity of the development of new and more mutation-
independent drugs.

1.3. Structure of HIV-1 Reverse Transcriptase

Extended structural information about HIV-1 RT has been
obtained from X-ray crystallography. A large number of
structures of free or complexed HIV-1 RT, resolved by X-ray
crystallography, have been deposited in the Protein Data Bank
(RCSB PDB; http://www.pdb.org) [14]. The following classes of
structures are included in the data bank: Free HIV-1 RT without
ligand, HIV-1 RT bound to double-stranded oligonucleotide
template-primers both in the presence and in the absence of a
deoxynucleotide triphosphate substrate and HIV-1 RT
complexed with different NNRTIs. Moreover, Structures of HIV-
1 RT mutants in free or complexed form are also available.
Several HIV related databases are maintained at Los Alamos
National Laboratory (www.hiv.lanl.gov.) [15]. NIST (National
Institute of Standards and Technology) runs the” HIV Structural

© 2007 Bentham Science Publishers Ltd.
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Table 1. Sequences of Two Variants of HIV-1 RT (S1 and S2)
S1 1 PISPIETVPV KLKPGMDGPK VKQWPLTEEK IKALVEICTE MEKEGKISKI GPENPYNTPV 60
S2 1 PISPIETVPV KLKPGMDGPK VKQWPLTEEK IKALVEICTE MEKEGKISKI GPENPYNTPV 60
S1 61 FAIKKKDSTK WRKLVDFREL NKRTQDFWEV QLGIPHPAGL KKKKSVTVLD VGDAYFSVPL 120
S2 61 FAIKKKDSTK WRKLVDFREL NKRTQDFWEV QLGIPHPAGL KKKKSVTVLD VGDAYFSVPL 120
S1 121 DEDFRKYTAF TIPSINNETP GIRYQYNVLP QGWKGSPAIF QSSMTKILEP FRKQNPDIVI 180
S2 121 DEDFRKYTAF TIPSINNETP GIRYQYNVLP QGWKGSPAIF QSSMTKILEP FKKQNPDIVI 180
S1 181 YQYMDDLYVG SDLEIGQHRT KIEELRQHLL RWGLTTPDKK HQKEPPFLWM GYELHPDKWT 240
S2 181 YQYMDDLYVG SDLEIGQHRT KIEELRQHLL RWGLTTPDKK HQKEPPFLWM GYELHPDKWT 240
S1 241 VQPIVLPEKD SWTVNDIQKL VGKLNWASQI YPGIKVRQLC KLLRGTKALT EVIPLTEEAE 300
S2 241 VQPIVLPEKD SWTVNDIQKL VGKLNWASQI YPGIKVRQLC KLLRGTKALT EVIPLTEEAE 300
S1 301 LELAENREIL KEPVHGVYYD PSKDLIAEIQ KQGQGQWTYQ IYQEPFKNLK TGKYARMRGA 360
S2 301 LELAENREIL KEPVHGVYYD PSKDLIAEIQ KQGQGQWTYQ IYQEPFKNLK TGKYARMRGA 360
S1 361 HTNDVKQLTE AVQKITTESI VIWGKTPKFK LPIQKETWET WWTEYWQATW IPEWEFVNTP 420
S2 361 HTNDVKQLTE AVQKITTESI VIWGKTPKFK LPIQKETWET WWTEYWQATW IPEWEFVNTP 420
S1 421 PLVKLWYQLE KEPIVGAETF YVDGAANRET KLGKAGYVTN RGRQKVVTLT DTTNQKTELQ 480
S2 421 PLVKLWYQLE KEPIVGAETF YVDGAANRET KLGKAGYVTN KGRQKVVPLT NTTNQKTELQ 480
S1 481 AIYLALQDSG LEVNIVTDSQ YALGIIQAQP DQSESELVNQ IIEQLIKKEK VYLAWVPAHK 540
S2 481 AIYLALQDSG LEVNIVTDSQ YALGIIQAQP DKSESELVNQ IIEQLIKKEK VYLAWVPAHK 540
S1 541 GIGGNEQVDK LVSAGIRKYL 560
S2 541 GIGGNEQVDK LVSAGIRKIL 560

Database” which has some additional information not included
in PDB (http://xpdb.nist.gov/hivsdb/hivsdb.html) [16].

Two variants of slightly different protein sequences have
been used throughout these studies, denoted here as S1 and S2.

In this table the differences between the two variants are
shown. There is one difference in the Palm domain, whereas the
others are located in the RNase H domain [17, 18].

A summary of all structures currently available in PDB is

Both sequences are given in Table 1. given in Table 2.
Table 2. HIV-1 Reverse Transcriptase X-ray structures in the Protein Data Bank. Resolution (Res) in A
PDB Code Ligand Res Year Ref. Model Mutation

1 IRTI HEPT 3.00 1995 [19] S1 560 -
2 IRTI MKC-422 Emivirine 2.55 1996 [20] S1 560 -
3 IRT2 TNK-651 2.55 1996 [20] S1 560 -
4 1JLA TNK-651 2.50 2001 [21] S1 560 Y181C
5 IS1V TNK-651 2.60 2004 [22] S1560 L100I
6 ICIB GCA-186 2.50 1999 [23] S1 560 -
7 ICIC TNK-6123 2.50 1999 [23] S1 560 -
8 1JLQ 739W94 3.00 2001 [24] S1560 -
9 IHNV 8-C1 TIBO (R86183) 3.00 1995 [25] S2 558 C280S
10 1UWB 8-C1 TIBO (R86183) 3.20 1996 [26] S2 558 C280S Y181C
11 ITVR 9-C1 TIBO (R82913) 3.00 1996 [26] S2 558 C280S
12 IREV 9-C1 TIBO (R82913) 2.60 1995 [27] S1560 -
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(Table 2)contd.....

PDB Code Ligand Res Year Ref. Model Mutation

13 3HVT Nevirapine (Viramune) 2.90 1994 [28,29] S2 556 -

14 IVRT Nevirapine (Viramune) 2.20 1995 [19] S1560 -

15 1FKP Nevirapine (Viramune) 2.90 2000 [30] S1 543 K103N

16 1JLB Nevirapine (Viramune) 3.00 2001 [21] S1560 Y181C

17 1JLF Nevirapine (Viramune) 2.60 2001 [21] S1560 Y188C

18 ILWC Nevirapine (Viramune) 2.62 2002 [31] S1 560 M184V

19 1LWO Nevirapine (Viramune) 2.80 2002 [31] S1 560 T215Y

20 ILWE Nevirapine (Viramune) 2.81 2002 [31] S1 560 M41L T215Y

21 ILWF Nevirapine (Viramune) 2.80 2002 [31] S1 560 M41L D67N
K70R M184V
T215Y

22 1S1U Nevirapine (Viramune) 3.00 2004 [21] S1560 L1001

23 1S1X Nevirapine (Viramune) 2.80 2004 [22] S1560 V1081

24 IRTH 1051091 2.20 1995 [19] S1560 -

25 IRT3 1051091 3.00 1998 [32] S1555 D67N K70R
T115F K219Q

26 | 1LW2 1051U91 3.00 2002 [31] S1560 T215Y

27 IVRU 2,6-CI12 a-APA (R90385) 2.40 1995 [19] S1 560 -

28 IHPZ 2,6-C12 a-APA (R90385) 3.00 2000 [33] S2 560 K103N C280S

29 1HNI 2,6-Br2 a-APA (R95845) 2.80 1995 [34] S2 558 C280S

30 1BQM HBY097 3.10 1998 [35] S2 556 C280S

31 IBQN HBY097 3.30 1998 [35] S2 558 Y188L C280S
E248Q E546Q

32 1HQU HBY097 2.70 2000 [33] S2 560 K103N C280S

33 IKLM BHAP U-90152 2.65 1997 [27] S1560 -

34 IRT5 UC-10 2.90 1998 [27] S1 560 -

35 IRT6 UC-38 2.80 1998 [27] S1 560 -

36 IRT7 UcC-84 3.00 1998 [27] S1 560 -

37 IRT4 UC-781 2.90 1998 [27] S1 560 -

38 1JLG UC-781 2.60 2001 [21] S1 560 Y188C

39 ISIT UC-781 2.40 2004 [22] S1560 L1001

40 IS1W UC-781 2.70 2004 [22] S1 560 V106A

41 1COT BM+21.1326 2.70 1999 [37] S1 560 -

42 1COU BM+50.0934 2.52 1999 [37] S1 560 -

43 IDTT PETT-2 (PETT130A94) 3.00 2000 [38] S1560 -

44 1JLC PETT-2 3.00 2001 [21] S1560 Y181C

45 IDTQ PETT-1 (PETT131A94) 2.80 2000 [38] S1560 -

46 1IEET MSC204 2.73 2000 [39] S2 557 E478Q

47 1KY MSC194 3.00 2001 [40] S2 560 K103N E478Q
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PDB Code Ligand Res Year Ref. Model Mutation
48 1HKX PNU142721 2.80 2001 [40] S2 560 K103N E478Q
49 1IFK9 DMP-266 (Efavirenz) 2.50 2000 [30] S1543 -
50 1HKW DMP-266 (Efavirenz) 3.00 2001 [40] S2 560 E478Q
51 1FKO DMP-266 (Efavirenz) 2.90 2000 [30] S1 543 K103N
52 1IKV DMP-266 (Efavirenz) 3.00 2001 [40] S2 560 K103N E478Q
53 1JKH DMP-266 (Efavirenz) 2.50 2001 [21] S1560 Y181C
54 1EP4 S-1153 2.50 2000 [41] S1 560 -
55 1Sep R100943 2.90 2005 [42] S2 560 C280S
56 189G R120394 2.80 2005 [42} S2 560 C280S
57 1S9E R129385 2.60 2005 [42] S2 560 C280S
58 1S6Q R147681 3.00 2005 [42] S2 560 C280S
59 2BAN R157208 2.95 2005 [43] S2 560 C280S
60 1SV5 R165335 2.90 2004 [42] S2 560 C280S K103N
61 2BS5J R165481 2.90 2005 [43] S2 560 C280S
62 1SUQ R185545 3.00 2005 [42] S2 560 C280S
63 2BE2 R221239 243 2005 [43] S2 560 C280S
64 1TKT GW426318 2.60 2004 [44] S1560 -
65 ITKZ GW429576 2.81 2004 [44] S1 560 -
66 ITKX GW490745 2.85 2004 [44] S1 560 -
67 1TL3 GW450557 2.80 2004 [44] S1 560 -
68 ITL1 GW451211 2.90 2004 [44] S1560 -
69 1TV6 CP-94 2.80 2004 [45] S2 560 -
70 2B6A THR-50 2.65 2005 [46] S2 560 C280S
71 IHAR - 2.20 1994 [47] NA 216 N-Term
72 IHMV - 3.20 1994 [48] S2 560 -
73 IRTJ - 2.35 1995 [49] S1 560 -
74 1IDLO - 2.70 1996 [50] S2 556 C280S
75 IHQE - 2.70 2000 [51] S2 560 K103N C280S
76 1JLE - 2.80 2001 [21] S1 560 Y188C
77 1QE1 - 2.85 1999 [51] S2 558 C280S M1841
78 2HMI DNA/FAB 2.80 1998 [52,53] S2 558 C280S
79 1C9R DNA/FAB 3.50 1999 [51] S2 556 C280S M1841
80 1J50 DNA/FAB 3.50 2002 [51] S2 558 C280S M1841
81 1TOS DNA/Fab 3.00 2004 [54] S2 558 C280S Q258C
82 1T03 DNA/Fab 3.10 2004 [54] S2 558 C280S Q258C
83 IN6Q DNA/Fab 3.00 2002 [55] S2 558 C280S Q258C
84 INSY DNA/Fab 3.10 2002 [55] S2 558 C280S Q258C
85 IRTD DNA/dNTP 3.20 1998 [56] S1553 Q258C R461K
T468P E478Q
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(Table 2)contd.....

PDB Code Ligand Res Year Ref. Model Mutation
Q512E
86 IHVU RNA 4.75 1998 [57] S2 554 -
87 IHYS RNA/DNA 3.00 2001 [58] S2 553 C280S

HIV-1 RT is a heterodimer and contains two chains with
identical amino acid sequences but of different lengths. The
first chain (p66), has a molecular weight of 66kDa and consists
of 560 amino acids. The second chain (p51) is built up from 440
residues and has a molecular weight of 51kDa. It lacks the
RNase H domain at the C-terminus. Both subunits contain a
polymerase domain composed of four subdomains, called
fingers, palm, thumb and connection. p66 and p51 are expressed
by the same gene and their sequences are therefore identical
(p51 is processed by proteolytic cleavage of p66). Nevertheless,
the polymerase subdomains are arranged in different way, p66
forming a large-active site pocket (with the catalytic triad
Aspl10, Aspl85 and Aspl86) and p51 with a closed and
therefore inactive structure. The complete structure of HIV-1 RT
(p66 and p51) is shown in Fig. 1.

1.4. Structure of the HIV-1 RT NNRTI Binding Site

NRTIs and NtRTIs bind to the active center, whereas the
binding pocket for NNRTIs is about 10A away from the catalytic
site. This cavity is located between two B-sheets (B4, B7 and B8
of the fingers domain — amino acids 73-77, 128-134, 141-147,
and B9, B10 and B11 — amino acids 178-183, 186-191, 214-217
and 219-222 of the palm domain of p66 by. Additionally, the
B5-B6 loop (Pro97, Leul00, Lys101, Lys103), B6 (Serl05,
Val106, Val108), the hairpins 9-p10 (Vall79, Tyrl181, Tyrl88,
Gly190, Aspl192), and B12-B13 (Glu224, Phe227, Trp229,
Leu234, Pro236), and two amino acids B15 (Tyr318, Tyr319) of
the thumb domain [18]. Two amino acids from p51 (Thrl35,

Glul38) are also involved in the inhibitor. The binding pocket
is mainly hydrophobic, with some aromatic amino acids
(Tyr181, Tyr188, Phe227, Trp229, Tyr232) but includes a few
hydrophilic residues (Lys101, Lys103, Serl05, Aspl92,
Glu224) and backbone atoms, which are able to form hydrogen
bonds. These structural features of the binding site are highly
important for the association of inhibitors. The entrance to the
cavity is formed by residues Leul00, Lys103, Vall79, Ser191
and Glul38 from p51. Examples for the interaction of various
inhibitors with amino acids in the NNRTI binding pocket are
outlined in Table 3.

The table indicates residues which have distances less than
4A to the related inhibitor in the X-ray crystal structure. The
importance of Leul00, Lys101 (B6 of palm domain), Tyrl81,
Tyr188 (B9 of palm domain), Trp229 (12 of palm domain) and
Tyr318 (B15 of thumb domain) can be easily deduced. These
amino acids are in close contact with almost every inhibitor.
Superpositions of four structures of NNRTIs, HEPT, TIBO,
nevirapine and efavirenz, attached to the WT HIV-1 RT binding
pocket are presented in Fig. 2.

1.5. Structural Requirements for NNRTIs

A butterfly-like shape with two hydrophobic, mostly
aromatic wings, was postulated as pharmacophor for NNRTIL.
However, for second generation inhibitors this molecular shape
gets less stringent, but there is still a similarity in shape and
charge distribution. Not surprisingly, also hydrogen bonding

atahvtic Sfe

Fig. (1). Structure of HIV-1 RT.
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Table 3. Amino acid residues in contact with NNIs within the distance of 4A
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4mutation code:
1 Tyrl81Cys

2 Lysl03Asn

Tyr188Cys

Asp67Asn, Lys70Arg, Thr215Phe, Lys219GIn

Pamino acid residues of p51

plays an important role for the association specificity and
affinity of the various inhibitors.

2. MOLECULAR SIMULATIONS OF THE INTERACTION
BETWEEN NNRTIS AND HIV-1 RT

X-ray crystal structures of proteins and protein ligand
complexes deliver valuable information about the geometries of
such aggregates, which can be used for further investigations
like structure based drug design. There are some restrictions for
this method so far, as the structural information is bound to
solid state, and, moreover, no information about the dynamics
of the systems can be given — in contrast to another very
important method for elucidation of biomolecular geometries,
the nuclear magnetic resonance spectroscopy (NMR). Because of
the size of the protein no NMR experiments can be performed on
RT up to now. Moreover, for in silico screening of large
numbers of compounds and for the target based design of new
drugs the geometries of enzyme-inhibitor complexes have to be
determined. The specific association of drugs to a well-defined
binding site at the receptor is controlled by the energetics of the
system, the sum of local interactions between the molecular

=
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surface of the ligand and the complementary surface of the
receptor. Various methods of molecular docking, using proper
force fields provide some possibilities to obtain possible
orientations of the ligands in the receptor pocket. Molecular
dynamics (MD) and Monte-Carlo simulations (MC) are used to
get some insight into the dynamical behaviour of protein-
ligand interactions taking into account the surrounding, the
solvent shell or even membrane structures. Depending on the
quality of the molecular calculations the latter methods need
large computer resources. Nevertheless, both methods are
nowadays routinely used and are widely applied in newer
strategies for calculations of protein-ligand complexes.
Particularly, combinations of molecular docking, energy
minimization and molecular dynamics simulations are
promising tools for drug design investigations.

2.1. Molecular Docking to HIV-1 RT

Many newly synthesized NNRTI candidates were tested by
docking to targets obtained form crystal structures. Deng et al.
[59] visualized hypothetical complex models for a series of
alkenyldiarylmethane derivatives using the molecular docking
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Fig. (2). Superimposition of four X-ray structures of NNRTIs, HEPT (1RTIL shown in gray), TIBO (IHNV, shown in dark gray), nevirapine (1VRT, shown
in light gray) and efavirenz (1FK9, shown in black), bound to the WT HIV-1 RT binding pocket.

method GLIDE (Schrodinger Inc.). Other examples of very recent
applications of various docking procedures are: Heeres et al.
[60], De Martino et al. [61], Heemateenejad et al. [62], Medina-
Franco et al. [63], Zhou et al. [64], Sciabola et al. [65], Ranise et
al. [66].

Extensive docking studies using AutoDock [67] have been
performed by Ragno et al. [68] to test the applicability of this
method for reproducing the geometries obtained from X-ray
crystallography and, to undertake cross-docking experiments
on the wild-type and mutant type enzyme’s structures.

Docking studies have been used in combination with other
methods. Chen et al. [69] combined molecular docking, MD
simulations and Support Vector Machine (SVM) based methods
to predict new compounds of the class of 3’,4’-di-O-(S)-
camphanyl-(+)-cis-Khellactone analogs.

QSAR investigations together with docking simulations
were applied on indoyl aryl solfunes [70], Barrecca et al. [71]
combined flexible docking with QSAR studies. Evidently, data
base screening uses also different docking methods. A recent
expample is the work of Sangma et al. [72]. A fast and robust
computational method for predicting NNRTIs activities by
correlating molecular docking energies and biologically
activities was proposed by de Jonge [73].

2.2. MD and MC Simulations of HIV-1 RT and of Complexes
with NNRTIs

Generally, the applicability of MD simulations increases
with the development of more sophisticated methods and
related computer power. Free energy calculations and the
structural information from MD simulations contribute to the
advanced computer-assisted techniques in drug discovery and
drug design [74]. However, not too many investigations have
been published on RT MD simulations. The reason for this fact
is, that HIV-1 RT is a very large system. When hydrogen atoms
are added, The 556 and 427 amino acid residues in p66 and p51
subunits of RT alone (1DLO), consists of 16,000 atoms after
adding hydrogen atoms to the X-rax crystal structure data. If an
eight A truncated octahedral box with water molecules is added,
the system will carry almost 40,000 water molecules. MD of this
enzyme requires a huge computer resource with respect to
calculation time and mass storage.

A MD simulation of HIV-1 RT indicating subdomain
rearrangements was reported by Madrid et al. [75], another
simulation showed increasing flexibility upon DNA binding
[76].

Gardozo et al. [77] reported a MD simulation of the p66
subunit of RT with nevirapine. Tyrosine 181 showed a
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remarkable interaction with the inhibitor during this MD
simulation. Monte Carlo methods (MC) in combination with a
linear response approach [78], adaptive chemical Monte
Carlo/molecular dynamics (CMC/MD), and Poisson-
Boltzmann/solvent accessibility (PB/SA) [79,80] were used to
determine the relative binding free energies to HIV-1 RT of
TIBO and efavirenz series with rather encouraging results. Wang
et al. [81] proposed that molecular docking combined with MD
simulations (500 ps) followed by Molecular Mechanics
Poisson-Boltzmann/surface area (MM-PBSA) analysis is an
attractive approach for modeling the protein a priori. In this
work, the obtained binding mode of efavirenz to HIV-1 RT in
aqueous solvent was in reasonable agreement with X-ray
crystallographic experiments. The binding and unbinding
processes of another NNRTI, a-APA, have been investigated
using two nanoseconds molecular dynamics and steered
molecular dynamics simulations (SMD). The bound a-APA was
pulled out from the binding pocket of HIV-1 RT by employing
an artificial harmonic potential on o-APA [82]. Only p66
subunit (without RNase H subdomain) was involved in this
simulation with water. The results show that the polar group of
o-APA plays key roles in inhibition and binding.

In June 2005, the 2.5 nanoseconds MD simulations of
complete solvated HIV-1 RT systems (approximately 142,000
atoms) were handled by Zhou er al. [83] on the Terascale
Computing System at the Pittsburgh Supercomputing Center.
The flexibility of wild type and mutant RT complexed to
nevirapine was studied and the free energy of binding was
calculated using Molecular Mechanics Poisson-Boltzmann
Surface Area (MM-PBSA). Nevirapine interacts stronger with
wild-type RT than with mutant RT as a consequence of the
diminished van der Waals interactions between the inhibitor
and the amino acid around the binding pocket. Their
simulations point out that the flexibility of RT depends on the
volume of the binding pocket occupied by the inhibitor.
Weinzinger et al. [80] applied successfully MD analyses to
obtain prediction models, correlating the binding energies for
efavirenz and a series of its derivatives, benzoxazinones, with
experimental inhibitory activities. Moreover, the importance of
the hydrogen bonding interaction of this class of inhibitors
with Lys101 and electrostatic interactions with Lys101 and
His235 was demonstrated. Similar considerations based on MC
simulations have been undertaken by Rizzo er al. [84]. The
molecular basis of resilience in NNRTI to the effect of a
mutation was the topic of a paper of Rodriguez-Barrios et al.
[85].

3. STRUCTURE-ACTIVITY RELATIONSHIP STUDIES OF
HIV-1 INHIBITORS

The second important concept for the design of new drugs is
the use of Quantitative Structure-Activity Relationship
analyses (QSAR). From correlations between quantitative
biological effects with molecular descriptors prediction models
can be created, which are taken furthermore to design new drugs.
The general problems for the use of such methods are first of all
the accuracy of the biological data, which might be created by
different research groups, and the selection and determination
of proper molecular descriptors, which should be able to
describe the most important molecular features for the particular
activity. There are two steps to generate a QSAR model;
calculation of molecular descriptors, and statistical generation
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of the QSAR model. Therefore, QSAR approaches can be divided
into two main types: classical or two dimensional QSAR (2D-
QSAR) and three dimensional QSAR analysis (3D-QSAR),
classified by the descriptors used. 2D-QSAR descriptors do not
utilize 3D information concerning the ligand and their
geometries, dependent on the specific conformation and the
orientation of the molecules. This approach requires no
structural alignment of molecules in the data set. In contrast, the
3D structure and also the structure dependent molecular fields
of ligands are strongly involved in descriptor calculations used
to derive a 3D-QSAR model. In the case of such conformation
dependent descriptors the alignment of the molecules is a
challenging task, which could lead in worst case to misguided
statements.

Many drugs have been developed in the last years for anti
HIV-1 activities on the several viral targets, some of them are
already on the market or in clinical proof [6,7]. Virtual
screening based on structure based design lead to numerous
candidates for new drugs and this process will continue, due to
the necessity to overcome increasing drug resistance caused by
mutations. QSAR studies concentrate mainly on distinct groups
of compounds as the development of a general model is not
possible even for identical targets, due to changes of the
mechanism of action of different types of inhibitors. An attempt
to discriminate between active and non-active compounds
against HIV-1 has been done recently [86]. Various inhibition
mechanisms on different targets with totally 2720 active and
inactive compounds have been included in the study using a
probabilistic network. Although the prediction power of the
obtained model is good (around 85% of the external prediction
series are correct), a quantitative comparison with biological
data will be not possible.

3.1. 2D-QSAR Analyses of HIV-1 RT Inhibition

Numerous classes of structural different classes of
compounds have been identified as NNRTIs, which bind to an
allosteric, non-substratebinding site of the enzyme. Three
NNRTIs have been licensed for clinical use: nevirapine
(Viramune), efavirenz (Sustiva, Stocrin) and delavirdine
(Rescriptor). Many QSAR studies were performed to identify
important structural features responsible for the inhibition.
Based on multiple linear regression analysis, Garg et al. [87-91]
developed 2D-QSAR models for several classes of compounds,
HEPT, TIBO, nevirapine, pyridinone, BHAP, TSAO and a-APA
derivatives using physicochemical parameters of the inhibitors
calculated by the C-QSAR program. On the basis of the obtained
QSAR models, the most of models reported for NNRTIs involve
significant hydrophobic terms. However, the absence of any
hydrophobic interactions for o.-APA derivatives was found.
Electrotopological state atom (ETST) indices were used as new
molecular descriptors to set up QSAR models of a series of
TIBO, HEPT and arylsulfonylbenzonitrile derivatives [92-94].
The predictive and informative models were obtained proposing
that the atom or fragmental level descriptors are more useful to
interpret drug-receptor interactions in these analogues.

Hannongbua et al. [95, 96] successfully set up 2D-QSAR
models to NNRTIs in the class of HEPT and TIBO derivatives by
using various structural descriptors obtained from quantum
chemical calculations. The obtained models indicate the
importance of electronic and molecular properties contributing
to HIV-1 inhibitory potency. The performance and
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applicabilitiy of semi-empirical and ab-initio calculations with
respect to the QSAR analysis of HEPT analogues were
performed. The models derived by AM1 and ab initio HF/3-21G
seem to be the most suitable in terms of both statistical
significance and predictive ability. Based on structural
parameters, the obtained models indicate that molecular
polarizability and atomic charges of the hydrogen atom of the
thymine group and the amino group nitrogen play an important
role for the affinity of HEPT derivatives. However, the QSAR
models of nevirapine compounds using similar structural
parameters could not be satisfactorily derived for both WT and
Tyr181Cys HIV-1 RT inhibitory activities. Probably, the
descriptors used are insufficient to explain the variance of the
data set. In an attempt to improve the quality of the QSAR
model, additional descriptors such as connectivity and
topological indices were used and an artificial neural network
was applied [97]. The obtained non-linear QSAR models show
satisfactory relationships between the molecular descriptors
used and the inhibition of WT and mutant HIV-1 RT. In addition
to nevirapine derivatives, neural networks were applied to other
classes of potent NNRTIs such as HEPT and TIBO analogues [86,
98-104]. The main factors contributing to the binding affinity
of the inhibitors have been determined. Hologram QSAR
(HQSAR) [HQSAR, Tripos, Inc., (1997), St. Louis, MO}, is a 2D-
QSAR approach, which describes the molecular structural
compositions in terms of substructural fragments and is
independent on the alignments of the considered molecules.
This method was applied successfully on three different
inhibitors in the class of TIBO, HEPT and nevirapine
compounds. The results are able to explain the relationship
between molecular holograms constructed from counting the
molecular fragments and the HIV-1 inhibition potency of that
class of substances. HQSAR model provides hints about how
molecular fragments may be important descriptors to biological
activity. The molecule is color coded to reflect the individual
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atomic contributions to activity. The colors at the red end of the
spectrum (red, red orange and orange) reflect unfavorable
contributions, while colors at the green end (yellow, green, blue
and green) reflect favorable contributions. Atoms with
intermediate contributions are colored white. As x-ray
crystallographic structures of HIV-1 RT complexes with
inhibitors are available, the amino acid residues surrounding
TIBO, HEPT and dipyridodiazepinone in the binding pocket
were merged into inhibitors to get a better understanding the
interactions between the inhibitor-enzyme. The HQSAR results
can be helpful to indicate the similarity interactions of these
three molecular diverse analogues of HIV-1 RT inhibitors, as
depicted in Fig. 3. The obtained results indicated that HQSAR
method can be a useful tool in providing important structural
features of HIV-1 RT inhibitors [105].

Medina —Franco et al. [63] developed QSAR models for
highly potent NNRTIs of pyridinone derivatives by using the k
nearest neighbor (kNN) variable selection approach. The models
with high internal and external accuracy were generated. The
best models were successfully used to search for the promising
new NNRTI leads from the National Cancer institute database.

3.2. 3D-QSAR Analyses of HIV-1 RT Inhibition

3D-QSAR analyses take into account the steric interactions
between ligand and protein and, moreover, they include
geometry-dependent molecular properties like electrostatic
field, or hydrogen bond donor or acceptor abilities.
Comparative molecular field analysis (CoMFA) is one of the
most powerful 3D-QSAR techniques providing further insight
into the relationships between three-dimensional properties of
molecules and the biological activity of these compounds and
functions of inhibitor [106]. Additional to CoMFA approach,
comparative molecular similarity indices analysis (CoMSIA)
[107], which takes additionally into account more molecular 3D

Fig. (3). Superimposition of TIBO, HEPT, nevirapine derivatives, color coded by the best obtained HQSAR model, in the binding pocket of HIV-1 RT.

[105]
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properties, like hydrogen bond donor and acceptor properties,
is most commonly used in drug design process to find the
common features that are important for binding of the drugs to
the biologically relevant receptor [108]. A review about the
application of various 3D-QSAR techniques in the design of
anti-HIV drugs has been given by Debnath [109]. The crucial
step of using many 3D-QSAR techniques, particularly CoMFA
or CoMSIA lies on the alignment rule. To derive reliable models
for good predictive power, many attempts have to be performed
to search for the best molecular alignment, which generally
corresponds to the orientation of the ligand at the receptor site.
Based on the atom-by-atom alignment of all molecules on the
template molecule, selected from the highest active compounds
of each data set, predictive QSAR models were successfully
obtained in establishing the relationship between the fields
around molecules with their biological activities through
contour maps.
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CoMFA prediction models of HEPT together with TIBO
derivatives were considered by Hannongbua et al. [96, 110,
111], showing the importance of both steric and electrostatic
fields for the interaction of these class of inhibitors with the RT.
Corresponding to the WT and Tyr181Cys HIV-1 RT inhibitions,
CoMFA and CoMSIA models for nevirapine derivatives were
derived with satisfactory predictive ability and statistical
significance [112, 113]. The contour maps highlight different
characteristic for different types of wild—type and mutant type
HIV-1 RT, as presented in Figs. 4 and 5. The interpretation of
CoMFA and CoMSIA models reinforces each other and shows
good accordance with the inhibitor-receptor complex derived
from the experimental data. Consequently, the obtained results
not only lead to a better understanding of important enzyme-
ligand interaction and also provide helpful information in
identifying structural requirements for the design of new and
more potent compounds active against HIV-1 RT. A 3D-QSAR

Fig. (4). CoMFA steric and electrostatic STDEV*COEFF contour plots of nevirapine derivatives based on WT and Tyr181Cys HIV-1 RT inhibitions, as

shown in (a) and (b), respectively.

Fig. (5). CoMSIA steric, electrostatic and hydrophobic STDEV*COEFF contour plots of nevirapine derivatives based on WT and Tyr181Cys HIV-1 RT

inhibitions, as shown in (a) and (b), respectively.
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study based on the program HINT was also given by Gussio et
al. [114].

CoMFA and CoMSIA models of efavirenz analogues were
successfully developed by Pungpo ef al. [115, 116] in order to
explain the relationship between structural properties and HIV-

Table 4. QSAR studies on NNRTIs
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1 inhibition. The information obtained from all models
apparently reveals differentiating structural requirements
between WT and Lys103Asp HIV-1 RT inhibitory activities of
these inhibitors. The obtained results can be integrated to
provide a fundamental guideline to design and predict the new

NNRTIs QSAR methods References
HEPT MLR-QSAR [87, 93, 95]
NN-QSAR [86, 98, 99, 100, 101, 102, 103]
HQSAR [105]
CoMFA [110, 111, 117]
CoMFA CoMSIA [119]
4D-QSAR [124]
TIBO MLR-QSAR [87,91, 92, 96]
NN-QSAR [86, 104]
HQSAR [105]
CoMFA [71, 96]
CoMFA CoMSIA [119, 121]
Nevirapine MLR-QSAR [87]
NN-QSAR [86, 97]
HQSAR [105]
CoMFA [112]
CoMFA CoMSIA [113]
3D-QSAR (HINT) [114]
4D-QSAR [123]
Efavirenz CoMFA CoMSIA [115, 116]
Pyridinone MLR-QSAR [87]
NN-QSAR [63, 86]
CoMFA CoMSIA [122]
Arylsulfonylbenzonitrile MLR-QSAR [94]
3D-QSAR [126]
Benzenonitrile 3D-QSAR [65]
Indolarylsulfone 3D-QSAR [70]
Phthalimide CoMFA CoMSIA [120]
Quinolone 3D-QSAR [118]
Alpha-APA MLR-QSAR [87]
BHAP MLR-QSAR [87]
TSAO MLR-QSAR [87, 90]
NN-QSAR [86]
3-[N-(phtalimido)-5-ethyl-6-methylpyridin-2(1H)-one MLR-QSAR [88]
acyclouridine MLR-QSAR [89]
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compounds with enhancing HIV-1 RT inhibitory activities
active against WT and Lys103Asp HIV-1 RT. Barreca et al. [71]
applied CoMFA and molecular docking to a set of TIBO
derivatives endowed with reverse transcriptase inhibitory
activity. The predictive model was obtained from the
combination of steric and electrostatic fields and molecular
lipophilicity potential.

Kireev et al. [117] applied a special method, creating 3D
descriptors for a statistical analysis to a large dataset of HEPT
derivatives. A similar approach was reported by Filipponi et al.
[118], who applied a combination between Volsurf and GRID on
a set of quinolone derivatives. 2D-descriptors were created from
3D-grid map without superimposition of the molecules.

Chen et al. [119] applied molecular docking, CoMFA and
CoMSIA approaches to binding mode investigation of NNRTI
in the class of HEPT and TIBO derivatives. Partial and global
3D-QSAR models were built, based on the molecular alignment
of conformations obtained from molecular docking procedures.
The results demonstrate that the obtained model show better
prediction ability compared to 2D-QSAR models. A CoMFA and
CoMSIA based investigation on a small number of
phthalimides was reported by Samee ef al. [120]. 3D-QSAR
approaches have been applied to derive prediction models of
the NNRTI classes of TIBO, pyridinone and indolylarylsulfones
(IASs) derivatives [70,121,122]. With the combination of
ligand-(GRIND) and structure-based (GLUE/GRIND) 3D-QSAR
approaches, the 3D-QSAR models of (aryl-)bridged 2-amino-
benzenonitriles analogues were developed and compared [65]. It
can be seen from the study that the GRIND approach allows the
deviation of the valid 3D-QSAR models even in the absence of
proper X-ray information. A summary of QSAR studies on
selected groups of compounds is given in Table 4.

As the detailed information concerning intermolecular
interaction in three dimension is still required to encode,
several 3D-QSAR approaches have been developed. Ligand 4D-
QSAR analysis, developed by Hopfinger et al. [123], based on
the grid cell occupancy as descriptors, incorporates
conformational and alignment freedom. A series of nevirapine
derivatives was selected as training set. The general findings
from the applications are that the grid cell occupancy
descriptors associated with the constant chemical structure of
an analog series can be significant in the 3D-QSAR models and
there is a large data reduction. Recently, the 4D-QSAR method
coupled with PLS analysis and uninformative variable
elimination was applied to investigate the antiviral activity of a
series of HEPT compounds [124]. The results show that the
method properly indicates the mode of interaction revealed by
X-ray studies and is used to generate highly predictive QSAR
models. COMBINE analysis [125] were successfully applied to
derive the 3D-QSAR models which are able to take into account
for the variance in biological activities of highly potent
NNRTIs in a class of arylsulfonylbenzonitrile derivatives. The
obtained models are fruitfully used to provide chemometrical
identification of mutations in HIV-1 RT conferring resistance or
enhanced sensitivity to the inhibitors [126].

Evidently, QSAR approaches are widely and successfully
applied to derive the key structural features of several classes of
HIV-1 RT NNRTIs. The common structural requirements
obtained provide an insight into a structure-activity
relationship of ligands to their binding sites, leading to
valuable guideline in predicting new and more potent

Beyer et al.

inhibitors. Although, the major limitation of QSAR application
is the use within congeneric series of compounds, QSAR
methodology has been proven as an attractive and efficient tool
in medicinal and pharmaceutical chemistry.

4. PERSPECTIVES

As the combat against HIV is of high importance, many
experimental data and also theoretical considerations are
available. The complete understanding of the mechanisms of the
action of the multifunctional enzyme RT is as important as the
cognition of the detailed inhibition mechanism for the
development of new drugs. Moreover, the influence of
mutations in the drug interacting disease proteins on the
inhibition reaction has to be investigated carefully. The
structures of RT and of the complexes with inhibitors or DNA
obtained from X-ray crystallographic analyses deliver
information about the structural changes induced by
association of NNRTI to an allosteric binding pocket, and,
moreover, structural requirements for new inhibitors can be
recognized, particularly with respect to mutations. The
increasing number of X-ray structures and the application of
various theoretical methods will lead to an easier access to new,
maybe more efficient drugs. The rapid determination of
sequences of viral proteins from various patients and the
subsequent prediction of the structure of mutants of RT could
facilitate the application of tailored drugs for a faster more
efficient offense against AIDS. Increasing possibilities of
computer technology, together with the development of new,
and more sophisticated simulation methods will allow to
determine the dynamical behavior of biomolecular assemblies,
in particular the motions of domains involved in the enzyme’s
activity and the inhibition reaction. Finally, the combination of
various theoretical methods will lead to faster and more accurate
algorithms to perform QSAR studies and in silico screening.
E.g. weaknesses like the molecular alignment in 3D-QSAR or the
ambiguities in docking procedures in virtual screening can be
avoided by such combinatorial procedures. All these
encouraging options will enable the medicinal chemists to
support medicinal research much stronger and more efficient in
very next future.
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