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Abstract—Monte Carlo-extended linear response (MC/ELR) calculations are used to examine the binding of efavirenz analogues
with the K103N mutant of HIV-1 reverse transcriptase (HIVRT). A regression equation previously reported for the wild type (WT)
enzyme is shown to predict 47 experimental activities for the K103N mutant with a ¢>=0.55 and avg error of only 0.46 kcal/mol.
Further analysis identifies the key features for binding to the K103N mutant: ligand flexibility, burial of hydrophobic surface area,

and protein-ligand van der Waals interactions.
© 2003 Elsevier Ltd. All rights reserved.

The emergence of mutant forms of HIV-1 undermines
the successful treatment of HIV infection. For patients
failing non-nucleoside reverse transcriptase inhibitor
(NNRTI) therapy, the lysine to asparagine modification
for residue 103 of the RT p66 subunit is a pan-class
resistance mutation.'> The activities of all three FDA-
approved NNRTIs, nevirapine, delavirdine, and efavir-
enz (Sustiva), are diminished by factors of 40-200 by the
K103N mutation. Though efavirenz has the most
favorable overall resistance profile, 90% of patients who
have rebounded after efavirenz-inclusive HAART pos-

sess the K103N mutation.?
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It is important to understand and circumvent the effects
of K103N in order to develop improved drug therapies.
NNRTIs bind near the polymerase active site and cause
inhibition by allosteric modifications.! In a recent study,
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computer simulations of HIVRT-ligand complexes
were used to develop a regression equation that well
reproduced WT anti-HIV activities for more than 200
NNRTIs representing eight diverse structural classes.*
The current study (a) examines the generality of the
WT regression equation for prediction of activities
against the K103N mutant with a series of 47 efavirenz
analogues, and (b) identifies controlling factors for
binding with the K103N mutant.

Binding affinities were computed using a modification of
the linear response method proposed by Aqvist et al.> In
their approach, the free energy of binding (AGy) was
cast simply as a linear combination of two physically
motivated descriptors:

AGy = {AEqw) + B(AEcou) (1)

In eq I, o and B are constants and () represents an
ensemble average of the difference in van der Waals
(Lennard—Jones) and Coulombic interaction energies in
the bound and unbound states.

This methodology has been generalized by our group to
include other potentially important descriptors.®” The
resultant extended linear response (ELR) approach
corresponds to eq 2 where the ¢, are optimised
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AG, = chﬁn + ¢ (2)

coefficients and the &, are values of descriptors that are
averaged during MC or molecular dynamics simula-
tions. This allows consideration of additional binding-
relevant terms such as changes in internal energy,
solvent-accessible surface areas (SASA) and numbers of
hydrogen bonds.®” LR approaches rely on experimental
data to train the scoring functions, eqs 1 and 2, though
no additional experimental data are required for pre-
diction of binding free energies of new systems. Only
simulations for the bound complexes and unbound
inhibitors are needed to obtain values for the descrip-
tors and binding predictions. In the present case, the
application of a regression equation obtained for WT
HIVRT is evaluated for a mutant protein. Successful
demonstration of such transferability would be auspi-
cious for development of a general ELR expression that
could be applied in the absence of specific training.

In the earlier study, eq 3 was optimized to reproduce
experimental anti-HIV activities for over 200 diverse
NNRTT’s, and it performed well in the prediction of
activities for test compounds in new chemotypes
(¢>=0.5-0.6).4

AGeaea ~ RT InICsy = 0.15(EXXL,) — 0.22(AHBL,)

— 0.56(water-bridges) + 0.24(#rotor)

+ 0.0061{AFOSA) +0.015(AWPSA)

+ 0.14<Adipole) — 0.73(DtoProPiy + 0.036(Acintra)

4 1.2 (Heom) +0.94(Usorr) — 1.3 3)

The terms which emerged as significant are all reason-
able: the protein-ligand Lennard—Jones interaction
energy (EXXyp;), the change in the total number of
hydrogen bonds for the inhibitor upon binding
(AHBiyta1), the number of bridging water molecules that
mediate hydrogen bonding between ligand and protein
(water-bridges), a count of the number of rotatable
bonds in the ligand (#rofor), the changes in hydro-
phobic and weakly polar (halogens, P, and S) SASA,
the change in dipole moment for the inhibitor, the
number of hydrogen bonds donated by the ligand to
aryl groups in the protein (DtoProPi), the change in
intramolecular strain energy for the ligand, and offsets
for non-efavirenz-like cores (Heorr and Ug,,y, Which are
both zero here).

To test eq 3 for the K103N mutation, the 47 efavirenz
analogues with experimental data listed in Table 1 were
treated. A complication is that these data are ICo
values from an assay that correlates inhibition of viral
replication with mRNA levels, while eq 3 was derived
from ICsy data for the more common cell protection
assay. However, we find that available experimental RT
In ICyg and RT In ICs,y data for 85 efavirenz analogues
with WT HIVRT correlate well (r>=0.76), though the
RT In ICy, values are lower by an average of 2.1 kcal/

mol. The details for the MC/ELR calculations are the
same as before.* The model for the unbound state con-
sisted of the inhibitor centered in a 22-A radius droplet
containing 1485 TIP4P water molecules.!?> The bound
state included the inhibitor, the 123 nearest protein
residues and a 22-A cap with 851 TIP4P water mole-
cules. Two crystal structures have been reported for
efavirenz bound to K103N HIVRT.!3 The more recent
likv structure shows little difference for the protein
from virtually all structures of WT HIVRT with inhibi-
tors including efavirenz.'3® However, the earlier 1fko
structure'3® shows significant torsional changes for
several binding-site residues, especially Y181, which
has the phenol rotated to the uncommon ‘down’ posi-
tion, roughly perpendicular to the normal ‘up’
arrangement as in likv. The MC/ELR calculations
were executed for all 47 complexes starting from both
crystal structures.

The cores, 1,4-dihydro-2H-3,1-benzoxazin-2-one and
3,4-dihydro-1H-quinazolin-2-one, were positioned in
the binding pocket to overlay well with efavirenz. All
analogues were created with GenMol,'* which adds the
substituents, generates multiple conformers of the
ligand, optimizes each conformer’s dihedral angles and
its position in the rigid binding site, and selects the
energetically most favorable complexes. The unbound
inhibitors were generated analogously with GenMol. To
relax the complexes, 50 steps of conjugate-gradient
minimization using a distance-dependent dielectric of
4r were performed. The OPLS-AA force field'> was
used throughout except the partial atomic charges for
the inhibitors were obtained from AMI1 calculations
using the CM1 procedure!® and scaled by a factor of
1.08 to reflect enhanced polarization in condensed
phases. All MC simulations were performed at the
experimental temperature of 37°C using the MCPRO
program.'”

The observed activities for the K103N mutant are well
correlated by regression eq 3 using either crystal
structure, particularly since the range of the experi-
mental data is not large (3.3 kcal/mol); ¢>=0.55 for
1fko (Fig. 1) and ¢>=0.45 for likv. The average error
for the 1fko-based predictions is only 0.46 kcal/mol,
but this does not include any adjustment for the ICy,
versus ICsy issue. The average errors are affected by
such offsets, and it is best to focus on the correlation
coefficients.

The reasonable ¢> values imply that the important fac-
tors for binding with the WT enzyme are also important
for binding with the K103N mutant. We actually favor
the likv structure as more representative of K103N—
ligand complexes. We have also performed MC/ELR
calculations for the 47 efavirenz analogues with WT
HIVRT. Application of eq 3 to predict the WT activities
and the activities for the KI103N mutant uniformly
yields the experimental pattern that the activities for the
mutant are lower with the likv structure, while they are
incorrectly greater with use of the Ifko structure.
Results of more rigorous free-energy perturbation cal-
culations on the effects of the K103N mutation also
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Table 1. Efavirenz analogues
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No. zZ R X Achpa AGcalcdb No. zZ R X Achpu AGcalcdb
BO1° (0] CC-c-Pr 6-Cl —10.29 —10.50 U103 NH CC-c-Pr 6-OCH; —10.93 —10.09
B02° (0] OCH,CHCHCH; (2) 6-Cl —9.83 —10.31 U1’ NH CC-c-Pr 5-F,6-Cl —11.42 —11.36
B03° (0] OCH,CHCHCH; (E) 6-Cl -9.50 —10.16 U123 NH CC-c-Pr 5,6-diCl —11.42 —12.03
Bo4’ (0] OCH,CHC(CHj;), 6-Cl —10.47 —11.02 u13? NH CCCH(CHs;), 6-Cl —11.29 —-11.19
B05° (0] OCH,CCCHj; 6-Cl —9.66 —9.78 U14? NH CCCH(CHs), 5-CL6-F —11.53 —11.40
B06’ (0] OCH,CHCH, 5,6-diF —8.65 -9.30 u1s® NH CCCH(CHs;), 6-F —11.15 —11.05
B07° (0] OCH,CHCCl, 5,6-diF -9.99 —11.35 uU16? NH CCCH(CHj;), 6-OCH; —10.72 —10.00
BH1° (0] CC-2-pyridyl 6-Cl —8.88 -9.96 u17? NH CCCH,CH; 5,6-diF —11.57 —10.69
BH2® (0] CC-3-pyridyl 6-Cl —10.13 -9.62 U183 NH CCCH,CHj; 6-Cl —11.19 —10.90
BH3’ (0] CC-2-furanyl 6-Cl —10.10 —10.20 U193 NH CCCH,CH; 6-F —10.56 —10.47
BH4° (0] CC-3-furanyl 6-Cl —9.64 -9.62 U203 NH CC-Ph 5,6-diF -9.96 -9.29
BH5’ (0] CC-3-pyridyl 6-F —9.63 —8.59 u213 NH CC-Ph 6-Cl —9.80 -9.73
BH6’ (0] CC-3-furanyl 6-F —9.56 -9.21 U223 NH CC-Ph 6-F —9.64 -9.47
BH7° (0] CC-3-pyridyl 5,6-diF —10.68 -9.12 U233 NH CC-Ph 6-OCH3; -9.72 —9.09
BHS’ (0] CC-3-furanyl 5,6-diF -9.73 —9.06 U24''  NH CC-c-Pr 5-OCH3,6-C1  —11.95 —11.85
U01® NH CHCH-c-Pr (E) 5,6-diF —10.90 —11.32 U2s!'  NH CC-Ph 5-OCH;,6-C1  —10.29 -9.91
U02® NH CHCH-c-Pr (E) 6-Cl —10.74 —11.48 U26''" NH CC-c-Pr 5-OH,6-Cl —11.15 —11.46
U03* NH CC-c-Pr 6-Cl —11.35 —11.11 UHI® NH  CC-2-pyridyl 5,6-diF —10.31 —10.07
U04* NH CC-c-Pr 5,6-diF —11.29 —10.75 UH2¢ NH  CC-2-pyridyl 6-Cl —10.11 —10.44
U0s> NH CCCH(CHs), 5,6-diF —11.42 —10.99 UH3* NH  CC-2-pyridyl 5-CL6-F —10.56 —9.83
U06> NH CC-c-Pr 5-F —10.43 —10.34 UH4® NH  CC-2-pyridyl 6-F -9.39 —9.40
U07>  NH CC-c-Pr 5-Cl —10.64 —11.06 UH5® NH  CC-2-pyridyl 6-OCH3 -9.61 -9.72
U08® NH CC-c-Pr 5-CL6-F  —11.42 —11.55 UH6!' NH  CC-3-pyridyl 5-OCH;,6-C1  —10.12 —11.44
U09> NH CC-c-Pr 6-F —10.81 —10.61

“Experimental free energies AGey, = RT In (ICo) in kcal/mol at 37°C. Literature ICy, values are divided by two for assays performed on racemic

mixtures.®

bComputed free energies (kcal/mol) from ELR, eq 3 using coordinates from crystal structure 1fko.

CEfavirenz, 1Cq, average from refs 9 and 10.
4ICy average from refs 3 and 11.
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Figure 1. Calculated free energies (AGeqc) from eq 3 versus experi-
mental activities (AGey,) for efavirenz analogues with K103N HIVRT.

yield the same pattern favoring the conventional
structure for the K103N complexes. '3

In general, some reduced binding to the mutant can be
attributed to poorer van der Waals interactions (less
favorable XXy ;) between the side chain of N103 with
the ligands than for K103, as illustrated in Figure 2 for
the complexes with efavirenz. Furthermore, the muta-
tion also leads to unfavorable electrostatic interactions
between an amide hydrogen of N103 and the hydrogen
on nitrogen in the benzoxazin-2-one ring of efavirenz

(Fig. 2). The rarely observed K103Q and K103T muta-
tions induced upon treatment with carboxanilide analo-
gue UC-42 and BHAP U-90152 are also likely to diminish
the potency of NNRTIs through a combination of poorer
van der Waals and electrostatic interactions.'”

When eq 3 is optimized to yield the best ELR fit to the
K103N experimental data, only three descriptors
remain that have high statistical significance, as speci-
fied in eq 4 for likv and eq 5 for 1fko.

AGee = 0.10(EXX1;) + 0.0059(AFOSA) + 0.79

x (rotor) — 8.2 4)

AGeic = 0.12(EXX1;) + 0.0076(AFOSA4) + 0.80
x (rotor) — 6.2 (5)

The correlation coefficients r? for eqs 4 and 5 are 0.61 and
0.67, with average unsigned errors of only 0.38 and 0.35
kcal/mol. The quantitative agreement between the coef-
ficients in eqs 4 and 5 and their corresponding values in
the original model, eq 3, is excellent, confirming the
robustness of the model.

All three descriptors in eqs 4 and 5 and their signs are
physically intuitive. Favorable protein—ligand Lennard—
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Figure 2. Typical computed structures for efavirenz bound to WT
HIVRT (left) and to the K103N mutant (right).

Jones interactions indicate a good steric fit and enhance
binding. The #rotor is expected to provide a measure of
the entropy loss due to conformational restrictions for
the ligands upon binding. Finally, SASA is always
reduced upon binding, and burial of the hydrophobic
component is favorable. Analysis of the components
also permits specific insights for pairs of inhibitors. For
example, with K103N, the activity of B05 is less than for
B04, mostly influenced by EXX7 ;. The butynyl-ether of
BO05 has fewer favorable van der Waals interactions with
residues P95, Y188, and W229 than the branched
dimethyl-allyl-ether of BO04. Similarly, the activity of
B03 is poorer than for B01, as influenced by #rotor. The
butenyloxy group of B03 is more freely rotatable than
the cyclopropylethynyl group of B01, so B03 pays a
greater entropic penalty upon binding. Finally, the
activity of U21 is lower than for U02, mostly influenced
by AFOSA. The phenylethynyl group of U21 leads to
less burial of hydrophobic SASA than the cyclopropyl-
ethenyl group of U02.

An ELR scoring function developed previously for wild
type HIV-1 RT was found to predict well activities for
efavirenz analogues with the clinically significant
K103N mutant. The methodology allows identification
of important features for enhancing activity with the
mutant enzyme in readily understandable terms,
namely, optimization of protein-ligand van der Waals
interactions, reduction of ligand flexibility, and
increased burial of hydrophobic surface area.
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