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Summary. 1-((2-Hydroxyethoxy)methyl)-6-(phenylthio)thymine (HEPT) is an effective inhibitor of

HIV-1 reverse transcriptase. Its conformations were analyzed by molecular calculations in order to

gain some information about the energetical minima and the rotational barrier around the carbon-

sulfur single bond. The calculated structures were compared to the results of X-ray investigations on

HEPT associated with HIV-1 reverse transcriptase. The NMR spectra of HEPT were calculated to

obtain information about its structure in solution. The conformation of the molecules in the complex

was analyzed with respect to the intermolecular interactions between the inhibitor and the

surrounding protein which determines the geometry of the inhibition complex. Docking simulations

were performed to rationalize the experimentally estimated structure of HEPT in the complex.
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MolekuÈlrechnungen zur Konformation des HIV-1 Reverse Transcriptase-Inhibitors

1-((2-Hydroxyethoxy)-methyl)-6-(phenylthio)thymin (HEPT)

Zusammenfassung. Die Konformationen des HIV-1 Reverse Transcriptase-Inhibitors 1-((2-

Hydroxyethoxy)-methyl)-6-(phenylthio)thymin (HEPT) wurden mit Hilfe von MolekuÈlrechnungen

bestimmt, um Informationen uÈber Energieminima und die Rotationsbarriere der Kohlenstoff-

Schwefel-Einfachbindung zu erhalten. Die Ergebnisse wurden mit der Kristallstruktur der Substanz

im Komplex mit HIV-1 Reverse Transcriptase verglichen. Die NMR-Spektren von HEPT wurden

berechnet, um Information uÈber seine Konformation in LoÈsung zu erhalten. Die Struktur von HEPT

im Komplex wurde in Hinblick auf die intermolekularen KraÈfte, die die Geometrie des Komplexes

bestimmen, analysiert. Zum Zweck der ErklaÈrung der Struktur der Verbindung im Komplex wurden

Docking-Experimente durchgefuÈhrt.
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Introduction

1-((2-Hydroxyethoxy)methyl)-6-(phenylthio)thymine (HEPT) is in vitro active
against HIV-1 reverse transcriptase (RT) [1±2]. It is a non-nucleoside inhibitor
(NNI), interacting noncompetitively with an allosteric site. It was found that HEPT
inhibits HIV-1 replication at nanomolar concentration [3] which is about 5 orders
of magnitude below the cytotoxicity threshold. As the effectivity of HEPT and the
other NNIs is diminished by the rapid drug-resistance mutations of HIV-1 [4±5], it
is necessary to search for other active derivatives. To improve the biological
activity of non-nucleoside inhibitors and to develop new drugs, a de®nite and
detailed understanding of drug-protein interactions and the physicochemical
mechanism of the inhibition process is a prerequisite.

The structures of free and complexed forms of RT have been reported [6±7]. HIV-
1 RT is a heterodimer that consists of a 66 kDa subunit (p66) and a 51 kDa subunit
(p51). Both the p66 and p51 polymerase domains contain four subdomains (®nger,
palm, thumb and connection) which are arranged differently in the two subunits, and a
ribonuclease H domain in the larger subunit only. It is reasonable to expect that
comparing the structure of unliganded HIV-1 RT with the geometries of HIV-1 RT
complexed with inhibitors should lead to valuable insights into drug-protein
interactions and the mechanisms of NNI inhibition. In previous studies, conventional
QSAR studies of HEPT analogues and a 3D-QSAR study using the comparative
molecular ®eld analysis (CoMFA) have been presented [8±10]. However, the
explanation of structure-activity relationships still requires detailed information about
the three-dimensional structures of both inhibitor and receptor site.

As found by a systematic search based on an empirical force ®eld [10], HEPT is
a rather ¯exible molecule. In the complex, however, restrictions on these
conformational possibilities lead to only one conformation in the associate.
Rotation around the carbon-sulfur single bonds between the aromatic ring systems
and the carbon-carbon and carbon-oxygen single bonds of the side chain determine
the conformational space of HEPT [11] and must be analyzed with respect to all
energetically accessible conformations.

In the present paper, the results of such an analysis is given, performed by
means of various ab initio and DFT methods.

Results and Discussion

Molecular calculation on the geometry of HEPT

1348 L. Lawtrakul et al.



The geometry of HEPT was fully optimized with the semiempirical methods
MNDO, AM1, and PM3 and by an ab initio method (HF/3-21G basis set) starting
from the same geometry. An Ab initio calculation using the HF/6-31G�� basis set
was then performed starting from the structure obtained from the HF/3-21G
optimization. Optimization with the DFT B3LYP/6-31G�� method used the
optimized HF/6-31G** geometry as initial conformation. Some selected com-
putationally determined bond lengths, bond angles, and torsion angles compared
with the X-ray diffraction data of HEPT in the complex with RT are presented in
Table 1.

The results indicate that all methods give suf®ciently good results for the bond
lengths except for the C-S bond distances which differ for about 0.1 AÊ calculated
by the semiempirical methods AM1 and MNDO. As expected, the standard
deviations are signi®cantly smaller for results obtained by ab initio calculations
than for those of the semiempirical methods (Table 1). As is generally known, by
error cancellation the HF/3-21G basis set leads to a good geometry close to the
results of the accurate B3LYP/6-31G�� calculations. The differences between
experimental and calculated bond angles are somewhat larger. Surprisingly, AM1
results show a good agreement with the crystal data. The DFT method leads to the
most accurate results. Generally, bond lengths as well as bond angles are not
drastically in¯uenced by the environment in the crystal, and a comparison to the
calculations in gas phase can be performed.

In contrast, the dihedral angles of HEPT are in¯uenced substantially by the
intermolecular forces in the complex and cannot be compared directly. Never-
theless, the dihedral angles which determine the position of the phenyl ring
(C5�C6-S10-C10 ��, C6-S10-C10-C20 � �) are equal for all calculation methods
used and differ signi®cantly from those obtained by the X-ray investigation [7].
There are larger deviations of the dihedral angle (C6-N1-C11-O12) and also for
the other dihedral angles determining the conformation of the side chain. Due to
the number of rotatable single bonds and the resulting ¯exibility, a complete
conformational analysis of the side chain is not possible; the small energy
differences obtained for various conformations of the side chain indicate the high
mobility of this chain. Additionally, in the crystal structure of a derivative of HEPT
the ¯exibility of the chain has been experimentally veri®ed [16]. Figure 1 shows a
superposition of the lowest energy conformation calculated by the ab initio
approach (3-21G basis set on HF level) and the crystal structure of HEPT in the
complex.

The comparison between the two structures shows no agreement for the side
chain, but only relatively small deviations of the positions of the aromatic ring. For
the determination of the other conformational minima of HEPT, the rotational
potentials of the dihedral angles � and � were analyzed ®rst with the AM1 method
and, additionally, with the aid of ab initio calculations at the HF/3-21G level. Both
rotational potentials for � are given in Fig. 2.

AM1 calculations show two energy minima, one close to �� 70�, a second at
�� 245�. The energy difference between these two minima is 3.4 kJ/mol, the
activation barriers amount to 21.2 and 14.4 kJ/mol. The rotational potential
calculated by the ab initio method shows qualitatively a similar picture: the ®rst
minimum is slightly shifted to 68�, the second one appears at a dihedral angle of
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Table 1. Structural parameters of HEPT calculated by different methods compared with X-ray diffraction data [7] (dipole

moments in Debye, bond lengths in AÊ , bond angles and torsional angles in degrees)

AM1 PM3 MNDO HF/3-21G HF/6-31G�� B3LYP/6-31G�� X-Ray

Dipole moment 4.100 4.300 3.881 4.587 5.142 4.490

Bond length

N1-C2 1.419 1.433 1.432 1.380 1.378 1.399 1.394

C2-N3 1.398 1.416 1.406 1.364 1.364 1.377 1.387

N3-C4 1.403 1.424 1.420 1.383 1.375 1.397 1.391

C4-C5 1.479 1.479 1.497 1.468 1.474 1.471 1.457

C5-C6 1.368 1.360 1.370 1.328 1.339 1.363 1.354

C6-N1 1.398 1.435 1.423 1.401 1.401 1.407 1.374

C2=O7 1.254 1.228 1.225 1.219 1.199 1.224 1.232

C4=O8 1.242 1.220 1.225 1.212 1.195 1.222 1.230

C5-C9 1.479 1.485 1.508 1.506 1.505 1.502 1.531

N1-C11 1.459 1.498 1.494 1.484 1.476 1.488 1.475

C11-O12 1.419 1.405 1.394 1.409 1.374 1.394 1.431

O12-C13 1.425 1.417 1.402 1.448 1.408 1.433 1.433

C13-C14 1.528 1.542 1.560 1.520 1.515 1.523 1.526

C14-O15 1.411 1.400 1.394 1.440 1.398 1.419 1.418

C6-S10 1.723 1.797 1.711 1.837 1.790 1.797 1.822

S10-C10 1.696 1.771 1.699 1.850 1.792 1.803 1.822

C10-C20 1.399 1.397 1.415 1.380 1.387 1.400 1.390

C20-C30 1.394 1.390 1.405 1.384 1.386 1.395 1.390

C30-C40 1.395 1.391 1.406 1.383 1.384 1.395 1.392

SD 0.041 0.028 0.046 0.018 0.025 0.016

Bond angle

C2-N1-C6 119.6 119.9 118.8 120.0 120.0 120.9 121.8

N1-C2-N3 119.3 119.2 116.1 115.4 115.9 115.1 115.7

C2-N3-C4 122.7 121.2 124.3 127.2 127.2 128.0 126.0

N3-C4-C5 116.5 117.1 114.3 114.2 114.7 114.3 114.4

C4-C5-C6 120.1 121.2 119.1 118.8 118.6 119.0 120.5

N1-C6-C5 121.8 120.4 121.3 122.8 122.8 122.5 121.5

C2-N1-C11 117.5 118.0 117.4 115.3 114.1 114.3 118.0

O7=C2-N3 120.0 118.9 121.4 122.3 121.2 122.3 121.7

N3-C4=O8 118.5 115.9 117.8 120.9 120.7 120.4 120.1

C4-C5-C9 116.0 115.0 116.6 115.4 115.2 115.8 119.5

S10-C6=C5 120.2 122.4 123.9 120.2 120.7 120.3 120.4

N1-C11-O12 113.4 110.7 109.0 115.6 114.2 115.0 111.4

C11-O12-C13 116.0 117.8 122.4 120.1 119.4 118.0 111.5

O12-C13-C14 111.8 114.0 109.7 105.7 107.3 107.2 111.7

C13-C14-O15 112.1 113.4 110.2 109.3 111.0 111.2 111.7

C10-S10-C6 105.0 104.7 108.6 99.1 102.5 102.0 106.0

C20-C10-S10 118.3 117.5 117.8 117.1 117.0 116.6 119.8

C60-C10-C20 120.1 119.7 118.8 121.2 121.1 120.4 119.8

C10-C20-C30 119.8 120.0 120.6 119.5 119.9 119.7 120.2

C20-C30-C40 120.1 120.1 120.1 120.0 120.2 120.3 120.0

C30-C40-C50 120.0 120.0 119.7 119.8 119.9 119.6 119.9

SD 1.9 2.7 3.0 3.3 2.7 2.6

1350 L. Lawtrakul et al.



�� 250�. The rotational barrier is signi®cantly higher (36 and 27.4 kJ/mol).
Moreover, two local minima can be recognized along the rotational potential, one
close to the absolute minimum (around �� 105�), the second as a shoulder close to
the second minimum at �� 280�. The two rotational barriers are caused by the
steric interactions between the phenyl ring and the methyl group of the thymine
ring systems and the interaction between the phenyl ring and the side chain. Table
2 gives some structural data of both minima obtained by AM1 and ab initio
calculations of different basis sets and methods.

Thus, for HEPT two conformational minima are found. AM1 favours the
minimum around �� 76� as absolute minimum and the second minimum at
�� 250�, 3.35 kJ/mol higher in energy. Ab initio calculations with the small HF/3-

Table 1 (continued)

AM1 PM3 MNDO HF/3-21G HF/6-31G�� B3LYP/6-31G�� X-Ray

Torsional angle

N1-C2-N3-C4 359.3 356.2 359.0 357.8 358.0 359.9 0.0

C4-C5=C6-N1 1.9 2.0 2.1 4.5 4.6 3.6 0.1

O7=C2-N1-C6 179.7 174.5 203.5 191.0 191.2 184.7 180.4

C2-N3-C4=O8 181.2 188.7 164.6 176.0 175.8 178.1 179.8

N3-C4-C5-C9 177.1 169.8 199.1 188.3 188.5 183.0 178.5

C5=C6-N1-C11 182.4 195.6 138.8 160.6 160.1 167.1 178.3

C6-N1-C11-O12 84.8 82.0 264.9 116.5 116.7 117.1 252.1

N1-C11-O12-C13 81.8 91.5 104.0 288.8 288.6 289.1 139.7

C11-O12-C13-C14 72.2 67.3 201.5 124.6 124.7 128.7 168.2

O12-C13-C14-O15 233.3 238.7 69.8 304.0 303.8 301.2 43.3

C5=C6-S10-C10 76.1 67.5 82.1 68.0 67.7 64.6 75.0

C6-S10-C10-C20 240.5 235.7 234.8 220.0 221.3 212.3 183.8

S10-C10-C20-C30 183.8 184.9 184.1 182.3 182.3 183.8 177.8

C10-C20-C30-C40 359.5 359.1 359.8 359.3 359.2 359.0 0.1

C20-C30-C40-C50 0.4 0.4 0.4 0.4 0.4 0.4 359.9

Fig. 1. Lowest energy conformation of HEPT calculated by ab initio method (HF/3-21G, grey)

superimposed with the X-ray structure of HEPT in the association complex with HIV-1 RT (black)
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21G basis set support these results in principle, but with a slightly smaller energy
difference (1.97 kJ/mol). The more accurate higher basis set (HF/6-31G��) as well
as the DFT method (B3LYP/6-31G��) indicate, however, that rather the second
conformational minimum might be the global minimum. Nevertheless, all methods
con®rm that two conformational minima exist with a rather small energy difference
in between. In Fig. 3, both conformational minima are shown, again with a
comparison to the X-ray structure.

As pointed out before, the conformation of HEPT in its complex with HIV-1
reverse transcriptase correlates with the calculated conformational minimum at a
dihedral angle � of 65�. Taking into account the rotation of the phenyl ring
(dihedral angle �), a two-dimensional energy surface has to be considered. This
surface, i.e. its energy contour plot as obtained by AM1 calculations, is shown in
Fig. 4.

The contour plot should be symmetric due to the rotation of the phenyl ring.
Small deviations from this symmetry are caused by a slightly different conforma-
tional behaviour of the side chain. The valley in Fig. 4 for �-values around 80�
correlate with the minimum of the rotational potential in Fig. 2. The rotation of the
phenyl ring is less sterically hindered for values of the dihedral angle � around the
energy minimum. The reaction path for the rotation around �, shown in Fig. 2, is
included in the contour plot and shows the synchronous change of the dihedral
angle � during the variation of �. The calculation of the complete energy
hypersurface by ab initio methods would need too much calculation time.
Therefore, only small parts of the total hypersurface were calculated using the
HF/3-21G basis set. The energetically favourable regions of the hypersurface are
presented in Fig. 5.

Fig. 2. Calculated AM1 (±*±) and HF/3-21G (±&±) rotational potentials for the dihedral angle �
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Although the part of the surface considered is rather small, a similar shape of
the energy hypersurface can be observed for the ab initio and AM1 results. As the
rotational barrier between the two minima appears to be higher estimated by ab
initio calculations, this energy hypersurface is not so smooth anymore. The two
minima detected for the torsional potential can be also seen in the hypersurface at a
dihedral angle � of about 140�.

From these results it can be concluded that the dihedral angle � is restricted to
two pronounced minima with rather large activation barriers in between. On the
other hand, the dihedral angle � has a very low rotational barrier if � relates to an
energy minimum, but is much more restricted in non equilibrated geometries.

Calculated NMR spectra of HEPT

Molecular calculations lead to information about structures in the gas phase,
whereas X-ray diffraction experiments describe the geometries in the solid state, in
the case of HEPT the geometry of the complexed compound. To obtain some
information about the geometry in solution, the NMR spectra of HEPT were

Table 2. Selected structural parameters of the two conformational minima of HEPT (energies in kJ/mol, dipole moments in

Debye, bond lengths in AÊ , bond angles and torsion angles in degrees)

1st minimum 2nd minimum

AM1 HF/ HF/ B3LYP/ AM1 HF/ HF/ B3LYP/

3-21G 6-31G�� 6-31G�� 3-21G 6-31G�� 6-31G��

� E 0 0 8.62 2.72 3.35 1.97 0 0

Dipole moment 1.614 4.587 5.142 4.490 1.847 6.778 6.668 5.866

Bond length

C6-S10 1.723 1.837 1.790 1.797 1.720 1.839 1.840 1.794

S10-C10 1.696 1.850 1.792 1.803 1.695 1.847 1.845 1.803

Bond angle

S10-C6=C5 120.2 120.2 120.7 120.3 118.5 119.5 119.5 119.2

C10-S10-C6 105.0 99.1 102.5 102.0 104.5 100.8 100.6 103.0

C20-C10-S10 118.3 117.1 117.0 116.6 118.1 117.7 118.0 117.3

Torsional angle

C4-C5=C6-N1 1.9 4.5 4.6 3.6 1.6 0.8 0.6 0.2

O7=C2-N1-C6 179.7 191.0 191.2 184.7 181.2 180.3 180.2 178.4

C2-N3-C4=O8 181.2 176.0 175.8 178.1 181.1 180.4 180.5 182.3

N3-C4-C5-C9 177.1 188.3 188.5 183.0 178.9 180.0 180.0 176.8

C5=C6-N1-C11 182.4 160.6 160.1 167.1 181.2 182.6 183.2 186.6

C6-N1-C11-O12 84.8 116.5 116.7 117.1 78.6 110.7 110.7 113.8

N1-C11-O12-C13 81.8 288.8 288.6 289.1 80.9 303.4 303.4 297.7

C11-O12-C13-C14 72.2 124.6 124.7 128.7 72.9 139.1 139.1 144.2

O12-C13-C14-O15 233.3 304.0 303.8 301.2 234.1 300.3 300.3 299.7

C5=C6-S10-C10 76.1 68.0 67.7 64.6 250.0 250.0 250.1 243.9

C6-S10-C10-C20 240.5 220.0 221.3 212.3 227.9 220.0 224.3 213.2

S10-C10-C20-C30 183.8 182.3 182.3 183.8 183.7 182.6 182.5 183.4
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Fig. 3. Global minimum conformation of HEPT calculated by DFT method (B3LYP/6-31G��),
(�� 244�, light grey) superimposed with the X-ray structure of HEPT in the association complex

with HIV-1 RT (black) and the second minimum at �� 65� (dark grey)

Fig. 4. Contour plot of the energy hypersurface of HEPT de®ned by the dihedral angles � and �; the

absolute energy minimum is set to zero, the energy difference between the individual contour lines is

9 kJ/mol; the reaction path of the rotation of the dihedral angle � only (Fig. 2) is inserted in the

drawing
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calculated for both minima and compared to the experimental 1H NMR spectra
[17]. Table 3 gives the calculated NMR spectra for various ab initio basis sets and
methods. The spectra were calculated using the respective optimized structures for
each method except for the extended HF/6-311��G�� and B3LYP/6-311��G��
levels where the optimized structures of the corresponding B3LYP/6-31G�� method
were used.

As expected, the agreement between the chemical shifts as obtained with the
small basis set HF/3-21G and enhanced ab initio calculations is quite poor,
although the geometry is derived successfully from this basis. Therefore, only
calculations on a rather high level deliver more proper results which can be
compared with the experiment. The main difference between the spectra of both
conformers occurs for the chemical shift of the methyl group at the heterocyclic
ring and the protons of the methylene bridge bound to the nitrogen of the thymine
ring, because these positions are predominantly in¯uenced by the phenyl ring
position. From the comparison of the experimental and the calculated spectra it
seems that the calculated minimum at �� 65� gives a better correlation than the

Fig. 5. Contour plot of two parts of the energy hypersurface of HEPT de®ned by the dihedral angles

� and �; the absolute energy minimum is set to zero, the energy difference between the individual

contour lines is 5 kJ/mol; the reaction path of the rotation of the dihedral angle � only (Fig. 2) is

inserted in the drawing
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second (global) minimum. Figure 6 shows the experimental 1H NMR spectrum of
HEPT [17] together with the results of highest level DFT calculations.

The comparison of the experimental spectrum and the calculated one (B3LYP/
6-311��G��) favours the presence of a conformation in solution which agrees
with the ®rst minimum at a dihedral angle � of about 65�.

From these calculations and from the experimental spectra it can be concluded
that HEPT exists in two energetically similar conformations in the gas phase with
respect to the position of the aromatic ring, whereas the side chain is rather ¯exible
without pronounced energetic minimum geometry. In solution, one conformation
seems to be predominant which corresponds principally to the conformation in
which the molecules exists in the complex.

Table 3. 1H NMR chemical shifts (ppm) of HEPT relative to methane as obtained by different methods

1st minimum Expt.

HF/ HF/ B3LYP/ HF/ B3LYP/

3-21G 6-31G�� 6-31G�� 6-311��G�� 6-311��G��

N(CH2)O 4.17 4.36 5.34 4.70 5.50 5.29

N(CH2)O 4.81 4.47 5.08 4.53 5.15 5.29

5-Me 1.06 1.08 1.45 1.28 1.62 1.70

OHCH2(CH2)O 3.24 3.22 3.74 3.20 3.82 3.35

OHCH2(CH2)O 2.78 2.71 3.31 2.88 3.54 3.35

OH(CH2)CH2O 3.12 3.01 3.52 3.06 3.68 3.24±3.28

OH(CH2)CH2O 2.64 2.58 3.00 2.54 3.12 3.24±3.28

SPh 6.89 7.24 7.13 7.26 7.34 7.14±7.25

SPh 7.81 7.40 7.53 7.48 7.68 7.14±7.25

SPh 6.86 7.16 7.11 7.20 7.30 7.14±7.25

SPh 7.05 7.23 7.17 7.25 7.34 7.14-7.25

SPh 6.91 7.14 7.02 7.12 7.17 7.14±7.25

2nd minimum Expt.

HF/ HF/ B3LYP/ HF/ B3LYP/

3-21G 6-31G�� 6-31G�� 6-311��G�� 6-311��G��

N(CH2)O 3.90 4.15 5.01 4.23 5.15 5.29

N(CH2)O 4.61 4.23 4.79 4.16 4.86 5.29

5-Me 1.76 1.79 1.95 1.88 2.13 1.70

OHCH2(CH2)O 2.17 2.43 3.01 2.46 3.10 3.35

OHCH2(CH2)O 2.50 2.52 3.21 2.76 3.43 3.35

OH(CH2)CH2O 2.82 2.90 3.43 2.90 3.57 3.24±3.28

OH(CH2)CH2O 2.45 2.58 2.93 2.48 3.07 3.24±3.28

SPh 6.93 7.29 6.80 6.84 6.94 7.14±7.25

SPh 6.62 7.05 7.17 7.27 7.37 7.14±7.25

SPh 6.98 7.21 7.10 7.17 7.25 7.14±7.25

SPh 6.87 7.16 7.17 7.27 7.35 7.14±7.25

SPh 6.94 7.19 7.05 7.19 7.22 7.14±7.25
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Conformation of HEPT in the crystal of the complex
with HIV-1 reverse transcriptase

The conformation of the association complex between HEPT and HIV-1 reverse
transcriptase was obtained by X-ray diffraction [7]. Therefore, it was possible to
investigate the interaction between the guest molecule and the protein in detail
[18]. The amino acids which are close to the guest molecule could be detected, and
the speci®c interactions between parts of the HEPT molecule and the environment
were analyzed. The binding pocket of the HIV-1 RT with HEPT is shown in Fig. 7.

Fig. 6. Calculated and experimental 1H NMR spectra of HEPT; A: energy minimum conformation

with �� 65� (B3LYP/6-31��G��), B: experimental data [17], C: energy minimum conformation

with �� 244� (B3LYP/6-31��G��)
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Hydrogen bonding is established between the carbonyl oxygen of lysine K101
and the proton at the nitrogen of the thymine ring. Interactions (heavy atom
distances lower than 3.6 AÊ ) occur between the phenyl ring and tyrosine Y188
as well as with leucine L100. The heterocyclic ring interacts with the protein
amino acids lysine K103, lysine K101, valine V179, and tyrosine Y188. The
side chain is in contact with the amino acids histidine H235 and phenylalanine
F227. Interestingly, the pocket is mainly hydrophobic [5, 7], and so van der
Waals interactions play an important role for the association and, therefore, the
inhibition.

Amino acids located at ®xed positions are indicated in Fig. 7. These positions
were estimated by a comparison between the crystal structures of various non-
nucleoside HIV-1 RT inhibitors (NNRTIs) [5, 7, 19±21] and represent the
molecular surface to which the complementary molecular surface of an inhibitor
molecule has to be ®tted exactly. The other amino acids are allowed to change their
positions within some limits without preventing an association of a guest molecule.

The geometry of HEPT in the complex does not differ too much from one of
the energy minimum conformations (�� 68�; HF/3-21G basis set) of the free

Fig. 7. Crystal structure of the binding pocket of HEPT with HIV-1 RT; only amino acids of the

cavity with a distance of less than 6 AÊ are considered [7]; compared to the crystal structures of some

other NNRTIs [19±21], only the amino acids which keep their position unchanged are drawn in black
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molecule. In the complex, � is changed to 75�, and � from 220 to 184� (see Tables
1 and 2, Fig. 2) by the interaction with lysine L100 and tyrosine Y188 (heavy atom
distances from 3.33 to 3.52 and 3.26 to 3.56 AÊ , respectively). The fact that the
conformation of the molecule has not to be distorted to a large extent, which would
be connected with a higher amount of activation energy, increases the binding
ability of HEPT with the HIV-1RT and enhances the stability of the association
complex. This is probably important for the stability of the complex and
furthermore for its biological activity. In the conformation of the second minimum
(� around 250�) the aromatic ring would experience a very strong repulsion
with phenylalanine F227, and the side chain would have the same effect with
leucine L100. This prevents the existence of that minimum conformation in the
complex.

Figure 8 shows the superposition of the binding pocket of HIV-1 RT with HEPT
[7] and of HIV-1 reverse transcriptase alone [19]. It can clearly be seen that most of
the amino acids are not affected by the inhibitor molecule drastically. The
association of the inhibitor into the protein's cavity does not take place with a
synchronous reorientation of the amino acids in the pocket; the association

Fig. 8. Crystal structure of the binding pocket of HEPT with HIV-1 RT (black) [7] and of the

unliganded HIV-1 RT cavity (light grey) [19]; only amino acids of the cavity with a distance of less

than 6 AÊ are considered
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Table 4. Interaction energies of docking simulations between HEPT and the amino acids of the

inhibitor binding pocket

Starting geometry Simulated geometry Energy (kJ/mol)

C5=C6-S10-C10 C6-S10-C10-C20 C6-N1-C11-C12

�/� �/� /�

1st minimum (A) 81.32 326.83 259.69 ÿ292.8

Crystal structure (B) 82.16 347.08 269.94 ÿ270.0

2nd minimum (C) 253.08 88.01 110.98 ÿ207.0

Fig. 9. The docking HEPT geometries analysis in the complex with HIV-1 RT binding pocket; the

geometry which starts from the X-ray structure is drawn in black, the geometries starting from both

minima (1st minimum: �� 65�, 2nd minimum: �� 244�) are drawn in dark grey and light grey,

respectively
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complex seems to be rather stable, and therefore HEPT prevents the biological
activity of the protein.

Docking

To support the above mentioned hypothesis, docking experiments were performed
to predict the interaction of HEPT with the inhibition binding pocket of the HIV-1
reverse transcriptase. A Monte Carlo simulated annealing technique was applied to
®nd the interaction energy minimum of the complexation. The geometry of HEPT
obtained from X-ray analysis of the complex with HIV-1 RT and both minima
found in the molecular calculations (B3LYP/6-31G��) were taken as starting
geometries. The program AutoDock successfully reproduced the crystallographi-
cally determined position of HEPT with some small deviations of the geometry
only. Starting from the geometry of the ®rst conformational minimum (A) a similar
interaction energy is obtained, again with a geometry similar to the conformation
found in the crystal structure (B).

A comparison of the result of a typical simulation run and the crystal structure
is given in Fig. 9. Larger deviations of both structures are observed for the ¯exible
side chain. In the docking simulation experiment, a hydrogen bond is established
between the hydroxyl group of the side chain and amino acid lysine K103 which is
not experimentally found in the crystal structure. The reason for that might be that
no water molecules have been included in the simulation. Nevertheless, the
interaction energy is somewhat higher than in the docking simulation starting from
the crystal structure geometry. In Table 4 the lowest obtained interaction energies
are given for the different starting geometries. Starting from the second minimum
geometry (C), in no simulation run the crystal structure geometry could be
obtained. A complete different orientation of the HEPT molecule in the binding
pocket leads to much lower interaction energies. Moreover, the program fails in
adjusting the dihedral angles � and � in such a way that a geometry similar to the
crystal structure conformation of HEPT is obtained.

Conclusions

The conformational analysis of HEPT yields two energy minima with respect to the
orientation of both aromatic ring systems. The pronounced difference between
these two energetically similar minima concerns the dihedral angle � which
determines the position of the phenyl ring. The ¯exible side chain shows
considerable disorder without a distinct energetic minimum geometry. One
conformational minimum appears for a dihedral angle � of ca. 65±76�, the second
for an � value of about 244±250�. The rotational potentials of the carbon-sulfur
single bonds were investigated by semiempirical AM1 and ab initio HF/3-21G
methods. The energy barrier due to the steric interactions between the phenyl ring
and the side chain as well as the methyl group of the thymine ring system amounts
to 18±21 and 36±38 kJ/mol. The comparison of calculated 1H NMR spectra with
the experiment indicates that the ®rst minimum is the preferred conformation in
solution which corresponds also to the geometry of the molecule in the association
complex as determined by X-ray diffraction. The pocket in which HEPT binds is
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characterized by a mainly hydrophobic surface. The binding force depends on the
complementary molecular shape of the inhibition molecules and results from a
number of van der Waals and ring stacking interactions and contributes to the
electrostatic interactions as well as to hydrogen bonding. The conformation of
HEPT in the binding pocket of HIV-1 reverse transcriptase is very similar to one
calculated gas phase conformational minimum, leading to the conclusion that the
amount of energy necessary for conformational changes before association takes
place is rather small and does not diminish the association energy. Docking
simulation experiments support the good ®t of HEPT with the inhibition pocket.

Methods

An initial conformation for HEPT was generated by means of the ALCHEMY III molecular

modelling software package [12]. The geometry optimizations were performed using semiempirical

methods (AM1, PM3, and MNDO) as well as by ab initio methods (3-21G and 6-31G�� basis sets at

the HF level) as included in the GAUSSIAN 94 [13] program package. The torsional potentials of the

dihedral angles given by the carbon-sulfur single bonds were calculated using the option SCAN in

the GAUSSIAN 94 program. The same program package was used to optimize the HEPT

conformation using density functional theory (DFT) at the B3LYP/6-31G�� level. Theoretical

calculations are compared to the experimental geometry, in particular to X-ray diffraction data of the

reverse transcriptase ± HEPT complex [7], as available from the Brookhaven Protein Data Base

(1RTI) [14]. The NMR spectra of HEPT were calculated by the GIAO method using the HF/6-31G��
and B3LYP/6-31G�� method. Additionally, the spectra were calculated with the HF/6-311��G��
and B3LYP/6-311��G�� methods on the B3LYP/6-31G�� optimized structures.

Docking procedures were performed by the program AutoDock 2.4 [15]. Different starting

geometries of HEPT were used, and ¯exibility for all rotatable bonds of the molecule (eight) was

allowed. A Monte Carlo (MC) simulated annealing technique was applied to ®nd the conformational

minimum (from 250 K (starting temperature) down to 20 K in 50 cycles; 10 runs were performed for

one starting geometry).
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