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B =i -ﬂ' 1=l ol
ﬂ’ltlLL‘LIUL’B‘ﬂ'ﬂ"J-T #ldfintsnane g

c

log WT (1/C)

Cpd. No. Rt R2 R3 R4
exp. calg. * cale. ® calg. ©
08nv C1 CH, H H 8.00 'IE a 7.69— 755
07/nv F CH;, H H 7.70 773 7.54 7.59
WT-D2 B  CH, H H 7.56 7.48 7.54
WT-D3 | CH, H H 7.42 7.36 7.32
WT-DA4 Cl NH, H H 7.51 747 7.39
WT-D5 Cl CH,CH, H H 7.50 7.47 7.65
WT-D6 Cl CH,OH H H 7.61 7.54 7.49
WT-D7 F CH,OH H H 7.76 7.58 7.51
68nv C1 H CH, CH,SPh 7.70 7.75 7.70 7.66
wTD8 F  H CH,  CH,SPh 7.81 7.76 7.72
WT-D9 | H CH, CH,SPh 7.57 7.51 7.44
WT-DI0 C  CH, CH,  CH,SPH 8.04 7.97 7.91
WT-D11  CI CHOH CH,  CH,SPH 8.05 7.99 7.93
wT-D12  Cl NH, CH, CH,SPH 7.71 7.65 7.61
WT-D13 F  CH, CH,  CH,SPH 8.1 8.05 7.97
WT-D14 F  CH,OH CH,  CH,SPH 8.14 8.09 8.04
F CROH CH,  CHS(Ph-m-
WT-D15 8.21 817 812
OMe)
WT-D16 F  CH,OH CH,  CH,S5(Ph-m-f) 8.19 8.11 8.06
F CH, CH,  CH,S(Ph-m-
WT-D17 8.14 8.08 8.01
OMe)
WT-D18  F CH, CH,  CH,S(Ph-m-F) 8.15 8.10 8.04

* AMUIAINLLUANAEY CoMFA, © A1UIannNuuLRaed CoMSIA, © Anuanuann

LUDRNARY HQSAR.
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PR 1 ' . e X a 23 o 2
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fu Hudauntiaoutisnguningalulasaina
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= ' | e — N v | s
A3 3.6.2 AsReufrussudnsandunanreinune li uazAtRnn1sAUIn log
o

(1/C) roveyius usrey 1ATIAY Yt 18 Taseais Wamvunszqlunuusige

log WT (14} Energy Energy Energy
Cpd No.  Exp Calc? Cale® Cale (keal/moD? (kcal/mal)t (keal/malf
0%y 800 T7e2(3  T769 11 755 (3 -305005 -29.8200)  -2D.97 ()
07nv 170 TI3E 764 14 759 (4 -29638 () -2806(6) -29.24()
WT-D2 736(5) 748 (5 154 (D S31380%) -2812(8)  -2823(8)
WT-D3 742 @) 736 (8 732 (8 -2924(8) -2R22 () -B32(P)
WT-D4 T51¢@) 747 (6) 739 (M) -0307  -2975.5 -938(4)
WT-D3 T 141 (D 765 11 -2994(5) -2040(4) -2953 ¢
T-LI6 TEI @ 754 (8 T.49 (6) -31 68 -30.34 -30.50

WT-D7 TI6 T5BE 751 (5 S2982(4)  -2908(5)  -2924(5)
GEnv T30 FISA0) FIOQD 766 (100 -RBTFL@ -BIE(T)  -2BI9(6)
WT.-Dg 7819 776 (B 772 (D -28.14(8y -2BAT(B) -2361(8)
WT-D9 THTAD T (1Z) 744 (1Z) -Z34T@E) 2047 (10) -2018(11)
WT-D10 go04(® 797 (B 791 (8) 1989 (11) 2046 (11) -2043(10)
WT-D11 gOS(¢n 8 (N 793 (7 1947 (12) -ZLBT Y -2203 (%)
WT-Di2 AL 765 (1) 761 (1) -19.75(10) -19.81(12) -2008(i2)
WT-D13 8118y 805 (5 787 (6) SRISGY B0 9014
WT.D 4 814(4) 809 (4 304 (3 S293503) -2995(%) 298601
W 8211y 817 (I 812 -32.48010  -32251(1 -326011)
AT 819y Bl (& 806 (1) 30632 313702 -316249)
WT-D17 8l4® 808 (H 801 (5 SR2L 808y -2900(5
WT-D18 8153y 810 (% 304 (3 -2B22(6y -2906() -2898 (N

° AMUONATNULLUATEDI COMFA (1BRAET1T614989 3). ° AU INUULA188d COMSIA

° AN ULLAIRES COMSIA (1onansdnsds 3).° Uszquuu Mulliken.® Uszquun Gasteiger-

Marsili

"szquus Gasteiger-Hiickel
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- s 1 =t tﬂ' 1 - L ch wr o o i
Auenlsinasangsuuiadled-1 Rldlnienanaiug uaefidnisnaneriug o soumis 181

annlsfuihdandu Wardvundszaluiiusingeg

Energy (keal/maol)
Cpd No. WT? Yiglc? WT® Yisic? WT* Yig1C*
D8nw -305003) -27.32 -29.82 (1 -37.16 -99714 2710
D7av -29 68 (6) -26 34 -806 6 -2681 -2924 (%)  -26.31
WT-D2 -3L.38 (2 -25.54 -2212 (8 -2751 -2823(@® -2792
WT-D3 -29.24(38) -24 23 -2822 () -2206 -2832(7)y 22205
WT-D4 -2920(H -3215 S29.75 (3 -17.23 -2938(4) -1564
WT-D3 -2994(3) -26.53 -840 -2676 -20.53 -26.57
E -31 681 -30.58 -30341 -2906 -30.50 (| -28 88
WT-D7 -2982 (4 -30.12 -2908(¢5)  -2332 -2924() 2824
fi 8ty S287L (S =27 .07 SBIAT -2974 -850 6) -2092
WT-D8 -28.14(8) -2674 -2BET (R -2650 -2862(8) -2647
WT-D? -B4T 3 -19.07 -2047 10y -2277 20181 22278
WT-D10 -1969 Q1) -1686 204601 -1800 -Z063(10) -1&8D04
WT-D11 1967 (12)  -21.56 2187 (9 -21.46 -2203(® 2112
WT-.D12 19350 -1983 1981 12y -20.10 -2008(12y -20.16
WT-D 3 S282505) -26.30 2909 -2979 -0l 2995
MT-D14 -2835( -29.77 -2985i3 -31 .57 S2986 121 3145
-324811) -30.40 -32.2511 -32.20 -32.80 -3224
rT-Dild -3063 (1) -31.40 313701 -3236 S3162020 23228
WT-D17 S2821 (H -26 41 -2908 (%) -29388 -2900¢5  -30.03
WT-D1& -8 .22 (6) -26.73 -290606)  -3007 S2808(7) -30.22

* Uszquuu Mulliken. ® Uszquuu Gasteiger-Marsili. © Uszquuu Gasteiger-Huckel
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Comparative molecular field analysis (CoMFA) has been applied to a large set of 1-[(2-hydroxyethoxy)-
methyl)-6-(phenylthio)thymine (HEPT) analogues. The starting geometry of HEPT was obtained from
crystallographic data of HEPT/HIV-] reverse transcriptase (RT) complexes. The structures of 101 HEPT
derivatives were considered and fully optimized by ab initio molecular orbital calculations at the HF/3-21G
level. The best CoMFA model is satisfactory in both statistical significance and predictive ability. [t shows
excellent, high predictive ability as r%., = 0.858. The derived mode] indicates the importance of steric
contributions (64.4%) as well as electrostatic interactions for the HIV-1 RT inhibition. In addition, steric
and electrostatic contour maps from this analysis agree well with the experimentally observed trend that
there are steric interactions between the side chain of HEPT and an aromatic ring of Tyr181. It is concluded
that a moderately sized group at CS enhances contact with Tyr181 enough to push it into a position which
renders the protein nonfunctional, but a smaller group has insufficient steric requirements to do this and a
larger group renders the ligand too large for the cavity. The mutation-induced resistance of reverse transcriptase
is explained by this analysis. The obtained results not only lead to a better understanding of structural
requirements of this set of compounds for the inhibition but also enable the suggestions for new and more

potent drugs.

INTRODUCTION

HIV-1 reverse transcriptase (HIV-1 RT) is an attractive
target for the drug therapy of AIDS because it is essential
for HIV replication and 1t is not required for normal host
cell replication. This enzyme is a multifunctional enzyme
that copies the RNA genome of HIV-1 into DNA, which is
subsequently integrated into the host cell’s genome. The non-
nucleoside reverse transcriptase inhibitors (NNRTIs), for
example, HEPT, Nevirapine, TIBQ, and a-APA,'™* are
specific against HIV-1 and do not inhibit host cell poly-
merases. These NNRTIs have low cytotoxicity and produce
few side effects. The NNRTIs binding site is located in the
p66 palm subdomain of RT and constitutes mainly aromatic
hydrophobic residues. Recently, the study of compiex
structures of HIV-1 RT with different NNRTIs% reveals that
there is a significant rearrangement of a three-stranded
f-sheet in the p66 subunit with respect to the rest of the
polymerase, and NNRTIs inhibit HIV-1 RT by locking the
polymerase active site into an inactive conformation. How-
ever, a serious problem with the NNRTIs is the emergence
of viral strains that have point mutations in the region
encoding HIV-1 RT which prevent these drugs from inhibit-
ing RT.

* Corresponding zuthor phore: +66-(2)-9428%00; fax: +66-(2)-
5793955; e-mail: fscisph@ku.ac.th.

" Kasetsart University.

! Institut fiir Theoretische Chemie und Molekulare Strukturbiologie der
Universitit Wien.

Among the representatives of the NNRTIs, 1-[(2-hydroxy-
ethoxy)methyl]-6-phenylthiothymine (HEPT) constitutes an
important irthibitor and has been extensively studied for many
years.””?! There is considerable interést in the set up of
quantitative structure—activily relationships (QSAR) of
HEPT derivatives.!='* These methods are widely accepted
10 be useful for the explanation of structural requirements
of biologically active compounds.?? In particular, 3D-QSAR
provides a possibility to gain more insight into drug/receptor
interactions with respect to steric and electrostatic interac-
tions.?? However, the mechanisms of inhibition and the
mutation of HIV-1 RT have not been clarified until now.

In our previous studies, QSAR and 3D-QSAR, based on
comparative molecular field analysis (CoMFA), were applied
to various classes of NNRTIs.3%!13.1524.23 As X-ray crystal
structure of RT and the structures of the inhibition complexes
are available, this information can be applied in various
molecular modeling studies to develop new and more potent
compounds. Moreover, the combination of X-ray investiga-
tions on the complexes with CoMFA studies allows a much
more accurate interpretation of the CoMFA contour maps,
it leads also to a bener knowledge of the enzyme-ligand
interaction. Also the decrease or the increase of inhibitor
activity against a mutant enzyme coniributes to the under-
standing of the inhibition mechanism.?*

In the present work, a CoMFA study has been performed

1o determine quantitative structure—activity relationships, in
particular to investigate steric and electrostatic interactions

10.1021/ci0001278 CCC: 320,00 © 2001 American Chemical Society
Published on Web 04/0372001]
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Table 1. Structure of HEPT Derivatives and Experimental and Caleulated log(1/C) HIV-1 RT Inhibitory Affinities of the Traini
on CoMFA Analysis Model 1 & ry Affinities of the Training Se(, Based

R1
34 sl
[3
)/l{ N R2
R3
substituent log(1/C}

no. X RI R2 R3 exptl caled residual
1 0 Me SCH,, CH,;OCH,CH;OH 5.085 5.569 —0.484
2 Q Me CH,Ph CHOCHCH,OH 4.637 5.580 —0.943
3 0 Me C=CPh CHOCH,CH,OH 4.853 5.277 —0.424
4 O 1 SPh CH,OCHCH,OH 5.443 5272 0.171
5 o SPh SPh CH,0CHCH,OH 4.677 4.507 0.170
] o] COCHMe; 5Ph CH,0CH-CH,0H 4.920 5.704 -0.784
7 o] COrPh SPh CH,;OCH-CH;OH 4.885 5.407 —0.522
8 0 CH;Ph SPh CH;OCH-CH0OH 4.637 4.808 =017
9 9] CH=CPh; SPh CH,0OCH.CH,0H 6.075 5.647 0.428
10 0] C=CMe SPh CH;OCHCH,OH 4.720 5.592 —0.872
11 O C=CPh SPh CH,0OCH:CH,0H 5.468 4.752 0716
12 0 CH=CHPh (cis) SPh CH,OCH-CH;OH 5.221 5.545 —-0.324
13 0] CH=CH, SPh CHyOCH.CHOH 5.958 4.799 1.159
14 Q Me SPh{2-Me) CH,0CH,CHyOH 4.148 4,864 -0.716
15 &} Me SPh(2-OME) CH,OCH,CH,0H 4.720 5.265 —0.545
16 & Me SPh{3-Me) CH,OCH.CH;OH 5.584 5.482 0.102
17 o] Me SPh(3-Ev) CH,OCHLCH,OH 5.568 5.384 0.184
18 Q Me SPh(3-1-Bu) CH,OCHCH,OH 4.920 5376 ~0.456
19 (o] Me SPh(3-CF;) CH,OCH.CHyOH 3.460 4.667 -1.207
20 o] Me SPR{3-Cl) CH,OCHCH,OH 4885 5.086 —0.201
21 o] Me SPh{3-Br) CH,0CHCH,0H 5.243 5.367 —-0.124
22 o] Me SPh(3-I) CH,OCH-.CH,OH 4.999 5.552 -0.553
23 (o] Me SPh{3-NOy) CH;OCHCHOH 4.468 5.207 -0.739
24 e} Me SPh(3-OH) CH;CH,CH,CH 4.085 4.790 -0.705
25 a Me SPh{3-OMe) CH,0CH,CH,0H 4.657 4.830 -0.173
2 0] Me SPh{3,5-M¢;) CH,0CH;CH,0H 6.584 6.031 0.553
27 o] Me SPh(3.53-Cl,) CH,0CHCH,0H 5.885 5.507 0.378
28 S Me SPh{3.5-Me,) CH;OCH,CH,OH 6.656 6.334 0.322
29 o] Me SPh(3-COOMe) CHOCH,CH,0H 5.102 5.389 —0.287
30 0 Me SPh{3-COMe) CH,;OCH,CH,0H 5.136 5.595 -0.459
31 o] Me SPh(3-CN) CH,OCHACH,0H 4.999 5.420 -0.421
32 &) CHyCH=CH; SPh CH,OCH,CH,OH 5.601 6057 —0.456
a3 o] COOMe SPh CHyOCHCHOH 5.180 5126 0.054
34 0 CONHPh SPh CH,0CH#CH,OH 4.744 5.063 -0.315
as S Et SPh CH,OCH,CH,OH 6.957 6.157 0.800
36 5 Pr SPh CH,OCH,CH,0H 4.999 6.430 —1.331
37 s Et SPh{3.5-Me2) CHOCHCHOH 8.106 7.864 0.242
38 S i-Pr SPh{3.5-Me;) CH;OCHCHOH £.300 8.636 -0.336
39 S Et SPh(3.,5-Cly) CHOCH.CH,OH 7.365 7.503 —0.138
40 Q Er $Ph CH,0OCHCH,0H 6.920 6.113 0307
41 o] Pr SPh CH,OCH-CH,OH 5.468 6.090 —0.622
42 o] i-Pr 5Ph CH,0CH.CH;OH 7199 7.133 0.066
43 e] Et SPh(3,5-Mea) CH;OCH.CH,OH 7.884 7.696 0.188
44 0 i-Pr SPh(3.5-Me3) CH,0CH.CH,0H 8.567 8.6t5 —0.048
45 o] Et SPh(3.5-Cly) CH,OCH,CH,0H 7.852 7.485 0.367
46 O Me SPh CH,OCH-CH,OCH,Ph 4,698 5314 -0.4616
47 (0] Me SPh CHOMe 5677 4928 0.749
43 0] Me SPh CH,OPr 5.443 5.293 0.150
49 0 Me SPh CH,0Bu 5.327 5.395 -0.068
50 O Me SPh CH;OCH.Ph 7.054 6.145 0.90%
51 S Et SPh (3.5-Mey) CH,OEL 8.355 1.993 0.360
52 S El S$Ph (3.5-Chy) CH;OEt 7.885 7.506 0.379
53 5 Ex SPh CHy-i-Pr 5.656 6.396 0.260
54 S Et 5Ph CH,OCH;-¢c-Hex 5.455 1498 —-1.043
55 s Ex SPh CHOCHPh 8.106 7.643 0.463
56 s Et SPh (3.5-Mey) CH,0CH;Ph 8.160 9.419 -1.239
57 S Et SPh CH,0OCH,;CeHu(4-Me) 7.107 7.1 —0.664
58 S Er SPh CHQCH(4-C) 1919 7.593 0.326
59 S Et SPh CH,OCHCH:Ph 7.040 6.755 0.285
60 s i-Pr 3Ph CH;OEt 7.852 7.790 0.062
61 s i-Pr SPh CH,OCH:Ph 8.179 8.695 -0.516
62 s c-Pr $Ph CH,0OE: 7.021 7.086 —0.065
53 o Er SPh {3.5- Chy) CH,OEL 8.129 7.369 0.760
64 0] Et SPh CH,0-i-Pr 6.467 6.134 0.333
65 0 EL SPh CH;0—¢-Hex 5.397 6477 —1.080
66 o] Et SPh CH;OCH<¢-Hex 6.346 6814 —0.468
67 o] E1 SPh CHOCH;Ph 8.228 7.423 0.805
68 o] Et SPh CH;OCH,;CH.Ph 7.016 6.766 0.250
59 o] i-Pr SPh CH,0OCH:Ph 8567 B.864 -0.297
70 (o] Me SPh Et 5.657 6.063 —0.40¢6
7l o] Me SPh Bu 5.920 5234 0.686
72 0 Et CH;Ph CH;OCH,;CHOH 6.455 6.362 0.093
73 o} F1 CH,Ph(3,5-Me) CH,OCHCH,0H 7.885 6.921 0.964
74 0 E: CH,Ph CH;OFE1 7386 7267 0119
75 o] i-Pr CH;Ph CHCHCH;OH 7.199 7.305 -0.106
716 Q i-Pr CH,Ph(3,5-Me) CHOCH,CH,OH 8.567 7.969 0.598
77 Q i-Pr CH,Fh CH,OEL 8.375 8.128 0.247
18 Q i-Pr CH;Ph{3,5:di-Me) CH,0Ex 9220 8.726 0.494
79 0 i-Pr CH:Ph . Bu 7.374 1819 —0.445
80 Q Et CH,Ph CH,CH;OMe 6.601 6.945 -0.344
81 o] ©i-Pr CH;Ph - CH,CH;OMe 7.282 7.145 0.137
82 0 Me SPh CH,OCHCH,OH 5.154 4.816 0.338
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Table 2. Structure and Predicted log(1/C) HIV-1 RT Inhibitory Affinities of the Test Set

Yesh, T, AYUL L, LASS

oJX

substiluents log(1/C)
no. X R1 R2 exptl caled? residual
g3 O Me OPh CHXOCHCH-OH 4070 5.807 -1.737
84 Q Me C=CH CH,OCH,CH-OH 5.259 4.387 0.872
85 (@] C=CH SPh CH,OCH,CH~-OH 4,744 4.698 0.046
86 0O Me SPh(3-F) CH-0OCH.CH-0OH 5481 4.140 1.341
87 S i-Pr SPh CHOCH-CH.0OH 7.228 7.514 -0.286
88 O Me SPh CHLOCH-CH-OMe 5.060 5.221 —0.161
89 8] Me SPh CH>OCHLCH0—CsHyp-n 4,259 5.052 —0.793
o0 (@] Me SPh CHAOE: 6.480 5.098 1.382
91 O Me SPh CHLOCH-CH-SiMe; 4.494 5.062 —0.568
92 S Et SPh CH-0OE! 7.584 6.979 0.603
93 S E1 SPh CH,O—c¢-Hex 5.795 6.245 —0.450
91 0 Et SPh CH.OEL 7.720 6.653 1.067
95 0 Et SPh(3.5-Me;) CH-0E1 8.266 8.002 0.264
96 O Et SPh(3,5-Mes) CH-OCH;Ph 2.493 8.935 —0.442
97 0 i-Pr SPh CH-OEu 7919 7.648 0.271
98 (8] c-Pr SPh CH;0EL 6.999 6.952 0.047
99 0 Et CH,Ph{3,5-Me:) E1QOCH. 7.199 7.906 —-0.707
100 @] E¢ CH.Ph Bu 6.677 6.963 —0.286
101 S Me SPh CH,OCH,CH.OH 6.008 5.153 0.855
2 Caleulated by CoMFA model 13.
Table 3. Summary of CoMFA Maodels with 82 HEPT Derivatives with the Different Probe Atoms
model probe atom field type noc e Spiew re 5 F outliers (residual) sterw contb”
1 sp*C{+1) both 4 0.837 0.567 0.930 0.371 255.352 compd 36(—1.431) 63.9
2 steric 3 0.771 (0.657 0.549 0.542 145,838
3 electrostatic 2 0.726 0.724 (.830 0.57t 192,327
i sp*O(—1) both 4 0.830 0.578 0.924 0.382 239.639 compd 36(—1.427) 61.5
5 steric 5 0.782 0.658 0.914 0.414 161.394
6 electrostatic 2 0.726 0.724 0.830 0.571 192327
7 H(+1) both 4 0.820 0.594 0.922 0.392 226.828 compd 36(—1.577) 59.8
8 sleric 3 0.749 0.697 0.833 0.569 130.006
9 electrostatic 2 0.726 0.724 0.830 0.571 192.327
10 sprC{+ 1} both . 4 (.849 0.545 0.936 0.356 275922 compd 50{1.255) 634
11 steric 2 0.774 0.660 0.838 0.564 201.628
12 etecirostalic 2 0.781 0.651 0.86f 0.519 242.022
13 sp*C(+1) both 4 0.858 0.531 0.941 0.342 300.134 compd. 67(1.106) 644
14 steric 4 0.848 0.544 0.937 0.351 277.997 -
() electrostatic 4 0.860 0.529 0.942 0.340 303.570

s Conventional /.  Steric contribution in %. ' Elimination of compound 36 (remaining 81 compounds in the training ses). ¢ Elimination of

compounds 36 and 50 (remaining 80 compounds in the wraining set).

0.941) and the siandard error of estimation (0.342). F is
300.134 and the probability {P) of obtaining this value of F
if ~ is actually zero (probability of 7 = 0) is lower than
0.001. The plot between predicted and expenmental inhibi-
tory affinities of the non-cross-validated analysis of model
13 is presented in Figure 2,

Prediction of the Inhibitory Activity for the Com-
pounds in the Test Set. Consequently, the best CoMFA
mode] (model 13) was used to predict the inhibitory activity
of the compounds in the test set. The observed and fitted
inhibitory activities of 19 compounds (compounds 83—101)
are listed in Table 2. Based on the residual value, it is
indicated that model 13 is able to predict the activities of
HEPT derivatives which are not included in the training set.
In particular, this model predicts well the activities for
compounds 85, 87, 88, 93, 95, 97, 98, and 100. These
structures are substituted at C5 position by ethyl or propyl
groups. Compound 85 is substituted by ethynyl group and
compound 98 is substituted by cyclopropyl group. Further,
the model can be useful to predict the activities of compounds
84, 89, 91, 92, 96, 99, and 101. The prediction for com-
pounds 83, 86, 90, and 94 shows larger residuals. A compar-
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Figure 2. Plot of calculated versus experimental HIV-1 RT
inhibitory affinities (log(1/C)), obtained from non-cross-validation
of CoMFA model 13 for training set.

ison of the fitted and experimental activities of the test set
is plotted in Figure 3. The numbering of the compounds is
used as labeling.

Steric and Electrostatic Contributions. The CoMFA
steric and electrostatic fields for all HEPT derivatives are
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Figure 3. Plot of calculated versus experimental HIV-1 RT
inhibitory affinities (log(1/C)), obtained from non-cross-validation
of CoMFA model 13 for test set.

presented as contour maps in Figures 4 and 5. X-ray crystal
structures of HIV-1 RT complexes with various inhibitors
are available, the amino acid residues surrounding HEPT in
the structure of the interaction complex were merged into
both figures. In Figure 4, the green and yellow contour maps
represent regions whose occupancy by parts of the ligands
increases or decreases the receptor binding affinity. It is
interesting to note that there is only one favorable steric
region corresponding to the location around the C5-side chain
(R1 substitution) at the thymine ring. This leads to the idea
that an additional bulky group at this position would increase
the activity, but the size of this group should not be too large
because of the limited volume of the binding pocket. This
suggestion is based on the experimental trend that an
isopropyl group is the best group for C5-substitution.?
Furthermore, the positive steric contour region is close to
the position of the amino acids Tyrl81 and Tyr188. Both
amino acids are considered to be very important for the
inhibition of the enzymes’ activity, due to their changed
positions at the inhibition site as a consequence of the
association of the inhibitor molecule. This evidence can be

HANNONGBUA ET AL

supported by the fact that there are substantial steric inter-
actions between the side chains of the Tyrl81 and RI
substituent of the thymine ring of the HEPT molecules. A
less favorable interaction between the amino acid Tyr181
and C5-substituent, therefore, decreases the affinity of this
inhibitor. Several crystal structures of the RT complex with
inhibitors, such as HEPT (compound 82), MK(C-442 (com-
pound 77), and TNK-651 (Rl = i-Pr, R2 = CHyPh, R3 =
CH,OCH;Ph),% again indicate that the substituent at positon
5 of the thymine ring is essential for HEPT analogues to
bind to RT. The 5-methyi group of the lead compound,
HEPT, interacts only slightly with Tyr181, whereas the larger
substituents of MKC-442 and TNK-651, the 5-isopropyl
group, appears to force Tyr181 to change its conformation.
Tyrl81 is then able to form strong interactions with the
6-phenyl ring of the inhibitor and other aromatic residues
(Figure 6). According to the experimental result®? the
mutation of Tyrl81 to Cys apparently eliminates favorable
contacts of the aromatic ring of the tyrosine and the bound
inhibitor, reducing the NNRTI binding affinity. It should also
be mentioned that the contribution of the C5 parameter is
considered in our previous QSAR analysis.® The obtained
results can be concluded that a moderately sized group at
CS5 enhances contact with Tyrl81 enough to push it into a
position which renders the protein nonfunctional, but a
smaller group has insufficient steric requirements to do this
and a larger group renders the ligand too large for the
cavity.

The yellow contours, which are located between the R2
and R3 substituents, suggest that the substituents should not
have branches because they may have steric interaction which
could inhibit the association between the N1 side-chain and
the 6-phenyl ring of the inhibiter with the amino acid residues
in these area (Vall06, Phe227, Trp229, Leu234, His235, and
Pro236). These results strongly reveal the importance of the
steric feature of the inhibitors contributing to affinity through
contour maps. The architecture of the binding pocket
undergoes conformational changes to accept each of inhibi-

Rrezsh

Figure 4. Steric std*coeff contour map, obtained from CoMFA model 13 for HIV-1 inhibition, is shown together with amino acid residues
within 6 A around HIV-1 RT active site. HEPT compound is presented inside the field as light-blue stick structure, with undisplayed
hydrogens. Sterically CoMFA favored areas are represented by green region. Sterically CoMFA unfavored areas are represented by yellow

region (level of steric contour contribution = 80%).
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femldues in the binding pocket of RT. Numerous studies have
indicated that Tyr181Cys HIV-1 RT mutation is frequently
found in the presence of NNRTIs.*~%7 This mutation leads
10 a resistance against the NNRTIs due to the loss of the
hydrophobic interactions of the inhibitors with the surround-
ing amino acids for steric reasons. In the case of nevirapine
analogues this resistance is proven experimentally,3? and
moreover, it is also possible to explain the difference of the
inhibitor interactions between wild type and mutant type
enzymes from the CoMFA analysis.?*

In HEPT derivatives the substituents on the phenylthio
side chain at C6 of the thymine ring increase the hydropho-
bicity of the molecules which results in a favorable inhibition
by the improvement of the interaction to the hydrophobic
binding pocket of HIV-1 RT, which is rather similar (i.e.
steric and. electrostatic contour maps show good consis-
tence with inhibitor-enzyme complex structure derived by
experimental data) to nevirapine and to another important
NNRTI.>* Therefore, 1o suggest a substance to be a high
potent inlibitor of RT against either wild-type or mutant
HIV-1 RT. it must bind tightly to the specific amino acid
residues that yield the structural changes at the active site
of the enzyme and result in low reverse transcriplase activity.

CONCLUSIONS

A 3D-QSAR investigation on HIV-1 RT inhibitors was
performed, using structures calculated by ab initio methods.
For a large set of HEPT derivatives, these CoMFA studies
successfully explain steric and electrostatic interactions of
the molecules with the amino acids of the inhibition pocket
of the HIV-1 RT. The CoMFA model is of satisfactory
quality. having r., = 0.858. Steric fields are the primary
contributor (64.4%) 1o the CoMFA model of RT inhibition.
The steric contours correspond well with the geometrical
pesition and charge requirements of amino acid residues of
the active site and are consistent with the experimentally
observed trend that there are steric interactions between the
side chain of HEPT and an aromatic ring of Tyr181. The
oblained results can be concluded that a moderately sized
group at C5 enhances contact with Tyr181 enough to push
it into a position which renders the protein nonfunctional,
but a smaller group has insufficient steric requirements (o
do this and a larger group renders the ligand too large for
the cavity. It also indicates clearly that losing favorable
interactions between aromatic ring of Tyr181 and HEPT may
decrease the affinity of this inhibitor. Furthermore, this study
provides the common basic information and structural
requirements in the class of NNRTIs that are useful for the
design of new and high potent compounds.
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Sumrmary

The struciure and the contormational behavior of the HIV-1 reverse transcriptase inhibitor, 11-cyclopropyl-5,11-
dihydro-4-methyl-6H-dipyrido[3.2-b2'.3"-e]| 1 4]diazepin-6-one {nevirapine). is investigated by semiempirical
(MNDO. AMI and PM3) methed. ab initio at the HF/3-21G and HF/6-31G*™ levels and density functional theory
at the B3LYP/6-31G™* level. The fully optimized structure and rotational potential of the nitrogen and carbon bond
in the cyclopropyl ring were examined in detail. A similar geometrical minimum is oblained from all methods
which shows an almost identical structure 10 the geometry of the molecule in the complex structure with HIV-
| reverse transcriptase. To get some information on the structure in solution. NMR chemical shift calculations
were also performed by a density functional theory at the B3LYP/6-31G™* level. using GIAQ approximation. The
calculated "H-NMR and '*C-NMR spectra for the energy minimum geometry agree well with the experimental
results. which indicated that the geometry of nevirapine in solution is very similar to that of the molecule in
the inhibition complex. Furthermore, the obtained results are compared o the conformational studies of other
non-nucleoside reverse transcripiase inhibitors and reveal a common agreement of the non-nuclecside reverse
transcriptase inhibitors. The specific butterfly-like shape and conformational flexibility within the side chain of the
non-nucleoside reverse transcriptase inhibitors play an important role inducing conformational change of HIV-1
reverse transcriptase structure and are essential for the association at the inhibition pocket.

of NNRTIs have common features of binding to RT.
and the similar butlerfly shape of the considered in-
hibitors is essential for the association at the inhibition

Introduction

Non-nucleoside reverse transcriptase inhibitors (NNR-

TIs) are highly potent, relatively low in toxicity, and
car specifically inhibit HIV-1 reverse transcriptase
(HIV-1 RT). A number of pharmacclogically active
NNRTIs have been identified such as nevirapine [1].
HEPT [2]. TIBO (3] and alpha-APA [4]. Recently,
crystal structures of HIV-1 RT and complexes with
some different NNRTIs have been published [5-25].
These structures have provided a great deal of insight
inlo the conformational flexibility of RT induced by
the binding of NNRTIs. Furthermore, these crystallo-
graphic studies show that the chemically diverse class

“To whom correspondence should be addressed. E-mail:
fscisph@ku.ac.th

pocket [24-27]. The majority of HiV-1 RT inhibitors
that act on the binding site show a pronounced de-
pendence for their action on seemingly major changes
in molecular conformation [28]. Accordingly. confor-
mational investigations have been an important part
of structure-activity relationship studies. This kind of
investigation 15 necessary to derive meaningfut infor-
mation relevant to drug action because, in the case
of flexible molecules, the receptor is likely to alter
the solution conformation upon binding. Therefore.
the relevance of information about a single preferred
conformation of a drug molecule in solution to the
conformational requirements of the receptor site may
not be clear.
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194 N8
Frewe 10 The chemical  structure of  nevirapine  or | l-cy-
clopropa -2 -dihvdro-d-inethyl-6H-dipyrido |3.2-b".3 e[| |.4] di-
szepin-b-one and atomic numbering used in this sludy.

To wmvestigate the role of molecular structure of

NNRTIs on HIV-1 RT inhibition, conformational
analyses of the polent NNRTIs have been previ-
ously studied [29-32]. based on gquantum chemi-
cal calculations. The obtained results indicated that
the NNRTIs such as HEPT and TIBO show flexi-
bilits in their structures with two pronounced ener-
getic local minima. The energy barrier between both
minima are not high, estimated 10 be 2-3 kJ/mol.
which can be easily changed from one Jocal minima
to another. With this flexibility, the conformational
change of reverse transcriptase is induced. In the
present study. an attempt has been made on nevi-
rapine or 11-cyclopropyl-5,11-dihydro-4-methyl-GH-
dipyvridel3.2-b2".3'-e]| 1 4)diazepin-6-one (Figure I).
This inhibitor has already passed pre-clinical and clin-
ical 1ests and is available on the market [33]. The
structure of nevirapine logether with the numbering
of the atoms used in this investigation is given in
Figures | and 2a. Particularly, the rotation of the
cyclopropyl ring around the carbon nitrogen single
band (N11-C17) determine the conformational space
of nevirapine and must be analyzed with respect to all
energetically accessible conformations. It is found that
alpha angle of cyclopropyl ring plays an important role
to determine the structure of nevirapine, which has no
other flexibility, and the butterfly inversion (Figure 2b)
of the structure leads Lo a symmetry-related structure
with the energy dependence on alpha.

Therefore, the structural energy minimum, cor-
responding 10 the conformation of nevirapine as ob-
tained from X-ray investigations of the association
complex. was calculated by quantum chemical calcu-

Figure 2. ta) 3-dimensional structure of nevirapine. (b} Buties
fly-tike shape of nevirupine.

lations: semiempirical, ab initio and density functional
theory (DFT) methods. Furthermore, the DFT at the
B3LYP/6-3114++G** level was used for the predic-
tion of 'H-NMR and '3C-NMR spectra of nevirapine
in order to conceptualize the structure of the mole-
cule in solution. The detailed information about the
three-dimensional structures of the inhibitor, based on
theoretical investigation will be useful in structure-
activity relationship studies and the design of new
potent NNRTI compounds.



Methods

The starling geometry of nevirapine was obtained
from X-ray crystallographic data at 2.2 A resolution
of the enzyme-inhibitor complex structure (1vripdb)
(4. 34]. First, full geometrical optimization was per-
formed. based on semiempirical (MNDO, AM|. PM3)
method. ab initio at the HF/3-21G and HF/6-31G*"
level and DFT at the B3LYP/6-31G** level. These
calculations were done by the GAUSSIAN98 pro-
gram [35], rurning on an IBM/SP2 computer. The
obtained geometric parameters of torsion angles way
compared with the X-ray data. Second. as an ex-
amination of potential energy surface with respect 1o
torsion angles is more informative in order (10 under-
stand the conforimations of nevirapine in the gas phase
than just locating the global minimuim. the rotational
barrier bond between the nitrogen of the tricyclic sys-
tem and the carbon atom of the cyclopropyl group
(CI5-N11-CI17-CI19. ¢} with 2 stepsize of 30 deg
was considered and used in this study. Keeping the
« angle constant, the automated geometry optimiza-
tion wus performed for the rest of the molecule by
the individual methods. Theoretical calculations were
compared o the experimental geometry. in particular
o N-ray diffraction data of the reverse transcriplase
and nevirapine complex. as available from the PDB
{IvrLpdb). The 'H-NMR and '*C-NMR chemical
shifts of nevirapine were calculated by the Gauge In-
variant Atomic Orbitals (GTAQ) [36] method using
BALYP/G-3114+4+G* level of theory on Lhe structure,
optimized at B3LYP/6-31G** level. Tetramethylsilane
(TMS) was used as reference compaound to get the
chemical shifts in NMR experiment. therefore. the
'H and *C NMR spectra of this compound was also
calculated by the same method, described above for
nevirapine. The "H and '*C NMR chemical shifts of
nevirapine were subtracted by those of TMS to ob-
tain the predicted NMR spectra and compared to the
experimental values.

Results and discussion

Geomerrical calcularions and conformational
analvsis of nevirapine

The conformation of nevirapine was fully optimized,
based on different methods. The obtained structural
parameters with the lowest energy conformation cal-
culated by semiempirical methods and at the HF/3-

999

21G and HF/6-31G* levels and al the B3LYP/6-
31G™ level were compared with X-ray diffraction
data of nevirapine in the complex with RT. The
CHARMM force field was used to refine the structure
with resolution of 2.2 A. The compared structural pa-
ramelers oblained by each methods are presented in
Table 1. The indications are that all considered meth-
ods provide sufficiently good results for the tersion
angles. As expecied, the standard deviations are sig-
nificantly smaller for results obtained by ab initio and
density tunctional theory calculations than for those
obtained by the semiempirical methods (Table |).
There is only PM3 method that provides standard de-
vialion comparable to those of ab initio and DFT. 1 is
generally known that the HF/3-21G and HF/6-31G*
levels lead to a good geometry close to the results of
the accurate BALYP/G-31G* level of theory.

The dihedral angles which determine the position
of the cyclopropyl ring (CIS-N11-C17-C19, ¢} are
similar for all calculations and differ slightly from
that obtained by the X-ray investigation. Superimpo-
sition of the lowest energy conformation calculated a
the BILYP/6-31G™ level on the crystal structare of
nevirapine in the complex provides an agreement (root
mean squares deviation of 0.07) for the side chain, bul
only relatively small deviations of the positions of the
cyclopropyl ring.

For the determination of the other conformationa!
minima of nevirapine, the rotational potenuals of the
dihedral angles « were analyzed by semiempirical
methods (MNDQO, AMI1 and PM3), ab initio at the
HE/3-21G and HF/6-31G™ levels and additionally by
DFT at the B3LYP/6-31G** level. The dependence of
the energy on the dihedral angle o, calculated by dif-
ferent semiempirical methods, is depicted in Figure 3.
From this fipure, it can be seen that all semiempirical
methods (MNDQO, AM1 and PM3) lead to almost the
same conformational minimum when the dihedral an-
gle o is equal 10 218.47°. Moreover, considering the
analogous diagram for the results of the ab initio cal-
cutations at the HF/3-21G and HF/6-31G** levels and
DFT at the B3LYP/6-31G** level, il shows the same
energy minima at o = 218.47°. From these results, 1t
can be concluded that the dihedral angle o is restricted
to one minima at this torsien angle. Considering the
position of the energy minima in more details and by
comparing to the experimental values obtained by X-
ray investigation (otexp = 208.487), it can be seen that
the calculated values are nearly the same as the exper-
imental one. This is an indication for the fact that the



Table I. Selecied torsion angles of nevirapine, obtained by different methods and compared o

expcrimental X-ray crystatiographic data

X-ray?  Semiempirical Ab initio (HF) BiLYP
MNDG AMI  PM3 321G 631G 631G~
Torsion angle (deg)
020-C6-C14-C7 30.0 462 348 26.4 2t.1 241 2i.2
CL2-N11-C17-C19 68.7 74.7 78.2 76.9 69.6 732 71.2
CI2-N{1-Ct7-C18 136.8 1433 147.4 449 1317 142.0 136.9
CI4-CI5-N11-CH7 168.3 147.3 154.1 158.2 1548 [57.0 159.9
CI13-C12-N11-CI17 2001 2106 206.6 2059 2083 2069 2054
CI15-N11-C17-C19 2085 2164 2113 2132 2206 2164 217.4
CIS-NII-C17-C18  276.6 248.9 2805 281.2 2887 285.1 286 1
C6-N5-C13-C4 144.4 149.2 144.6 1305 1358 B3t 134.8
N5-C6-C14-C7 2129 228.7 275 20400 2022 20401 201.1
CI3-N11-CI12-N} 2388 2464 2499 2402 2376 2434 2379
C12-N11-CI5-N10 126.7 1123 1.7 t19.3 127.4 1221 127.9
SD" 125 8.47 83 9.0 83 7.7

“Data obtained from refs. [4] and [34] with resolution of 2.2 A
bStandard deviation (SD) = | ¥ (xpus. — .\’g,‘-,,,,)zln —1)2

conformation of nevirapine in (he inhibition complex
is rather close to its energy minimum conformation.

All possible alpha conformations were calculated®,
including the inverted butterfly-like shape. The en-
ergy barrier of all conformations indicated that therc
is only one minimum at the alpha torsion angle equals
to 218.47 deg which is possible to have two different
conformaticns by the flipped conformation of one an-
other. However. the conformation of nevirapine in the
complex structure s found to be equivalent with the
one energy minimum jnvestigated in this study. The
conformation that the two pyvridine rings pointed down
is very high energy and not possible to exist.

Calculated ' H-NMR and ' C-NMR chemical shifts of
nevirapine

[n order to get more information on the geometry in
sofution, the NMR spectra of nevirapine were calcu-
lated for the structural mintmum and compared o the
experimental 'H-NMR and '*C-NMR chemical shifts
[37, 38] which reported that the error on chemical
shifts is about 0.05. For the calculations, the recent
ests of NMR computational methods [36, 39, 40]
are limited 10 '3C and other heavy atoms. The errors
for '"H-NMR chemical shifts calculated at the HF/3-
21G level was reported to be one order of magnitude
tower than '3C errors at the same level of theory

“unpublished daa.

[36]. The NMR calculattons typically benefii from
and accurate geometry and a large basis set such as
at the B3LYP/6-3114++G(2d.p) level of theory [39].
Moreover, for larger basis sets. errors for 'H chem-
ical shifts consistently could be Jess than [ ppm and
sometimes less than 0.10 ppm [40]. Therefore. in
this study, the chermical shifts were calculated at the
B3LYP/6-311++G*" level and used the correspond-
ing B3LYP/6-31G** level for optimized structure. The
comparison of chemical shifts between experimental
and calculated "H-NMR and '*C-NMR are presented
in Tables 2 and 3 and also plotted in Figures 4 and 5,
respectively. The cortelation coefficients of the plot,
r? = 0.9974 for "H-NMR and r* = 0.9988 for '3C-
NMR, show an excellent agreement between experi-
mental and predicted chemical shifts. The comparison
of the experimental and calculated chemical shifts fa-
vors the presence of a conformation in solution which
is consistent with the optimized geometry at a dihedral
angle o of about 218.47 deg. As expected, itis foundin
this study that there is well agreement between chem-
ical shifts obtained by B3LYP/6-311++4+G** level,
except the 'H chemical shift of H23 (Figure 2a) atom
attached to nitrogen atom of 7-membered ring. As this
proton is an acedic proton, thus, hydrogen bonding
can strongly influence on the electronic environment
of this proton with oxygen of dimethyl sulfoxide sol-
vent [37], and hence, it is not possible to predict the
chemical shift of this proton.
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Based on our previous investigation on the con-
tormational analysis of HEPT and TIBO [29-31]. it
was found that there are two energy minima of each
structure. The main reason is due to the number of
rotatable single bonds and the flexibility of the in-
libitor structures. In both compounds. the comparison
of calculated 'H-NMR spectra with experiment indi-
cales that the preferable minimum of each compound
corresponds to the geometry of the molecules in the
association complex. However, it was found that. for
TIBO. the nitrogen inversion effect plays an important
role on conformational change and gives the butterfly-
like shape of TIBO similar to the complex structure
with HIV-1 RT. Taken into account. it can be con-
cluded that, in solution. nevirapine and some other
NNRTIs exist in one conformation which corresponds
10 the similar structure of molecule existing in the
complex.
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Summary. The conformational analysis of the HIV-1 reverse transcriptase inhibitor (+)-(5)-
4.5,6,7-tetrahydro-8-chloro-5-methyl-6-(3-methyl-2-butenyl}-imidazo[4,5,1-jk][ 1 ,41benzodiazepine-
2{1H }-thione {8-chloro-TIBQ) was performed based on ab initio (HF/3-21G, HF/6-31G{d,p}} as
well as on DFT (B3LYP/6-31G(d,p)) calculations. The potential energy surface of the malecule
obtained by variation of the two rotatable dihedral angles of the side chain was investigated in
detail, taking also into account the conformation of the seven-membered heterocyclic ring system.
Several energy minima of comparable energy were found; they were compared to the conformation
of the compound in the crystal structure of the inhibition complex with HIV-1 RT. The comparison of
the calculated energy minimum conformations with the crystal structure and the determination of the
distances between the molecule and the surrounding amino acids of the inhibition pocket shows that
the conformation in the pocket is close to an energy minimum conformation and the deviations are
caused by the interaction with the complementary protein surface.

Keywords. Conformational analysis; HIV-1 Reverse transcriptase inhibitors; 8-Chloro-T/B0;
NNRTIs.

Introduction

The reverse transcriptase (RT) of the human immunodeficiency virus (HIV) [1-4]
is a viral enzyme necessary for the catalytic formation of proviral DNA from viral
RNA. This enzyme has been an active target for drug development for a number
of years. Many inhibitors of HIV RT have been discovered, which can be divided
into two categories [5]. The first group consists of nucleoside reverse transcriptase
inhibitors (NRTIs) [6] such as AZT, ddi, and ddC. These are competitive inhibitors

* Corresponding author. E-mail: fscisph@ku.ac.th
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[7] which act as DNA chain terminators. The others are the non-nucleoside reverse
transcriptase inhibitors (NNRTIs) [8-10}, such as tetrahydroimidazo(4,5,1-jk]
(1,4]benzodiazepin-2-(1H )-one (7IBO) [11-13], I1-cyclopropyl-5,11-dihydro-
4-methyl-6H-dipyrido[3,2-52',3-¢][1,4]diazepin-6-one (nevirapine) [14], and
1-({2-hydroxyethoxy)-methyl)-6-(phenylthio)-thymine (HEPT) [15-16]. These
are noncompetitive inhibitors and bind noncovalently at a site proximal to
(~15 A) but different from the site of the polymerase activity. Inhibitors of the
latter class are particularly attractive drug candidates because their binding is
highly specific to the reverse transcriptase of HIV-1; therefore, they lead to less
adverse side effects. [17].

Although the various NNRTIs possess different chemical structures, it was
found that they bind at the same binding site of the enzyme. Moreover, these com-
pounds show a surprising shape similarity [18] as shown in Fig. L.

Generally, the NNRTIs share a common butterfly-like shape consisting of at
least two wings (more specifically: two m-electron containing moieties). In most
cases, these w-systems are aromatic rings, but for 77BO derivatives one wing is a
dimethylallyl side chain (Fig. 1). However, the analyses of resistance mutations
and the corresponding biochemical data suggest that these inhibitors bind at the
same position as other NINRTIs [19-21]. This fact is also strongly supported by
the X-ray crystal structure analyses of NNRTIs-enzyme complexes. The structural
flexibility of the TIBQO analogues seems to be important for the association of
the molecule into the binding pocket of the RT. Moreover, there exist several
investigations conceming the binding mode of the inhibitors to the non-nucleoside
inhibitor binding pocket (NNIBP), which determine the free energies of the
association reaction for both wild-type and mutant-type of HIV-1 RT [22].

Hi
e
Cl o

(b) H.C H 0

CH,
1)
8
HOA\IO\I

Fig. 1. Structures of non-nucleoside reverse transcriptase inhibitors T/80 (a), nevirapine (b), and
HEPT ()
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Molecular Dynamics and Monte Carle methods have been applied to provide some
infermation for a better understanding of the biological activity of T/BQ derivatives
[22-23].

In this study the structure of 8-Cl-7/BQO, one of the most potent HIV-1 RT
inhibitors, was investigated based on quantum chemical calculations in order to
obtain an accurate information about the conformational behaviour of this type
of compounds. The side chain of B-CI-7/BQ is rather flexible, and some degree
of freedom exists also for the seven-membered heterocyclic ring system. The
potential energy hypersurface of the molecule concerning the side chain was
calculated by an ab initio method, taking alsc into account conformational changes
of the ring system. Moreover, the local minima as well as the global one were
determined using ab initic and DFT methods. The energy minimum conformations
of 8-CI-TIBO were compared with the geometry obtained from X-ray diffraction
data of the molecule bound to the RT enzyme. An attempt was made to explain the
conformation of 8-CI-TIB(Q bound to the enzyme by comparison of its crystal
structure in the complex with calculated low-energy structures and by considera-
tion of the interaction of the inhibitor with the amino acids of the inhibition pocket.

Results and Discussion

The potential energy hypersurface

Due to the number of rotatable single bonds and the flexibility of TIBO structure
with respect to the seven-membered heterocyclic ring, the complete energy hyper-
surface cannot be shown graphically. However, as the side chain is the most
flexible part of the molecule, conformational changes of this substituent were
investigated primanly.

In former calculations on the rotational barriers of the 7/B(Q side chain [24],
two energy minima along the rotation of the dihedral angle o (C5-N6-C15-C16;
notation; see Scheme 1) were obtained together with a relatively high rotation
potential barrier in between. This work was based on MNDO results, but the use of
other semiempirical methods results in remarkably different energy minima, and
also the potential energy barriers cannot be compared with each other. It seems that
the conformations of T/BO depend on intramolecular interactions, which are
difficult to estimate with sufficient accuracy by semiempirical methods. Therefore,

19

Scheme 1. Structure and notation of 8-CI1-T/BO
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the energy hypersurface of the molecule was calculated using more accurate
ab initio methods. As the molecule is quite large for the application of ab initio
methods and the determination of an energy hypersurface requires a large number
of geometry optimizations, the Hartree-Fock method was used at the 3-21G level.

The potential energy hypersurface of 7/BO obtained for the side chain by
varying the dihedral angles « and 3 is illustrated in Fig. 2.

As demonstrated in Fig. 2, there exist some regions of low energy and some
pronounced potential barriers with relatively high energies due to steric inter-
actions of the side chain with the ring system. This concerns mostly the dihedral
angle B with values between + 90 and —90° (270°). For § values between 90 and
270° the potential energy surface is more smooth within the complete range of the
dihedral angle . Two regions of lower energy can be observed for the dihedral
angle o from 60 to 150° (8 from 110 to 260%) and one between 190 and 340° for
o and 90 and 260° for §. There is another low-energy region for & values between
180 and 220° corresponding to a range for [ between 50 and 100°. The barriers
between these regions of lower energy are not higher than 20 kJ/mol, which allows
a sufficiently fast exchange between these conformations.

Influence of the side chain motion on the conformation
of the heterocyclic ring

Evidently, there are more degrees of freedom for the conformation of 8-CI-7/BO,
determined by the structural diversity of the seven-membered ring system. As a
complete conformational analysis of the heterocyclic ring system is rather difficult,
only geometries of the calculated energy hypersurface were considered where the
position of the methyl group is equatorial, which corresponds to the conformation
of 8-CI-T{BQ in the association complex with the enzyme. In Fig. 3 the response of

360 s T Relati
N . <clave CI'ICIE!'
330 \_) . S kJ-mol™
300 ‘ g TR 100
85.0
270 0.0
85.0
g 240 = %Ag
g 20 70.0
ss.g
5 180 60.
g 55.0
5 450 50.0
3 b
,_q 124 ggg
B X
T % 25.8
20.
& 6Q 15.0
10.0
a0 5.00
)

e R,
0 30 60 S0 120 150 180 210 240 270 300 330 360
dihedral anglo atpha / dogreos

Fig. 2. Potential energy surface of 8-CI-TIBO calculated at the Hartree Fock {(3-21G basis set) level

as a function of the variables ¢ and 3 (C5-N6-C15—C16 and N6—C15-C16=C17 dihedral angles);

energy values (kl/mol) refer to differences with respect to the absolute minimum; the white spot

represents the structure of 8-CI-7/B0O in the association complex with HIV-1 RT as determined by
X-ray diffraction
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Fig. 3. Selected dihedral angle changes in the seven-membered ring as a function of ¢ and 3

the heterocyclic nng system on changes of the position of the side chain is shown,
monitored by selected dihedral angles in the seven membered ring. In these
diagrams, both axes correspond to rotation of the side chain (as in Fig. 2); however,
instead of using the energy of the molecular conformations (Fig. 2), the isocontour
lines indicate the monitor angle of the heterocyclic ring.

The dihedral angle A7 (C4-C5-N6-C15;.see Scheme 1) monitors the motion
inside the ring system, A2 (C14—-C5-N6-C15) describes the relative position of the
side chain and the methyl group. A3 (C15-N6—C7-C13) and A4 (N3-C4-C5-C14)
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depict the position of the side chain and the methyl group relative to the aromatic
ring system. A5 (C12-N3-C4-C5) tells about the conformation of the ring close to
the methyl group. The dihedral angle N defined by C5-N6-C7-C15 does not
describe a rotatable bond, but it is a measure for the conformation at the nitrogen
atom. As can be seen from Fig. 3, there are significant differences concerning the
conformation of the ring system for both low-energy regions of the potential
energy hypersurface. The position of the methyl group remains the same as in the
crystal structure, there is no inversion of the heterocyclic ring (the dihedral angle
A4 varies only for about 20°). Since three atoms (N3, C12, C13) of the diazepine
moiety (seven membered ring) are part of the planar benzoimidazole system, the
conformational flexibility of the ring i1s determined by the remaining four saturated
atoms (C4, C5, N6, C7). As there is no change of the equatonal methyl group
position, the nitrogen inversion of atom N6 leads to the predominant conforma-
tional change of the TIBO structure with respect to the orientation of the
dimethylallyl side chain. This nitrogen inversion is confirmed by considering the
structure along the conformational change of the dihedral angles N, A/, A2, and A3
in Fig. 3 (these dihedral angles vary for more than 100°).

The geometries of two characteristic grid points of the hypersurface are
superimposed in Fig. 4. The first geometry, which is drawn in light gray, depicts a
geometry with o =150° (3= 180°); the other structure results from the angle
a=210° (=180 and is drawn in black. The superposition of both geometries
clearly shows the importance of the nitrogen inversion on the conformational
changes of 8-CI-T/BO. To avoid steric interactions of the side chain with the
aromatic ring systems, this inversion keeps the side chain in almost the same
distance during the rotation of both dihedral angles.

For the low-energy regions, the exact positions of the energy minima have been
determined by energy minimization starting from the pearest grid points. This
procedure was also performed with an ab initie method with higher basis set
(HF/6-31G(d,p)) and a density functional theory method (B3LYP/6-31G(d,p)). The
results are given in Table 1.

Fig. 4. Influence of the niwrogen inversion on the conformational change of 8-C}-Ti80; both struc-
tures are at the same grid point of = 180° and different values of & (150 and 210°) as drawn in light
gray and black color, respectively
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Table 1. Comparison of some selected dihedral angles of structures at local minima obtained by
various methods of calculation

Dihedral angle/® Relative energy
a® & NE Al AZ A3 Ad® Ash kJ-mol™
HF/3-21G

68.4 235.8 198.8 219.6 97.2 8L.5 178.9 296.5 472
84.0 133.1 198.3 221.7 99.3 g1.4 177.7 296.1 7.59
147.6 129.9 152.6 193.1 70.6 116.0 170.2 293.8 7.51
1949 69.4 214.9 246.5 124.0 61.2 1723 294.3 5.54
2204 229.5 207.0 2389 116.3 69.0 1733 2943 0.00
2977 129.7 2134 246.6 124.1 617 [71.2 294.6 0.54
3072 292.7 214.6 246.5 124.1 61.3 172.2 1947 545

HE/6-31G(d,p)
706 2429 2036 2236 997 797 1804 2946  8.04
80.6 1306 2026 2250  101.1 80.3 1792 2932 932

1513 1291 1413 186.1 619 1276 1694 2915 406

1933 798 2178 2495 1253 605 1730 2922 779

208.1 2286 2150 2471 1228 635 1735  291.8 195

2931 1273 2170 2496 1255  60.9 1729 2924  0.00

302.2 286.7 217.3 248.6 124.5 61.2 173.8 2927 7.28

B3LYP/6-3{G(d,p)

68.7 2425 210.1 218.3 94.6 78.9 185.8 299.1 5.94
79.4 129.7 208.7 2204 96.6 79.4 1843 2970 8.53
155.2 129.1 1383 184.9 60.8 129.9 168.4 292.1 4.36
193.5 7 219.7 2525 128.4 58.8 171.5 2934 7.00

207.8 230.5 216.6 249.8 125.6 61.9 172.2 292.9 1.21
295.5 128.2 218.8 252.0 128.1 59.2 171.5 293.7 0.00
304.6 289.1 2193 2522 128.3 59.1 171.8 293.6 6.87

X-Ray structure of §-C1-T/B0/HIV-1 RT
121.8 164.4 152.1 191.4 81.5 116.8 1449 307.0

* a1 C5-N6-C15-Cl16; ® §: N6-C15-C16=C17; ® N: C5-N6-C7-C15;° A): C4-C5-N6-CI15;
¢ AZ: C14-C5-N6-C15; T A3 C15-N6-C7-C13; ® A4: N3-C4-C5-C14: " A5: C12-N3--Cd~C5

All obtained optimized structures were confirmed as local minimum structures
by vibrational frequency calculations. The number of minima is equal for all
methods used, and also their positions are comparable throughout. With HF/3-21G
another global minimum was calculated than for the other methods, but the energy
differences between them are not significant. Generally, the energy differences
between the minima are rather small, as a consequence of the high flexibility of the
molecule.

The HF/6-31G{(d,p) and B3LYP/6-31G(d,p) calculations give the same global
energy minimum conformation with dihedral angles  and 3 between 293-295 and
127-128°. In addition, there exist other significant minimum structures (Table 1,
Fig. 2).
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Comparison between calculated and experimental geometries of 8-CI-TIBO

The geometry of 8-CI-7/BO in the association complex with HIV-1 RT appears to
be similar to that of the third minimum given in Table [; it is marked by a white
circle in Fig. 2. This conformation is located at a low conformational energy
region, but there are deviations of the molecular parameters compared to the
calculated energy minimum structures. A comparison between the closest local
energy minimum conformation calculated by various methods and the geometry
obtained by X-ray diffraction is given in Table 2.

The differences in the calculated bond distances for the various methods are
smaller than 0.025A except for the hetero atoms sulfur and chlorine where
differences around 0.06 A are observed. The deviations of the crystal structure with
regard to the bond distances are not larger than 0.055 A the carbon—chlorine bond
length appears to be shorter than calculated (0.08 A). The differences for the
valence angles are not larger than 1.5° within the various methods of calculation
(except for two angles in the seven-membered ring). The experimentally
determined angles differ to a higher extent from the calculated ones, particularly
for the angles at the aliphatic nitrogen atom (N6). For the dihedral angles the
differences of the values obtained from the calculations are somewhat larger
(below 4.7°, except for o (7.5%) and C14-C5-N6--C15 (9.4°}). The differences to
the experimental structure are mostly smaller than 11.6°, except for two different
effects. The first concerns the rotation of the side chain, where differences of 33.3°
and 35.3° are observed for o and J, and the second the dihedral angles describing
the position of the methyl substituent (20.5° and 25.3°). These deviations from the
calculated values are a consequence of the interaction of the compound with the
surrounding amino acids of the inhibition pocket. A superposition of the X-ray
structure and the calculated geometry (B3LYP/6-31G(d,p) is given in Fig. 5.

From Fig. 5 it can be clearly seen that the position of the side chain differs
significantly for the experimental and the calculated structure. The amino acids of
the inhibition pocket are also given to visualize the interaction of the inhibitor with
the complementary surface of the protein. In Table 3, distances below 4 A of atoms
of 8-CI-TIBO with atoms of the amino acids are taken from the X-ray investigation.

The deviation of the side chain from the energetically favourable position
obtained by the molecular calculation results from the much better van der Waals

Table 2. Suructural parameters of 8-Cl-T/BO calculated by different methods together with those
obtained by X-ray diffraction data (bond lengths in A, bond angles and dihedral angles in degrees); for
labels, see Scheme 1

Structural parameters X-Ray Hartree-Fock DFT
3-21G 6-31G(d.p) B3LYP/6-31G(d,p)
Bond length
N1-C2 1.429 1.356 1.351 1379
C2-N3 1.396 1.354 1.353 1.383
N1-C11 ) 1.434 1.391 1.383 1.388
Ci1-C12 1.338 1.383 1.33] 1.402

{continued)
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Table 3. Comparison of the inicratomic distances between atoms of §-CI-T/BO and amino acid
residues in the NNIBP of HIV-1 RT

Amino acid residues  Intleratomic distance/A Amino acid residues Interatomic distance/A

X-Ray Calc. X-Ray Calc.
minimum [Mini muim

Tyr188 Trp229

C15-CB 34 5.0 C19-NEI 3.7 79
CI15-CG 3.6 52 C19-CDI 3.8 8.6
Ci5-CD2 3.5 438 C19-CG 38 8.4
C19-CZ 3.7 8.1 CI19-CE2 37 7.0
Cl19-CE2 3.4 8.3 Ci9-CD2 37 7.4
C19-CEl 4.0 9.3 C18-CE2 38 6.1
C19-CD2 35 77 C18-CD2 3.7 0.9
C19-CG 38 8.0 C18-CZ2 37 54
Ci4-CB 39 4.1 C18-CE3 34 7.0
Ct4-0 3.1 32 C18-CH2 3.3 5.6
C1-CD2 35 38 Cl18-CZ3 32 6.4
C1-CE2 3.8 4.0 Leu100

Tyri8l NI-CB 34 314
CI5-CG 3.8 4.5 NI1-CDI 4.0 s
Cl5-CB 35 4.4 Cl1-CB 3.9 38
Cl5-CD2 39 4.8 Cl11-CDI 3.7 3.6
Cl14-CB 34 3.0 C10-CD1 37 37
Cl4-N 35 32 Lys101

Vall79 NI-N 3.6 3.7
Cl4-CGl 3.8 36 N1-0O 2.6 2.7
Cl4-CB 4.1 4.5 NI1-C 38 39
Cl4-0 3.8 4.0 Cl1-0 16 37
C4-CGl 35 33 C2-0 37 3.6
C4-CB 4.0 4.0 Tyr318

S-CG1 38 4.0 Clo-cz 37 37
Phe227 CI10-0H 3.6 36
Cl1-CD2 3.7 3.6 C9-0OH 36 36

interaction with the amino acids Tyrl88 and Trp229 in the complex, which
overcompensates the energy necessary for the conformational change. For the other
amino acids of the cavity the van der Waals contacts between the calculated
structure and the real compound are more or less the same. A good agreement of
the molecular surface and the complementary protein surface is also demonstrated
in Table 3 and Fig. 5.

Conclusions

The conformational analysis of 8-C1-T/BO based on quantum chemical calcula-
tions shows that the geometry of the compound is mainly determined by the rigid
aromatic ring system and the position of the side chain. As this side chain is rather
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flexible, the energy hypersurface gives some insight into the conformational
possibilities, the range of flexibility, and the consequences thereof on the seven
membered nng system to which the side chain is attached. The experimentally
determined geometry of the inhibitor in the complex with HIV-1 RT compared with
the calculated conformations shows that the interaction with the moiety in the
cavity influences the conformation, but the energy barrier between the energy
minima and the geometry in the complex s rather low and is compensated by the
enhanced van der Waals interaction.

Methods

The starting geometry of 8-CIi-T780 was obtained from X-ray crystallographic data of the HIV-1
RT/8-CI-TIBO complex [18], avaiiable from the Brookhaven Protein Data Bank (1hnv) [25]. The
potential energy surface of the side chain of the molecule was calculated by the minimization of the
geomelries at fixed dihedral angles o (C5-N6-C15-C16; notation see Scheme 1} and F (N6-C15-
C16=C17), which were varied with a step size of 30°, each (rom 0 to 360°.

Fully optimized structures of the global minimum and the local minima were obtained starting
from grid potnts of similar geometry using ab initio methods (HF/3-21G, HF/6-31G(d,p)) as well as
one DFT method (BALYP/6-31G(d.p)).

The results of the calculations were compared to the experimental data, i.e. the X-ray crystal
structure of 8-CI-77B¢ in the association complex with HIV-1 reverse transcriptase. All calculations
were run by the GAUSSIAN 98 program package (26] on an IBM/SP2 machine and a cluster of
Digital Alpha Servers (2100 4/275) at the University of Vienna.

For the consideration of the interaction of the inhibitor with the amino acids of the inhibition
packet, various low energy conformations were superimposed with the experimental structure, and
the distances of all atoms of the molecule to the atoms of the amino acids of the pocket surface were
estimated.
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Abstract; Non-nuclecoside reverse transcriptase inhibitors (NNRTIs} such as TIBO, HEPT
and dipyridodiazepinone are effective against HIV-1 RT. These NNRTIs are chemically
and structurally diverse, but they all bind to a common allosteric site of HIV-I RT. These
inhibitors exhibit high potency, low cytctoxicity and produce few side effects. However, the emergency of
drug-resistance viral strain has limited the therapeutic efficiency of the NNRTIs. Several different QSAR
studies were reported to identify important structural features responsible for the inhibitory activity of these
NNRTIs. In this study, hologram quantitative structure-activity relationships (HQSAR) was applied to three
different data sets, 70 TIBO, 101 HEPT and 125 dipyridodiazepinonc derivatives. Starting geometries of
compounds were laken from available X-ray crystallographic data. Modification and full geometry
optimization of all derivatives were performed, based on quantum chemical calculations at the HF/3-21G level
of theory. All derived HQSAR models produce satisfying predictive ability and yield r?,, values ranging from
0.62-0.84. Moreover, it was also found that the quality of models enhances as the size of fragments increases.
The obtained HQSAR results indicate the similarity of the interactions of these three different NNRTIs with the
inhibition pocket of Ihe enzyme. Comparisons of different QSAR methods on these NNRTIs data sets were also
considered and it could be shown that HQSAR results yield superior predictive models than other 2D-QSAR
approaches. In particular, the predictive ability of the models derived from dipyridodiazepinone analogues
was significantly improved and apparently revealed differentiating structural requirements between WT and
Y181C HIV RT inhibition. Additionally, the quality of QSAR models constructed by CoMFA and HQSAR
methods are comparable and the interpretations of the models reinforce cach other. It suggests an advantage of
HQSAR as a useful too!l in designing new potent inhibitors with enhanced HIV-1 RT inhibition activity,
especially against mutant enzyme.

Key words : HQSAR, HIV-1 reverse transcriptase inhibitors, TIBO, HEPT, dipyridodiazepinone, quantum chemic:
calculations, mutant enzyme, PLS.

INTRODUCTION HQSAR models can be obtained more rapidly than othc

techniques and has been successfully applied to differen
Hologram QSAR (HQSAR) is a novel QSAR method, classes of compounds [2-5].
which relates biological activities with structural molecular
compositions, described in terms of substructural fragments
[1]. This method removes problems associated with 3D-
QSAR approaches, that is the need for determination of 3D-
structure, putative binding conformation and molecular
alignment. In addition, the selection and determination of
the physicochemical descriptors needed by classical QSAR
arc alsc disregarded. Only 2D-structures and biotogicai
activities are required as input information. In this method, a
chemical structure is converted to a characteristic molecular
fingerprint, which is then transferred in binary form to an
integer array of fixed length to build up a molecular
hologram. The bin cccupancies of the molecular holograms
are structural descriptors encoding compositional and
topological molecular information. The corresponding

Reverse transcriptase (RT) is the essential enzyme ¢
human immunodeficiency virus type 1 (HIV-1) for th
replication of the single-stranded viral RNA genome int.
double-stranded DNA. The enzyme has thus been a crucia.
target for AIDS treatinent. Tetrahydroimidazo [4,5,1-jk][1,4,
benzodiazepinone or TIBO [6], 1-[(2-Hydroxyethoxy
methyl]-6-(phenylthio)thymine or HEPT [7] and Il
Cyclopropyl-5,1 1-dihydro-d4-methyl-6 H-dipyrido[3,2-b:2°,3".
¢](1,4]diazepin-6-one or nevirapine [8) are effective non-
nucleoside reverse transcriptase inhibitors (NNRTIs). Their
general structures are depicted in Figs. (1}(3), respectively
These NNRTIs are chemically and structurally diverse, bu.
they all bind at 2 common site in HIV-1 RT, They exhibi.
high potency, low cytotoxicity and produce few side cffects.
In particular, nevirapine is now currently on the market ar
AIDS drug (Viramune®) [9]. However, the emergency o
drug-resistance viral strain has limited the therapeutic

*Address correspondence to this author at the Department of Chemistry,

Faculty of Scicnee, Kasetsart University, Bangkok 10900, Thailand; E-
mail: fscisph@ku ac.th

0929-8673/03 $41.00+.00

efficiency of non-nuclcoside inhibitors [10-11}. The
mutation of residue 181 from tyrosine to cysteine (Y181C

© 2003 Bentham Science Publishers Lid.
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15 associated with resistanee o nevirapine [12] and 1o some
other nonnucleoside inhibitors (13].

Fig. (1). Structure of tetrahydroimidazo [4,5,1-jk][1,4}
benzodiazepinone (TIBO).

Fig. {2). Structure of 1-[(2-Hydroxycthoxy)methyl]-6-
(phenylthio}thymine (HEPT).

Fig. (3). Structure of 11-Cyclopropyl-5,11-dihydro-4-methyl-
6 H-dipyrido[3,2-b:2",3*-¢][1,4])diazepin-6-0né or nevirapine.

Hannongbua et al,

A number of QSAR studics were reported to identify
important structural features responsible for the inhibition of
these classes of compounds [14-21]. Recently, we have
performed 2D-QSAR of the threc mentioned classes of
NNRTI, using various motecular praperties of the inhibitors
obtained from quantum chemical calculations by means of
linear regression analysis [22-23]. With TIBO and HEPT

‘derivatives, the obtained QSAR models are satisfying in

both statistical significance and predictive ability, and they
provide helpful information for the explanation of structural
requirements of particular compounds to deal with biological
activities. In contrary for dipyridodiazepinone analogues the
use of similar structural descriptors seems to be not
sufficient to set up a proper QSAR model, as indicated by
unsatisfied predictive ability value (unpublished results). For
this class of compounds, an attempt to create a prediction
model has been made using steric descriptors such as
connectivity {24] and topological indices [25-26]. Actually,
the obtained models show improved predictive ability [28).
Moreover, an artificial neural network (ANN) was applied to
develop non-linear QSAR models of dipyridodiazepinone
analogues [29]. The results reveal satisfying models for the
activity against both WT and Y181C HIV-1 RT. An
additional 3D-QSAR study, based on comparative molecular
field analysis (CoMFA), was also performed on these data
sets [23, 29-32]. The results are successful in establishing
the relationships between steric and electrostatic ficlds
encoding detailed information about intermolecular
interactions between the inhibitors and the binding site of
the protein.

In the present study, the HQSAR approach has been
applied to determine the applicability of this method and to
obtain additional information about common structural
requirements of three different classes of HIV-1 RT
inhibitors: TIBO, HEPT and dipyridodiazepinone
compounds. The comparison with results obtained from
other QSAR methods for these NNRTIs indicates the
advantage and applicability of HQASR as a novel uscful
tool in drug design.

METHODS OF CALCULATIONS
Biological Data

Three different data sets of HIV-1 RT inhibitors: TIBO,
HEPT and dipyridodiazepinone derivatives, were employed
to develop QSAR models. The chemical structures and their
inhibitory activities against WT HIV-1 RT of 46 TIBO and
82 HEPT compounds were obtained from references 23 and
30, respectively. Unlike the other two data sets, 91
dipyridodiazepinone derivatives were reported for two
different biological activitics against WT HIV-1 RT and
Y181C HIV-1 RT as listed in Table 1, taken from references
[33-37]. The compounds mentioned above were used as
training sets for the HQSAR studies of the three classes of
NNRTIs. To evaluate the predictive ability of the resulting
models, 24 TIBO, 19 HEPT and 34 dipyridodiozepinone
compounds were used as test set. They are listed in Tables
2-4, respectively. The potency of the compounds is defined
as log (1/C), where C is the effective inhibitory
concentration required to achieve 50% protection of MT-4
cell against the cytopathic effect of HIV-1.
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Table 1. Structure of 91 Dipyridodiazepinone Derivatives and Experimental Biological Activitics Against Both WT RT and
YISIC RT
Expl. lep (1/C)
Compd. no. Rr1 R2 R3 R4 RS | wrRT | vIsicRrT
| H Cily H |H CyHs 7.10 5.58
2 H CHy H H Calls 7.40 5.74
3 H H CHy | H CaHs £.89 566
4 CH, CH, H H C,Hs 7.70 600 |
5 CHyCH, CHy H CaHs 6.92 592 |
6 CH(CH3), CHj H CHg 6.00 6.00 E
7 C(CH3);3 CHy H C,H; 6.00 600 |
8 C=CHCOOCH, H CH; | H CyHs 6.74 617 |
9 C=CHCONH, H CHy | H CaHs 6.60 5.62 i
10 F CH;y H H CpHs 7.70 607 !
1 Q CH; H H C,Hg 7.70 611
12 a CHj H CgH; 800 6.10
13 a H CH; | H C3Hs 7.04 604
14 NH; H CH; | H C,Hs 6.00 600
15 NHCH;, H CcHy | H C,H; 6.72 615
16 NH C,Hs H CH; | H CyHs 6.64 5.89 J
17 NHCH,CH;CH,0H CH, H H CoHs 704 600
13 N(CH3), H CH; | H C,Hs 7.15 6.11
19 N(CH;)CH,CH,0H CHy H H C,Hs 8.00 6.00
20 N-3,4-didehydropyirolidiny| CHy | H CqHs 752 619
21 N-piperidiny] CHy | H CoHs 6.52 600 |
2 N-morpholinyl H CH; | H C,Hs 6.40 6.00 }
23 N-thiemorpholiny! CH, H H CqHs 6.82 6.00 i
24 N-pyrolyl H CHy | H CgH; 7.04 6.68 |
25 | oH H CH, | H CHs | 633 600 |
26 | OCH; H CH; | H CHs | 692 506 |
27 SCHy CH4 H H CyH; 1.70 600 !
28 2-furanyl H CHy | H CoHs 6.96 6.80
29 3-furanyl H CHy | H CoHs 7.40 6.96
30 3-pyrrolyt H CH; | H CaHs 7.52 7.40
31 3-pyrrolyl H cHy | H CsHj 730 722 |
32 S-imidazolyl H CH | H C,Hs 6.89 6.72
33 4-pyrazolyl H CH; | H C3Hs 7.2 730
34 phenyl H CHy | H CyH; 6.64 sgs |
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{Vable 1} <ontd.....

Hunpongbog ot of,

l ’— Expl. fag (1/C)
compd. o o K2 K3 R RS | WTRT | vi8ICRT

15 r—chcn]-phcny: H CHy | B 2115 6.82 6.68
e [ 4-:0C16 pheny! i CHy | H Cails 5.49

37 2-pyridy! H CHy | H CyHg Lfi‘ 5.80

38 3-pyridyl H CH; | H C3Hs 6.74 6.36

3 3-{6-OCH;-pyridyl) H CHy H CyHs 5.92 5.52

40 3-(6-OH-pyridyl) H ol H CaHg ﬁ 6.00 |
o H CH3NHPh j H H CyHs 2 | 586
@ H CHLO(Ph-p-NHy) | H H CyHg | 70-0T 6.00
u3 H CH,0(Ph-p-NHEL) | H H | CaHs 700 | 637 |

4a oH CH,0CH Ph H H CaH; 6.95 597

4‘,
45 A\ H CHy | H CiHg 7.55 7.55
N
o

46 « N H CHy | H CoHs 6.68 6.70
i o

47 H H CH;y | CHOH CoHs 7.30 613 |

48 H H CHy | (CHy)»OH CyHs 6.37 5.60

49 H H CHy | (CHzRCN CqHs 6.68 5.67

50 H H CH; | (CH2)CONH; CoHs 6.21 521

51 H H CH; | (CHp;Ph C3H; 730 6.89

52 H H CH; | CHyPh CoH; 692 5.92

53 H H CH; | (CHyhPh C3Hs 692 5.93
| H H CHy | cis-CH=CHPh CoH; 6.60 6.24

55 H H CH; | (CHp) (4-pyridyl) CaHs 7.52 6.96

56 H H CHj | (CHg)s (3-pyridyl) CaHs 6.89 6.49

57 H H CH;y | (CHyk (2-pyridyl) C4Hg 672 6.00

S8 H H CH; | (CHp)p(S-pyrimidyl) CaHg 621 6.00

59 H H CHy | (CHz)s (A-tolyl) CHs | 7.00 6.60

0 H H CH; | (CHa)z (-tolyD CHs 6.96 6.55

61 H H CH; | (CHp)p (4-{2-picolylp) CyHs 7.52 7.04

62 H H CHy | (CHz)y (4-anilinyl) CaH; 7.22 6.70

63 H H CH; | (CHp) (2-anilinyl) CaHs 7.0 577

64 H H CH; | (CHy)(3-fluorophenyl) C4H; 692 6.43




