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Interaction Kinetic Characterization of HIV-1 Reverse Transcriptase Non-nucleoside Inhibitor
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To decipher the mechanism for non-nucleoside inhibitor resistance of HIV-1 reverse transcriptase, the kinetics
of the interaction between wild type and drug-resistant variants of the enzyme and structurally diverse
inhibitors were determined. Substitution of amino acid residues in the inhibitor binding site resulted in
altered rate constants for the pre-equilibrium between two unliganded forms of the enzyme, and for the
association and dissociation of the inhibit@nzyme interaction. The Y181C, V108I, and P225H substitutions
affected primarily the association and dissociation rate constants, while the K103N and the L100I substitutions
also influenced the equilibrium between the two forms of the free enzyme. The K103N and the L100I
substitutions were found to facilitate both the entry of the inhibitor into the binding pocket as well as its
exit, in contrast to what has been reported elsewhere. Interaction kinetic-based resistance profiles showed
that phenethylthiazolylthiourea compounds were relatively insensitive to the studied substitutions.

Introduction mechanism and if, for example, a poor inhibitor binds with low

The discovery of the first non-nucleoside reverse transcriptase@ffinity or lacks the capacity to induce the inhibitory confor-
inhibitorst (NNRTI?)1-3 and the introduction of the first NNRTI- ~ Mational change. . o .
based drug, nevirapine, in 1996 constituted cornerstones in the Although implementation of NNRTI-containing regimens
therapy of acquired immunodeficiency syndrome (AIDS). Since Significantly reduces the death rates of HIV-1 mft_acted_ |n_d|V|du-
then, two further NNRTIs have been approved for clinical use: alsi*'® the emergence of resistant viral strains limits the
delavirdine (1997) and efavirenz (1998), and several new effectiveness of currently available drugs. A large number of
NNRTI drug candidates are in different stages of developfiént. ~ drug resistance mutations in HIV-1 RT, selected in patients
Non-nucleoside inhibitors are commonly used in combination treated with NNRTIs, have been descriéd single mutation
with nucleoside reverse transcriptase inhibitors (NRTIs) and IS frequently sufficient to cause high-level resistance to NNRTIs

protease inhibitors, a treatment referred to as highly active anti-and amino acid substitutions usually occur in the segments
retroviral therapy (HAART). composed of RT amino acids 9808, 179-190 and 225

NNRTIs are allosteric inhibitors of the immunodeficiency 236:°*" The most common resistance variant of HIV-1 RT is

virus type 1 (HIV-1) reverse transcriptase (RT). They bind to a K103N. This substitution confers cross-resistance to almost all

hydrophobic cavity in the p66 subunit of the heterodimeric currently available NNRTI$¢™18 Other drug-resistance muta-
enzyme. This pocket is not visible in the structure of the tions commonly occur in combination with K103N, such as

unliganded enzym&:1° Unlike NRTIs, which interact with L100l, V108I, and P225H. Another frequent substitution as-
active site residues and function as chain terminator in DNA Sociated with NNRTI resistance development is Y181C, there-

elongation, NNRTIs inhibit the polymerase activity through fore also included in this study. _ _
structural distortions in the enzyme. Structural comparisons of ~ Although structures of several drug resistant mutants in
unliganded RT and in complex with NNRTIs have revealed that complex with inhibitors are available, the complex network of
NNRTI binding induces repositioning of residues in the non- factors contributing to resistance is not completely understood.
nucleoside inhibitor binding pocket, which restricts the flexibility ~The most obvious result of drug resistance mutations, like the
and mob”'ty of the thumb domain and locks it in an open frequent Y181C SubStItUtIOI‘], is the loss of contacts between
position9-12 Additionally, the positions of the active site the bound inhibitor and the substituted amino &gitk:*92
residues, situated about 10 A away from the non-nucleoside However, other amino acids associated with resistance do not
inhibitor binding pocket, are alterédBut, as NNRTIs are  interactdirectly with inhibitors, indicating that other mechanisms
allosteric inhibitors and the inhibition mechanism is indirect, @lso occur. It has been proposed that the K103N substitution
compounds that bind efficiently to the enzyme may only result constitutes a novel mechanism of qlrug_ resistance b_y stabilizing
in partial inhibition of polymerase activiti? It is therefore  the closed form of the non-nucleoside inhibitor binding pocket.
difficult to determine the details of the complete inhibition The affinity for the inhibitor is thus primarily reduced by
slowing down the association rateAlthough this hypothesis

*To whom correspondence should be addressed.fi48. 18 4714545, is supported by steady-state experiments with nevirafsiite,
faxT+46 18 558431, e-mail helena.danielson@biokemi.uu.se. ignores the observation that the some second generation NNRTIs

. nggmgm 8; (B:'é’lfgf]rg',f/}geacﬂfaroé?;’;'gy(:hem'S”y' are hardly affected by this pan-NNRTI resistance mutaifen.

a Abbreviations: RT, reverse transcriptase; AIDS, acquired immunode- 1O elucidate the mechanism for NNRTI resistance, we
ficiency syndrome; NRTI, nucleoside reverse transcriptase inhibitor; NNRTI, adopted a surface plasmon resonance (SPR) biosensor-based
non—n_ucleos_lde reverse transcriptase inhibitor; PETT, phenylethylthlaz— method for studies of the pre-steady-state kinetics of the
olylthiourea; HAART, highly active antiretroviral therapy; SPR, surface . . T R
plasmon resonance; NH8I-hydroxysuccinimide; EDCN-ethyl-N'-((di- Interaction bet\Neen_HIV'RT and NNR §Jn.the 'n't!al study
methylamino)propyl)carbodiimide. using this method, it was shown that the interaction between
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Figure 1. Chemical structures of analyzed non-nucleoside HIV-1 RT inhibitors.

Figure 2. NNRTI binding pocket of HIV-1 RT with bound efavirenz (PDB entry 1IKW). A, Visualization of amino acid residues substituted for
this study. B, Protein surface colored with respect to electrostatic potential, red and blue for negatively and positively charged areaslyrespectiv

NNRTIs and HIV-1 RT depended on a pre-equilibrium between kinetics of these enzyme variants and the current set of
two forms of the enzyme @Eand E), of which only & was structurally diverse inhibitors it was possible to gain insight into
capable of binding the inhibitor. In addition, two kinetically the mechanism of resistance and the role of certain amino acid
distinct enzyme-inhibitor complexes could be identified and residues in the binding process. In addition, this strategy allowed
ligand-induced conformational changes were detected. In theinteraction kinetic-based resistance profiling of the inhibitors.
present study, the effect of different amino acid substitutions
in the non-nucleoside binding site of HIV-1 RT on both the Results

pre-equilibrium and the interaction with NNRTIs was investi- The interaction between HIV-1 RT and NNRTIs was studied
gated. We extended the number of compounds investigated fromby injecting a series of different concentrations of 11 NNRTIs
four to eleven (Figure 1) and used wild type enzyme and enzyme (and a racemic mixture of two of the compounds) to seven
with certain combinations of substitutions in five residues in, immobilized HIV-1 RT variants. Figure 3 shows the experi-
or in the vicinity of, the NNRTI binding site (Figure 2), all mental sensorgrams and the corresponding theoretical curves
relevant for NNRTI resistance. By determining the interaction (see below) for all mutant-inhibitor combinations. Clearly, each
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Figure 3. Sensorgrams of the interaction between HIV-1 RT variants and non-nucleoside reverse transcriptase infidoiderstime scale

(entire length of the sensorgram: 210 ¥)axis: response scale (Original responses ranged between 0 and 50 RU). The inhibitors were injected
for 60 s in series of concentrations, typically 0.04, 0.08, 0.16, 0.32, 0.64, 1.28, 2.56;N8.Ithe concentrations for nevirapine were 0.47, 0.94,
1.88, 3.75, 7.5, 15, 30, 60M (L100I), 7.5, 15, 30, 6«M (K103N/V108I, K103N/P225H, K103N/L100l), and 0.32, 0.64, 1.28, 2.56, 5.12, 10.24,
20.48, 40.9«M (wt, K103N, Y181C), respectively. Theoretical curves obtained by the global analysis (black) using the most appropriate model
in each case are overlaid the experimental traces.

inhibitor has a unique interaction profile, not only with the wild Scheme 1

type enzyme, but also with the resistance variants. This overview k, (1k, k, [k,
shows that the K103N/L100I substitutions were the most E;—= Ey+—E;l E* T Eg* e El*
detrimental, as all inhibitors dissociated very rapidly from this k, k, k, K.,

variant. The other variants all had at least a few inhibitors with
slow dissociation. From an inhibitor perspective, some of the Scheme 2

inhibitors dissociated very rapidly from all enzyme variants k, [k,

except the wild type, indicating that their interaction was very E.= > E. = *E [

sensitive to the studied amino acid substitutions. A more detailed T= N R N R

analysis of the interaction required selection of a suitable P !

interaction model and determination of the corresponding and K103N/L100I mutant), only one kinetically significant

interaction kinetic parameters. enzyme-inhibitor complex was detected, as a simplified
Interaction Kinetic Parameters and Data Visualization. mathematical model (according to Scheme 2) was sufficient for

The kinetic parameters for the interactions presented in Figurethe regression analysis. The theoretical sensorgrams predicted
3 were obtained by global analysis of the sensorgram sets, usingoy the models are overlaid the experimental sensorgrams in
the most appropriate interaction model for each experiment. TheFigure 3, which thus also shows how well the models represent
interactions were adequately described by the model definedthe experimental data.

by Scheme 1, which accounts for a pre-equilibrium step and  The regression analysis typically provided rate constants for
two kinetically distinct enzymeinhibitor complexes. For  the pre-equilibrium K, k) (Table 1) as well as for a high
interactions with low binding responses (nevirapine, wild type, affinity (ki, k-1) (Table 2) and a low affinity interactiorky,
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Table 1. Pre-equilibrium Kinetic Constants for the Interaction between HIV-1 Reverse Transcriptase Variants and Non-nucleoside@nhibitors

Geitmann et al.

compound enzyme ko (s71) kp (s Kp
delavirdiné Wild type 0.036+ 0.017 2.40+ 1.97 58.2+ 28.6
delavirdine K103N/L100I 2.06:0.74 0.0046+ 0.0042 0.0018t 0.0017
delavirdine K103N/V108I 1.14-0.59 0.0022+ 0.0031 0.0014t 0.0014
delavirdine K103N/P225H 0.908 0.115 0.001H 0.0007 0.0012+ 0.0006
delavirdine K103N 1.13:0.25 0.0012+ 0.0004 0.0011 0.0004
delavirdine L100I 4.25+ 2.49 0.0033t 0.0023 0.0009t 0.0006
delavirdine Y181C 1.220.91 0.0006+ 0.0005 0.0005t 0.0004
efavirenz Wild type 0.05& 0.030 3.12£1.19 72.2+29.2
efavirenz K103N/P225H 0.374£0.171 14.3+ 6.6 43.8+20.4
efavirenz K103N/V108I 0.218- 0.058 9.23+ 3.70 43.2+16.7
efavirenz Y181C 0.166- 0.031 5.83t 1.47 36.7+ 7.7
efavirenz K103N/L100I 0.16% 0.026 5.38+ 0.78 32.2+5.3
efavirenz L100I 0.762 0.142 9.28+1.88 12.44.7
efavirenz K103N 0.92& 0.569 6.68t 3.16 9.7+ 5.7
nevirapine Wild type 0.892 0.165 0.44+ 0.25 0.5+ 0.4
nevirapine L1001 1.450.91 0.0067 0.0031 0.0062: 0.0039
DPC 083 Y181C 0.084- 0.058 3.87+2.29 67.5+ 48.5
DPC 083 Wild type 0.130+ 0.067 8.29+ 7.66 55.5+ 23.7
DPC 083 K103N 0.34% 0.088 16.7+ 3.9 48.6+ 6.7
DPC 083 K103N/P225H 0.146 0.060 6.39+ 4.31 43.2+28.2
DPC 083 K103N/Vv108I 0.166- 0.049 6.75+ 2.47 41.3+12.0
DPC 083 L1001 0.20% 0.123 3.87+ 1.35 26.1+17.7
DPC 083 K103N/L100I 0.135: 0.012 1.314+ 0.40 9.7+ 2.9
HBY 0970 Wild type 0.024+ 0.010 1.88+0.21 84.7+29.4
HBY 097 Y181C 0.049+ 0.024 2.62+ 1.26 54.3+21.6
HBY 097 K103N 0.205+ 0.053 7.63 3.95 42.44+30.2
HBY 097 K103N/L100I 0.250t 0.104 451+ 3.32 20.0+ 11.8
HBY 097 L100I 0.274+ 0.104 4.86+ 2.09 19.1+ 7.5
HBY 097 K103N/V108I 0.403t 0.155 4.22+ 0.96 11.6+ 4.9
HBY 097 K103N/P225H 0.498- 0.108 2.34+ 0.99 5.1+ 3.2
MSC-194 Y181C 0.07& 0.039 5.51+ 4.87 69.2+ 32.6
MSC-194 wild type 0.069= 0.030 2.65+ 1.31 38.1+10.2
MSC-194 K103N/V108I 0.268+ 0.057 4.09+ 0.48 15.6+ 2.9
MSC-194 K103N/P225H 0.348: 0.103 4.13+1.32 11.9+ 2.7
MSC-194 K103N 0.293: 0.078 2.39+ 0.92 8.7+ 4.7
MSC-194 L1001 0.258+ 0.092 1.9+ 0.72 7.8+ 3.8
MSC-194 K103N/L100I 0.263% 0.173 0.31+0.29 1.0+ 0.5
MSC-197 Y181C 0.13% 0.041 6.70+ 3.99 50.1+ 25.2
MSC-197 K103N/V108I 0.111+0.017 5.01+ 1.69 47.2+20.8
MSC-197 K103N 0.210+ 0.175 7.7+ 7.65 33.0+7.1
MSC-197 L1001 0.121+ 0.007 3.48+ 1.56 28.3+11.8
MSC-197 K103N/P225H 0.133 0.040 3.31+2.38 25.3+17.3
MSC-197 Wwild type 0.15% 0.071 3.51+ 1.59 233t 7.7
MSC-197 K103N/L100I 0.16% 0.037 0.76+ 0.54 5.0+ 3.6
MSC-198 Y181C 0.14% 0.039 10.9+ 1.7 77.9+19.4
MSC-198 wild type 0.052- 0.024 246+ 1.14 61.9+ 47.6
MSC-198 K103N 0.143+ 0.007 7.82+2.38 55.14+19.3
MSC-198 K103N/P225H 0.116 0.041 4.28+ 0.68 40.0+115
MSC-198 K103N/V108I 0.13%+ 0.026 3.66+ 2.20 28.7+19.7
MSC-198 K103N/L100I 0.25% 0.101 4.00t 1.84 17.9£ 12.0
MSC-198 L100l 0.23%0.139 1.60+ 0.79 8.7+ 6.6
MSC-204 Wwild type 0.128- 0.030 11.0+ 4.8 88.1+ 44.9
MSC-204 Y181C 0.05& 0.011 2.59+ 0.91 43.6+ 8.3
MSC-204 K103N/P225H 0.122 0.043 4.25+0.78 37.4+11.4
MSC-204 K103N/V108I 0.133+ 0.040 3.58+ 2.00 26.0+ 7.1
MSC-204 L100l 0.12Gt 0.005 2.80+ 0.54 23.6+£ 5.4
MSC-204 K103N/L100I 0.178& 0.064 2.03+1.03 12.6£ 8.1
MSC-204 K103N 0.182- 0.031 212+ 1.42 12.3+:8.1
MSK-105 Y181C 0.07% 0.014 4.69+ 3.27 62.0+ 38.9
MSK-105 L100I 0.141+ 0.018 6.10+ 2.86 45.3+25.1
MSK-105 Wild type 0.099+ 0.039 417+ 1.31 45.1+15.4
MSK-1059 K103N/P225H 0.069- 0.013 2.75+ 0.55 40.6+ 8.8
MSK-105 K103N/V108I 0.116t 0.047 2.32£ 0.53 21.0+ 3.9
MSK-105 K103N 0.108t 0.012 2.1 0.50 20.2£5.2
MSK-105 K103N/L100I 0.165t 0.051 1.60+ 0.65 9.6+ 3.1
MIV-150 Y181C 0.087+ 0.011 4,49+ 1.19 51.0+ 8.4
MIV-150 Wild type 0.053+ 0.017 1.53+0.61 33.3+23.5
MIV-150 K103N 0.145+ 0.034 3.22+2.29 20.9+12.9
MIV-150 K103N/P225H 0.15%4 0.012 2.21+1.55 14.0+£ 9.7
MIV-150 K103N/V108I 0.147+ 0.041 0.90t 0.55 5.8+ 2.2
MIV-150 K103N/L100I 0.116+ 0.061 0.44+ 0.47 3.1+ 18
MIV-150 L1001 0.161+ 0.078 0.19+ 0.06 1.4+ 0.7
S-1153 Y181C 0.276- 0.138 10.9+5.1 43.3+13.1
S-1153 K103N/V108I 0.10% 0.043 3.05+ 1.74 29.2+15.8
S-1153 L100l 0.393: 0.111 10.0+ 6.1 28.2+21.0
S-1153 K103N/P225H 0.082 0.039 2.36+ 1.28 26.3+11.6
S-1153 K103N 0.20% 0.099 4.26+ 1.62 24.3+13.9
S-1153 Wild type 0.423+ 0.267 6.36+ 3.49 16.8+ 5.0
S-1153 K103N/L100I 0.156- 0.023 1.86+1.30 12.6+ 9.0

2 Sorted according t&, values.? n = 3; all other values were based on at least four replicates.

k_,) (Table 3). The tables also show the corresponding equi- visualized in order to facilitate the analysis: Data from Table
librium constants i, = k-p/ky, Kp1 = k-1/k; and Kpz = k- 1 is presented in a pre-equilibrium kinetic plot (Figure 4),
ko). The data presented in Tables-3 was also graphically illustrating the distribution between the two free enzyme forms
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Table 2. Kinetic Constants for the High-Affinity Interaction between Non-nucleoside Inhibitors and HIV-1 Reverse Transcriptase Variants (sorted
according toKp; Values)

compound enzyme kg (M~1s7h) kog (s Kp1 (M)
delavirdinéc Wild type 3.26x 10°+8.19x 10° 0.0019+ 0.0001 6.19< 10710+ 1.48x 10710
delavirdine K103N 8.58« 10* + 2.32x 10* 0.0053+ 0.0004 6.53x 108+ 1.67x 1078
delavirdine L100I 9.3% 10* + 3.68x 10* 0.0069+ 0.0018 8.68x 108+ 4.63x 10°8
delavirdine K103N/P225H 114 100+ 1.61x 10¢ 0.0139+ 0.0052 1.26x 10°74+5.92x 1078
delavirdine K103N/L100I 143% 1P+ 2.25x 10¢ 0.0215+ 0.0025 1.56x 1077+ 4.63x 1078
delavirdine K103N/V108I 6.6k 10+ 2.71x 10 0.0105+ 0.0035 1.91x 1077+ 1.23%x 1077
delavirdine Y181C 3.3% 10*+5.95%x 10° 0.0075+ 0.0020 2.40< 107+£9.91x 1078
efaviren2 Wild type 3.95x 10°+9.89x 10° 0.0023+ 0.0009 6.26x 107104+ 3.39x 10710
efavirenz Y181C 1.8k 10° 4+ 1.82x 1P 0.0025+ 0.0004 1.41x 10794+ 3.80x 10710
efavirenz L100l 1.50< 10° + 6.09x 1C° 0.0110+ 0.0026 9.21x 10°4 6.53x 10°°
efavirenz K103N 7.2% 10°P+5.30x 10° 0.0108+ 0.0030 2.44x 1084+ 2.01x 1078
efaviren? K103N/P225H 1.68< 10° +1.11x 10° 0.0439+ 0.0202 3.28x 108+ 1.93x 10°8
efaviren? K103N/Vv108I 2.14x 106 £ 8.13x 1P 0.125+ 0.071 6.76x 108+ 4.72x 1078
efaviren? K103N/L100I 3.90x 10° £ 2.38x 1(° 0.301+ 0.164 8.45x 1077+ 2.79x 1077
nevirapiné Wild type 7.05x 103+ 1.59x 10° 0.0105+ 0.0017 1.55< 106+ 4.41x 1077
nevirapiné L100I 8.53x 10° + 1.83 x 1C° 0.0395+ 0.0061 4.81x 106+ 1.32x 10°°
nevirapiné<° K103N/P225H 4.14¢ 100 +5.70x 17 0.156+ 0.040 3.77x 105+ 7.55x 1076
nevirapin& K103N 5.02x 108+ 1.81x 10° 0.197+ 0.054 4.19< 105+ 1.44x 10°°
nevirapiné K103N/L100I 3.66x 10° + 1.37 x 1C° 0.536+ 0.300 1.49x 104+ 7.67x 10°°
nevirapin&d K103N/Vv108I 1.52x 10°+9.90x 10 0.433+ 0.008 2.85x 1074+ 1.34x 107
DPC 083 Y181C 2.7% 10°+2.10x 10° 0.0011+ 0.0004 5.67x 10710+ 3.42x 10710
DPC 083¢ Wild type 2.60x 10° £+ 7.47 x 1P 0.0016+ 0.0007 6.16x 10710+ 2.44x 10710
DPC 083 L100I 2.36< 10°+ 1.83x 10° 0.0041+ 0.0020 2.01x 10794+ 5.03x 10710
DPC 083 K103N 1.80¢< 10° + 3.40x 1C° 0.0049+ 0.0006 2.80x 10794 6.97 x 10710
DPC 083 K103N/V108I 2.0% 10°+1.63x 10° 0.0141+ 0.0055 8.81x 1079+ 4.30x 10°°
DPC 083 K103N/P225H 1183 106 +£8.72x 1P 0.0089+ 0.0022 1.41x 108+ 1.14%x 10°8
DPC 083 K103N/L100I 2.61x 10° + 8.64 x 10* 0.143+ 0.081 5.19x 107+ 2.03x 1077
HBY 097a¢ Wild type 2.13x 10°+6.84x 1P 0.0005+ 0.0003 2.50x 10710+ 1.74x 10710
HBY 097 K103N 1.72x 10 £ 1.26 x 1P 0.0023+ 0.0007 1.77x 1079+ 8.44x 10710
HBY 097 Y181C 8.04x 10° +5.94x 10° 0.0015+ 0.0002 2.49< 10794+ 1.48x 107°
HBY 097 L100I 1.07x 10°+5.31x 10° 0.0025+ 0.0006 2.81x 1094+ 1.46x 10°°
HBY 0972 K103N/V108I 1.10x 10° +5.98x 10* 0.0124+ 0.0008 1.38x 107+ 6.18x 10°8
HBY 0972 K103N/P225H 5.2% 10+ 1.20x 10* 0.0080+ 0.0018 1.51x 107+ 1.91x 10°8
HBY 0972 K103N/L100I 3.92x 10° £ 2.57 x 1P 0.0807+ 0.0322 2.35¢ 107+ 6.93x 1078
MSC-194 Y181C 2.47x 10 £ 8.75x 1P 0.0009+ 0.0001 4.29x 10710+ 2.30x 10710
MSC-194 Wild type 2.19x 10° £+ 2.80x 1P 0.0009+ 0.0002 4.38x 10710+ 1.31x 10710
MSC-194 L100I 1.65x 10°+6.92x 10° 0.0008+ 0.0005 4.65x 10710+ 2.42x 10710
MSC-194 K103N/P225H 9.24x 10+ 2.06x 10° 0.0023+ 0.0007 2.58< 10794 8.46x 10710
MSC-194 K103N 7.2% 10° £ 3.16x 10° 0.0016+ 0.0004 2.72< 10794+ 1.69x 10°°
MSC-194 K103N/V108I 7.45x 10°+ 1.48x 1P 0.0028+ 0.0004 3.80x 1079+ 4.29x 10710
MSC-194 K103N/L100I 210« 10° £+ 6.38 x 10* 0.0092+ 0.0018 4.76x 108+ 1.74x 10°8
MSC-197 L1001 1.10x 10" +1.33x 10° 0.0128+ 0.0040 1.16x 109+ 3.20x 10710
MSC-197 Wild type 3.83x 10° 4+ 1.85x 1P 0.0040+ 0.0005 1.30x 1079+ 7.31x 10710
MSC-197 Y181C 3.7 10°P + 1.06 x 10° 0.0058+ 0.0009 1.68< 10794+ 6.06 x 10710
MSC-197 K103N/V108I 1.26x 107+ 1.11x 107 0.0308+ 0.0120 3.16x 1094+ 1.32x 10°°
MSC-197 K103N 8.38x 10° + 1.73x 1C° 0.0291+ 0.0137 3.45< 1079+ 1.26x 10°°
MSC-197 K103N/P225H 4.38 10° 4+ 7.96x 10P 0.0183+ 0.0071 4.32¢ 1094+ 1.92x 10°°
MSC-197 K103N/L100I 6.00x 10° + 1.83x 1P 0.158+ 0.079 2.62x 107 £9.22x 10°8
MSC-198 Wild type 4.68x 10°+1.94x 10° 0.0026+ 0.0007 6.29< 10710+ 2.47x 10710
MSC-198 Y181C 2.95¢ 10° £+ 6.00x 1P 0.0067+ 0.0010 2.31x 10794+ 3.04x 10710
MSC-198 K103N/P225H 4.6% 10° +1.23x 10° 0.0109+ 0.0040 2.41x 10794+ 9.05x 10710
MSC-198 K103N 7.44x 10+ 2.79x 10° 0.0184+ 0.0010 2.74¢< 1094+ 1.10x 10°°
MSC-198 L100l 2.81x 10° +£2.19x 1(° 0.0084+ 0.0019 4.40< 1079+ 2.66x 10°°
MSC-198 K103N/V108I 2.76x 10° + 1.33 x 1(° 0.0192+ 0.0081 8.13x 1079+ 4.04x 10°°
MSC-198 K103N/L100I 4.31x 10° £ 2.48x 1P 0.213+ 0.087 5.95x 1077+ 2.43x 1077
MSC-204 Wild type 9.96x 10° £+ 1.69x 10° 0.0029+ 0.0008 3.05x 10710+ 1.12x 10710
MSC-204 L100I 7.67< 10°P £ 1.94x 1P 0.0061+ 0.0014 8.56x 10710+ 3.80x 10710
MSC-204 Y181C 4.26< 10° + 1.54 x 10° 0.0066+ 0.0014 1.75< 10794+ 7.43x 10710
MSC-204 K103N/V108I 7.99x 10f + 6.29 x 1P 0.0130+ 0.0072 1.81x 1094+ 5.35x 10710
MSC-204 K103N/P225H 454 10° 4+ 1.40x 10° 0.0116+ 0.0041 2.62x 10794+ 9.03x 10710
MSC-204 K103N 3.31x 10°+ 1.63x 10° 0.0191+ 0.0089 5.99< 10794 2.27x 107
MSC-204 K103N/L100I 7.75x 10P +2.22x 10° 0.121+ 0.060 1.53x 107+ 5.08x 1077
MSK-10% Wild type 4.57x 10°+1.17x 10° 0.0030+ 0.0007 6.83x 10710+ 2.00x 10710
MSK-105 L100I 9.75x 10° £+ 6.45x 10° 0.0084+ 0.0020 1.36x 1079+ 1.09x 107°
MSK-105 Y181C 3.69x 10° 4+ 2.36x 10° 0.0051+ 0.0026 1.76x 10794+ 1.04x 107°
MSK-10% K103N/P225H 1.0« 10" 4+ 5.53x 10° 0.0147+ 0.0027 2.04x 10794+ 1.68x 107°
MSK-105 K103N 6.41x 10°+ 3.94x 10° 0.0159+ 0.0045 2.86x 10794 8.63x 10710
MSK-105 K103N/V108I 6.59%« 106 + 3.17 x 1P 0.0275+ 0.0139 4.92x 1094+ 3.05x 10°°
MSK-10% K103N/L100I 6.01x 10° + 4.07 x 1P 0.194+ 0.092 3.69x 107+ 1.74x 1077
MIV-1502 Y181C 4.56x 10f £ 9.57 x 1P 0.0066+ 0.0008 1.51x 10794+ 4.28x 10710
MIV-1502 Wild type 1.61x 10° +4.59x 1P 0.0024+ 0.0007 1.61x 109+ 5.89x 10710
MIV-150 L100I 1.27x 10°+9.80x 10° 0.0028+ 0.0011 3.07x 10794+ 2.31x 107°
MIV-150 K103N 2.94x 10°P +1.78 x 10° 0.0114+ 0.0039 4.87x 1079+ 2.04x 10°°
MIV-150 K103N/P225H 1.66< 10° 4+ 1.06 x 10° 0.0147+ 0.0052 1.31x 1084+ 1.21x 1078
MIV-150 K103N/V108I 8.48x 10 + 3.41x 1(° 0.0231+ 0.0162 2.88< 10784+ 1.49x 1078
MIV-150 K103N/L100I 8.29x 10° £ 4.12x 1P 0.0807+ 0.0450 9.86x 108+ 3.19x 1078
S-1153 K103N/V108I 2.8& 10°+1.37x 10° 0.0017+ 0.0013 6.62¢< 10710+ 4.12x 10710
S-1153 K103N/P225H 2.9% 10° +2.21x 10° 0.0024+ 0.0007 1.38< 109+ 1.14x 107°
S-1153 K103N 219 10° 4+ 1.39x 10° 0.0022+ 0.0008 1.50x 10794+ 1.14x 107°
S-1153 K103N/L100I 5.1k 10°4+2.37x 10° 0.0097+ 0.0036 2.25¢ 10794+ 1.55%x 107°
S-1153 Wild type 1.13x 106+ 2.15x 1C° 0.0027+ 0.0009 2.50x 109+ 1.18x 10°°
S-1153 L1001 1.33x 10°4+1.08x 10° 0.0786+ 0.0112 9.80x 10784+ 6.00x 1078
S-1153 Y181C 3.76x 10f £ 2.02x 1P 0.0709+ 0.0156 2.60x 107+ 1.87x 1077

a Determined with a single-affinity model (Scheme 2petermined with a 1:1 binding model without a pre-equilibrivim.= 3. 9 n = 2; all other values

were based on at least four replicates.
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Table 3. Kinetic Constants for the Low-affinity Interaction between Non-nucleoside Inhibitors and HIV-1 Reverse Transcriptase Variants (sorted

according toKp, Values)

Geitmann et al.

compound enzyme ko (M~1s7h) ko (s Kpz (M)

delavirdine K103N 1.7k 10* £ 2.74 x 1 0.0419+ 0.0054 2.52x 106+ 6.10x 1077
delavirdine L100I 6.53« 10* + 3.27x 10* 0.122+ 0.078 1.82x 105+ 9.26x 1077
delavirdine K103N/P225H 2.4% 1044+ 2.87x 10¢ 0.0855+ 0.0377 3.55¢< 1076+ 2.44x 10°6
delavirdine K103N/L100I 3.8 10+ 5.59x 10° 0.114+ 0.0082 3.08x 1064+ 7.32x 1077
delavirdine K103N/V108I 1.2% 100+ 8.41x 10° 0.0462+ 0.0203 8.28x 106+ 1.02x 10°°
delavirdine Y181C 3.0k 10+ 1.12x 10 0.0625+ 0.0239 2.11x 106+ 3.71x 1077
efavirenz Y181C 1.14 1P+ 7.58x 10* 0.0131+ 0.0048 1.64x 107+ 1.40x 1077
efavirenz L100I 212 1P+ 7.87 x 10* 0.0834+ 0.0235 4,67 107+ 2.67x 1077
efavirenz K103N 1.4% 10° + 8.59 x 10* 0.0717+ 0.0262 6.40x 1077+ 4.07x 1077
DPC 083 Y181C 7.16¢ 10° + 3.62x 10° 0.0154+ 0.0082 2.40x 108+ 1.37x 10°8
DPC 083 L100I 2.61x 1P +£2.27x 10P 0.0476+ 0.0357 2.36x 107+ 1.97x 1077
DPC 083 K103N 4.68 10° + 1.97 x 1P 0.0406+ 0.0129 9.02x 108+ 2.07x 108
DPC 083 K103N/V108I 6.04 10° +3.93x 10° 0.0777+ 0.0311 1.79% 107+ 1.25%x 1077
DPC 083 K103N/P225H 4.9% 10° £ 2.83x 10° 0.0760+ 0.0362 2.13x 1077+ 1.45x 1077
HBY 097 K103N 3.21x 1P+ 2.24x 10° 0.0100+ 0.0024 4.83x 108+ 3.58x 1078
HBY 097 Y181C 9.14x 10° + 3.76 x 10° 0.0097+ 0.0049 1.06x 1084+ 2.52x 107°
HBY 097 L100I 2.38x 1P+ 1.17x 10° 0.0414+ 0.0384 1.76x 10774+ 1.02x 1077
MSC-194 L100I 1.37x 10P +£8.58x 10* 0.0476+ 0.0045 4.88< 107+ 3.50x 1077
MSC-194 K103N/P225H 1.53« 10° +1.69x 10* 0.0074+ 0.0007 4.86x 108+ 5.54x 10°
MSC-194 K103N 7.83 10¢ +3.28x 10¢ 0.0070+ 0.0007 1.05< 107+ 5.23x 1078
MSC-194 K103N/Vv108I 9.41x 10*+ 1.21x 10 0.0069+ 0.0005 7.43x 108+ 7.81x 10°°
MSC-194 K103N/L100I 2.55¢ 10"+ 4.60x 10° 0.0467+ 0.0069 1.84x 106+ 1.52x 1077
MSC-197 L100I 3.93x 1P £ 2.21 x 1P 0.0832+ 0.0062 2.95¢< 108+ 2.30x 1078
MSC-197 Y181C 2.3% 10° 4+ 1.19x 10° 0.0393+ 0.0075 1.90< 1084+ 7.92x 10°°
MSC-197 K103N/v108I 6.50x 10° + 6.07 x 10° 0.146+ 0.032 3.88x 108+ 2.63x 1078
MSC-197 K103N 7.28x 10° +4.36x 10° 0.222+ 0.146 3.70x 108+ 2.07x 10°8
MSC-197 K103N/P225H 1.52 10+ 1.23x 1(° 0.113+ 0.057 1.16x 107+ 7.12x 10°8
MSC-198 Y181C 1.46¢ 1P £9.12x 1P 0.0583+ 0.0113 4.85< 108+ 1.74x 1078
MSC-198 K103N/P225H 4.63 10° +2.88x 10° 0.0682+ 0.0299 2.24x 1078+ 1.83x 1078
MSC-198 K103N 5.32x 10°P 4+ 3.35x 10° 0.121+ 0.003 3.86x 108+ 3.78x 1078
MSC-198 L100I 2.20< 10° + 1.89x 1P 0.0798+ 0.0345 6.18x 108+ 5.18x 1078
MSC-198 K103N/v108I 4.27x 10° £ 3.29x 1(° 0.118+ 0.019 3.94 108+ 2.60x 10°8
MSC-204 L1001 6.96x 10° + 1.46x 10° 0.0672+ 0.0189 1.02x 108+ 4.47x 10°°
MSC-204 Y181C 6.05¢ 10° £+ 2.67 x 10° 0.0533+ 0.0221 1.09< 108+ 7.41x 10°°
MSC-204 K103N/Vv108I 9.08x 10° + 3.56x 1(° 0.106+ 0.026 1.23x 108+ 2.44x 10°°
MSC-204 K103N/P225H 3.66 10° + 2.19x 1P 0.0663+ 0.0342 2.57x 108+ 1.93x 1078
MSC-204 K103N 2.38 10° +2.32x 10° 0.0810+ 0.0783 3.45¢< 108+ 1.72x 10°°
MSK-105 L100I 1.29x 10" £ 5.74 x 1P 0.0842+ 0.0193 7.78< 109+ 4.03x 10°°
MSK-105 Y181C 4.58< 10° + 1.85x 10° 0.0489+ 0.0185 1.08x 108+ 3.05x 10°°
MSK-103 K103N/P225H 1.1% 107 + 1.34x 107 0.122+ 0.051 2.26x 108+2.20x 10°8
MSK-105 K103N 3.89x 106 + 1.75x 1(F 0.0967+ 0.0236 3.05x 108+ 2.07x 108
MSK-105 K103N/V108I 6.59« 10° £+ 4.03 x 1P 0.133+ 0.049 2.38x 108+ 1.05x 1078
MIV-150 Y181C 4.99x 10° £ 1.71 x 1P 0.0796+ 0.0072 1.70< 108+ 3.64x 107°
MIV-150 L100I 1.85x 10° + 7.45x 10* 0.0249+ 0.0034 1.50< 1077+ 5.49x 1078
MIV-150 K103N 2.66x 10°P +1.75x 10° 0.0632+ 0.0232 3.33 108+ 1.87x 10°8
MIV-150 K103N/P225H 2.99% 10° + 2.23x 10° 0.0906+ 0.0301 3.64x 108+ 1.36x 108
MIV-150 K103N/V108I 8.14x 10°P +£ 2.31x 1 0.0642+ 0.0132 8.57x 1078+ 3.71x 1078
S-1153 K103N/V108I 2.8 10°+1.35x 10° 0.0067+ 0.0012 2.83x 108+ 1.19x 108
S-1153 K103N/P225H 5.4Q 1P+ 1.57x 10° 0.0224+ 0.0194 4,49 108+ 3.74x 10°8
S-1153 K103N 2.7k 1P+ 1.40x 1P 0.0030+ 0.0004 1.34x 108+ 7.07x 107°
S-1153 K103N/L100I 24% 10+ 1.31x 10° 0.0371+ 0.0096 1.78< 10774+ 8.00x 1078
S-1153 Wild type 1.18x 10° + 1.68x 10* 0.0090+ 0.0018 7.64x 108+ 1.22x 10°8

an = 3; all other values were based on at least four replicates.

-

K,= 0001 0001 001 0.1 10 obtained by combining data from Tables 2 and 3 (Figure 5).
Finally, resistance profiles (Figure 6) illustrate the overall effect
of mutations on the interaction between the enzyme and the
inhibitors, thus including both effects on the pre-equilibrium
and on the interaction as such. These were defined on the basis
of the overall equilibrium constants calculated from the dis-

sociation constants of both steg& & Kp, Table 4).

Effect of Enzyme Substitutions on NNRTI Interactions.
First, the effect of amino acid changes in the NNRTI binding
site on the pre-equilibrium for different inhibitors was deter-
mined. The data showed that the pre-equilibrium for interactions
between inhibitors and wild-type enzyme was unfavorable for

kp (s inhibitor binding as values fok, were low and values fok,
Figure 4. Pre-equilibrium kinetic plot for the interaction between andKpwere high for most of the inhibitors (Table 1, Figure 4).
HIV-1 reverse transcriptase variants and non-nucleoside inhibitors. Interactions with the Y181C enzyme had simiky values as
(black square) Wild type; (green square) K103N; (blue circle) L100I; the wild type and, while the K103N, the L100l, and the double
(_yelloyv triangle) K103N/L100I; (red triangle) Y181C. The diagonal mytation variants K103N/L100I, K103N/V108I, and K103N/
lines in the plot correspond i, (= k-p/ky)- P225H generally had lowét, values than the wild-type. These
(Er and B). Interactions with lowK, values (upper left corner  results suggest that resistance is not a result of a more
of the graph) are shifted in favor ofgEand thus facilitate unfavorable pre-equilibrium, but that mutations often shift the
inhibitor binding. Interaction kinetic plots for each inhibitor were equilibrium in favor of inhibitor binding (k).
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Figure 5. Effect of amino acid substitutions on the association rate constantk, or k;) and dissociation rate constamds (k—i0r k) for the
interactions between NNRTIs and HIV-1 RT. (black square) wild type; (open square) K103N; (shaded square) K103N/V108lI; (shaded diamond)
K103N/P225H; (shaded triangle) K103N/L10@;, L100l; A, Y181C. The lines link the values for the high and low affinity sites.

Second, the effect of amino acid changes in the NNRTI  When tyrosine 181, also located at the entrance of the binding
binding site on the interaction with different inhibitors was pocket, was substituted by cysteine, the effect on the pre-
determined. All tested inhibitors except nevirapine had a very equilibrium was minor, except for delavirdine. This indicated
high affinity for the interactions with the wild-type enzyme, that this mutation had little influence on forming the binding
with Kp; values in the low nanomolar or subnanomolar range competent form of the enzyme but primarily influenced the
(Figure 5, Table 2). However, the normalized binding signal interaction between the enzyme and inhibitors inside the binding
for the inhibitors was generally lower for the wild type than pocket. The effect of the Y181C substitution on the affinity
with the other enzyme variants (data not shown). Most inhibitors was similar to that of the K103N substitution for most of the
dissociated very slowly from the wild-type enzyme, but remain- inhibitors, resulting in a combination of lower association rates
ing inhibitor was here found to be removed from the chip surface and higher dissociation rates (Figure 5). For efavirenz and its
by a regeneration solution containing 50% ethylene glycol and analogue DPC 083, only the low affinity binding was affected.
0.5 M LiCl, allowing us to include it in the present study. In contrast to the K103N mutant, the affinity for S-1153 by the

The substitution of lysine 103, situated at the entrance of the Y181C mutant decreased dramatically. Similarly to the K103N
binding pocket, by asparagine affected both the pre-equilibrium mutant, the Y181C mutation affected mostly the dissociation
and the inhibitor interaction. The K103N variant had generally rates of the urea analogues of the PETT compounds, but showed
a more favorable pre-equilibrium for inhibitor binding than the o resistance toward the binding of MSC-194. Rate constants
W||d_type enzyme, aKp values were lower for all inhibitors for nevirapine could not be determined for the Y181C variant
except MSC-197 and S-1153 (Table 1). Furthermore, all testedSince substantial binding was not detected at the highest
inhibitors except S-1153 showed a decreased affinity for the concentration (8@«M).

K103N mutant, caused both by a decrease of the association The third substitution at the entrance of the binding pocket,
rate and by an increase of the dissociation rate. Surprisingly, L100I, resulted in similar effects on the pre-equilibrium as the
bothk; andk; increased an#-; andk-, decreased for S-1153  K103N substitution. GenerallyK, values were lower as

(Figure 5, Table 2). The K103N substitution mainly affected compared to the wild type and the Y181C variant (Table 1,
the dissociation rates for the urea analogues of the PETT Figure 4). The L100I substitution reduced the affinities of the
compounds (Figure 5, Table 2). clinical and experimental NNRTIs for the enzyme; however,
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Table 4. Overall Equilibrium Constants for the High-Affinity and Low-Affinity Interaction between Non-nucleoside Inhibitors and HIV-1 Reverse
Transcriptase Variants (sorted accordingkipx Kpz valuesy}

compound enzyme Kp x Kp1 (M) Kp x Kpz (M)
delavirdine wild type 3.3%108%+1.11x 108

efavirenz wild type 458 1084+ 3.27x 1078

efavirenz Y181C 5.24 108+ 2.16x 1078 6.42x 106+ 6.30x 1076
efavirenz L100I 1.06< 107+ 5.52x 1078 6.72x 10764+ 6.24x 1076
efavirenz K103N 258107+ 1.61x 1077 3.16x 106+ 2.77x 1076
efavirenz K103N/P225H 1.19105+5.18x 1077

efavirenz K103N/V108I 254 1064 1.34x 107

efavirenz K103N/L100I 2.6% 105+ 5.84x 1076

DPC 083 Y181C 245 108+1.24%x 1078 1.06x 106+ 7.75x 1077
DPC 083 wild type 3.5% 108+ 2.30x 1078

DPC 083 L100I 49% 108+ 3.41x 10°8 5.02x 1076+ 4.35x 1076
DPC 083 K103N 1.34 107+3.02x 1078 4.30x 1064 5.37x 1077
DPC 083 K103N/V108I 3.56¢ 10774+ 2.02x 1077 7.32x 10764+ 5.58%x 1076
DPC 083 K103N/P225H 3.94 107+ 1.89x 1077 6.05x 1076+ 1.56x 1076
DPC 083 K103N/L100I 5.2k 1064 2.94x 1076

HBY 097 Wild type 1.86x 108+ 8.10x 10°°

HBY 097 K103N 5.17x 108+ 1.76x 1078 1.37x 106+ 6.26x 10°©
HBY 097 L100I 4.90x 108+291x 10°8 2.91x1064+1.61x 106
HBY 097 Y181C 1.14x 1077+ 3.42x 1078 6.12x 1077+ 3.81x 1077
HBY 097 K103N/P225H 7.36< 107+ 3.83x 1077

HBY 097 K103N/V108I 1.40x 1064+ 3.68x 1077

HBY 097 K103N/L100I 4.11x 105+ 1.85x 10°®

MSC-194 L1001 3.61x 10794+ 2.30x 107° 3.16x 1064 1.58x 1076
MSC-194 Wild type 1.64< 108+ 6.74x 10°°

MSC-194 K103N 1.85< 108+ 4.36x 10°° 7.57%x1077+£1.22x 1077
MSC-194 Y181C 241 108+ 5.84x 10°°

MSC-194 K103N/P225H 3.23 108+ 1.83x 10°8 5.83x 1077+ 1.68x 1077
MSC-194 K103N/L100I 53% 108+3.11x 10°8 1.88x 106+9.12x 1077
MSC-194 K103N/V108I 5.88< 108+ 7.28x 10°° 1.16x 106+ 2.68x 107
MSC-197 Wild type 2.9% 1078+ 1.33x 1078

MSC-197 L1001 3.05¢< 1084 7.19x 10°° 6.58x 107+ 1.91x 1077
MSC-197 Y181C 742 108+211x 10°8 8.15x 10774+ 1.49x 1077
MSC-197 K103N/P225H 9.5% 108+8.14x 10°8 1.46x 106+8.26x 1077
MSC-197 K103N 1.20< 1074+ 6.35x 1078 1.27x 1064+ 7.51x 1076
MSC-197 K103N/V108I 1.3% 107 +7.46x 1078 1.59x 106+ 1.24x 1076
MSC-197 K103N/L100I 1.3 106+ 1.19x 10°6 1.59x 10°©

MSC-198 Wild type 3.15¢ 108+ 1.45x 10°®

MSC-198 L100I 5.68«< 1078+ 4.07 x 107° 1.04x 106+ 1.02x 107
MSC-198 K103N/P225H 9.96 108+5.33x 10°8 7.60x 1077+ 3.75x 1077
MSC-198 K103N 1.38< 10774+ 1.52x 1078 2.10x 10764 2.04x 1076
MSC-198 Y181C 1.78 1077+ 4.53x 1078 3.53x 1076+ 9.56x 1077
MSC-198 K103N/V108I 1.9% 107+ 1.60x 107 7.88x 107 +£3.17x 1077
MSC-198 K103N/L100I 4.3% 10764+ 2.69x 1076

MSC-204 L100I 1.88< 108+ 3.61x 10°° 2.24x 1077+ 4.07x 1078
MSC-204 Wild type 2.35¢ 108+ 4.08x 10°8

MSC-204 K103N/V108I 4.8% 1078+ 2.65x 1078 3.10x 107+ 4.21x 1078
MSC-204 Y181C 7.2k 108+2.16x 10°8 437x107+£2.22x 1077
MSC-204 K103N 7.61x 108+ 4.31x 108 4.34%x1074+2.71x 107
MSC-204 K103N/P225H 1.04 107+ 6.04x 1078 8.38x 1077+ 3.82x 1077
MSC-204 K103N/L100I 1.60< 106+7.92x 1077

MSK-105 wild type 2.92¢ 108+ 9.70x 10°°

MSK-105 L1001 4.45x 108+ 1.70x 1078 2.80x 1077+ 6.74x 1078
MSK-105 K103N 5.86x 10784+ 2.28x 1078 571x 107+ 2.85%x 1077
MSK-105 K103N/P225H 7.3% 108+ 4.30x 10°8 1.15x 106+ 9.57x 1077
MSK-105 Y181C 8.33« 108+ 2.42x 1078 7.50x 1077+ 6.03x 1077
MSK-105 K103N/V108I 9.76< 1084+ 4.73x 1078 5.22x 107+2.83x 1077
MSK-105 K103N/L100I 3.81x 106+ 2.54x 1076

MIV-150 L100I 3.30x 109+ 1.30x 10°° 1.84x 107 +7.71x 108
MIV-150 wild type 2.79% 1078+ 2.65% 1071

MIV-150 Y181C 6.62x 108 +2.12x 1078 7.92x 1077+1.18x 1077
MIV-150 K103N 8.00x 10784+ 5.08x 1078 6.00x 1077+ 2.66x 1077
MIV-150 K103N/P225H 1.30< 107+ 5.94x 1078 4.14%x 10°74+1.03x 1077
MIV-150 K103N/Vv108I 1.62x 107+ 1.24%x 1077 4.38x 1077+ 7.44%x 1078
MIV-150 K103N/L100I 2.73x 1077+ 6.88x 1078

S-1153 K103N/V108I 2.05 1084+ 1.98x 1078 6.92x 1077+ 2.25x 1077
S-1153 K103N 285 108+ 191x 10°8 2.90x 10°7+1.52x 1077
S-1153 K103N/P225H 3.1% 1084+ 2.56x 1078 1.12x 1064+ 9.07x 107
S-1153 Wild type 4.2% 1078+ 2.51x 1078 1.28x 106+ 4.63x 1077
S-1153 K103N/L100I 6.9% 108+ 6.80x 1078 3.39x 107+ 2.46x 1076
S-1153 L100I 1.7% 1064+ 4.21x 107

S-1153 Y181C 9.9% 1076+ 4.78x 1076

aThe values foKp, Kp1, andKp, were taken from Tables 1, 2, and 3, repectively.

the change was less dramatic than for KLIO3N. The exception Two amino acids located inside the binding pocket (V108

was S-1153, which showed a strongly increased dissociationand P225) were substituted in enzyme where also K103 had
from the L100I mutant, which was not observed with the KI03N been substituted by asparagine. By themselves, the V108l and
mutant (Figure 5). P225H substitutions are associated with relatively low resistance
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Figure 6. Resistance profiles for NNRTIs based on the overall equilibrium consthts (Kp) of the high-affinity (black marker) and low-

affinity interaction (grey marker), with error bars.

to most NNRTIs, but these mutants commonly arise in inhibitors except S-1153 (Table 2). The inhibitors with the

combination with the K103N mutant in patients receiving
efavirenz!® In addition, as regeneration was more effective with
the K103N variant than with the wild type, it was simpler to

slowest dissociation rates were S-1153, MSC-194, and delavir-
dine.
Resistance Profiles of NNRTIs Resistance profiles reveal

investigate their effects with a K103N background than when the overall effectivity of NNRTI interactions with the different
introduced alone into the wild-type enzyme. Both substitutions enzyme variants (Figure 6). The profiles for the first generation

had only minor effects on the pre-equilibrium constagik-,

andK,, when compared to the K103N variant (Table 1). V108|
and P225H reduced notably the affinity for delavirdine,
efavirenz, DPC 083, HBY 097, and S-1153 (Figure 5), while
only V108! affected nevirapine binding (Figure 5). No clear

effect was observed toward the binding of the PETT inhibitors;

inhibitors nevirapine and delavirdine show that all the substitu-
tions tested resulted in significantly reduced interactions with
the enzyme. Note that the profiles for these inhibitors were based
on Kp values alone since the interactions were not affected by
the pre-equilibrium, as indicated Ig§ values< 1. An exception
was the interaction between delavirdine and the wild-type

however, some inhibitors showed a slightly decreased affinity enzyme, which required a pre-equilibrium step wigrandk-,
upon change of an isoleucine instead of a valine at position values similar to those for the other inhibitors. In addition,

108 (MIV-150, MSC-198).
A double mutation resulting in KL103N/L100I substitutions
results in a comparatively loW, for most inhibitors, indicating

a synergistic effect of both single substitutions on the pre-
equilibrium (Figure 4). The double mutant had weaker interac-

although nevirapine exhibited a high and a low affinity binding
with the wild type enzyme, a single interaction step model
(Scheme 2) was used for data analysis in order to obtain a better
comparison between the different enzyme variants. The resis-
tance profile for nevirapine clearly shows that the efficacy of

tions than the corresponding single mutants for all tested this compound is significantly affected by the studied substitu-
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tions and has a bad starting point in comparison to the other of NNRTI interactions with HIV-1 RT, the details of NNRTI
compounds. The resistance profile for delavirdine indicates that inhibition and resistance cannot be obtained by an activity-based
the substitutions all reduce the affinity of the interaction, but assay.

none of them as dramatically as for many of the other  The data presented here offers further insights into the
compounds and substitutions. The K103N substitution had the complexity of the NNRTI resistance mechanism of HIV-1 RT.
smallest effect. The current interactions were in accordance with our previously
The resistance profiles for the quinazolinone compounds proposed model of the interaction between HIV-1 RT and
efavirenz and DPC 083 and the quinoxaline analogue HBY 097 NNRTIs2> According to this model, the free enzyme is in a
showed large effects of most substitutions on the interactions pre-equilibrium between two statesy Bnd E, of which only
(Figure 6). The interactions were not very sensitive to the L100I the energetically less favored state:(Ean bind the inhibitor.
substitution, and those of DPC 083 and efavirenz were not The adopted model also accounts for a heterogeneous interac-
greatly altered as a result of the Y181C substitution. Substitution tion, described by two parallel and noncompetitive binding
of either 1108, P225, or L100 in addition to K103 resulted in processes, representing a high-affinity and a low-affinity interac-
deleterious effects for all three compounds. tion. Several other models have been explored and tested but

The resistance profile for S-1153 differed markedly from other the ones used here were the only ones giving a satisfactory
inhibitors mainly by its stability against the K103N substitution description of the experimental dafaA complete description
(Figure 6). In fact, the interactions with the K103N, K103N/ Of the interactions included rate constants for the pre-equilibrium
V108I, and the K103N/P225H variants were more effective than (k» k-p) and for the association and dissociation of both
with the wild-type enzyme. In contrast, the L100I and Y181C €nzyme-inhibitor complexesk;, ko andk-s, k-2 respectively).
substitutions had dramatic effects on the interaction. Equilibrium constants for these step$y(Kp: andKpy) were

The tested phenethylthiazolylthiourea analogues also showe alculatedhfromfthe rat((ej Cﬁnsltantsa Ig addition, the ec;qwhb_rtl)ur:
similar resistance profiles (Figure 6), showing relatively small bet\g\?:rr;ﬁ : ﬁil?tzmjrincotnstalr?ta}xn € Enz);mng l\évas ES(;” €
effects of the studied substitutions. The most influential substitu- N)t/averthelesg 2 qualitative (visual)(’a>r<1al Dslis of se%st)r r[)afrﬁs was
tions for the interactions with the urea-PETT compounds MSC- important in ltheqinitial stages of the gnalysis and glater for
197, MSC-198, their racemic mixture MSK-105, and MSC-204, ifying the quantitative analysis and interpreting the results
was the combination of K103N and L100I substitutions. Except \_Il_i”fy”?g. ? h ilib Y he h P 9t :
for the L100I mutant, a similar pattern was found for MIV- € origins of the pre-equilibrium or the heterogeneity are not

150. The thiourea-PETT analogue MSC-194 was least affectedknown’ but they may b.e a result of rgte limiting and hetgroge-
L . -~ neous subunit interactions and opening of the NNRTI binding
by all inhibitors to the studied substitutions.

pocket8—11.27

On the basis of the findings of our earlier studies on NNRTI
interactions with HIV RT, we hypothesized that the mechanism

It is tricky to characterize the resistance mechanism for for NNRTI resistance may be due to one or several effects on
NNRTIs as they are allosteric inhibitors of HIV-1 RT. Instead the interaction, and that it may be unique for each compg@éind.
of simply blocking the active site directly, the mechanism is For example, a mutation associated with drug resistance may
indirect and binding is associated with a conformational change shift the pre-equilibrium toward & or may reduce the affinity
that reduces the activity of the enzyme. Consequently, a high for the inhibitor either by reducing the association rate or by
affinity interaction may not correlate with a high degree of increasing the dissociation rate. By simply comparing the
inhibition. Determination of the mechanism of allosteric inhibi- sensorgrams for single and double amino acid substitutions in
tors by activity-based assays is problematic since it is not the binding site it was obvious that resistance mutations had
possible to determine if inhibitors differ in their affinity for the  major effects on the kinetics of inhibitor interactions. Although
binding site or their capacity to induce a conformational change the effects were primarily seen as increased dissociation rates,
that affects the catalytic machinery of the enzyme. In the casethere were also discernible effects on the association rates, while
of HIV-1 RT, the conformational changes associated with effects on the pre-equilibrium were undetectable. The net effect
NNRTI binding could potentially influence the catalytic residues and the mechanism could thus not easily be elucidated by this
directly or the interactions between the enzyme and substratesimplistic analysis. The more detailed quantitative analysis
or enzyme and template/primer. Therefore, although there haveexposed the details of the interactions and indicated the existence
been many reports on the mechanism of inhibition by NNR- of higher complexities in the development of resistance. By
TIs8:10.11.13.28¢ js not yet clear how the interaction between the comparing the kinetics of different drug-resistant variants of
inhibitor and the enzyme correlates with the inhibition of the the enzyme we herewith found evidence for our hypothesis, and
enzyme or, more importantly, with inhibition of viral replication. it was possible to distinguish different mutants based on their
Clearly, this also makes it difficult to identify the mechanism effect on different steps of the binding process of NNRTIs.
underlying the reduced susceptibility of the enzyme to NNRTIs  The wild-type enzyme and the Y181C variant were found to
upon substitution of certain amino acid residues. For instance, have slowk, rates and fask , rates for most of the tested
it can be speculated that a mutation can lead to resistance byinhibitors, resulting in higtk,, values (unfavorable for binding
(a) interfering with the contacts between protein and inhibitor, of inhibitors). Both the K103N and the L100I mutation generally
reducing the affinity for the inhibitor or (b) by obstruction of resulted in lowelK, values than the wild type and the Y181C
the structural distortions caused by to the binding of inhibitor, variant. Furthermore, the determined values for the K103N/
resulting in a reduced efficacy. The advantage of using a direct L100I double mutant indicated a synergistic effect of both single
binding assay is that it only includes effects on the kinetics of mutations on the pre-equilibrium. Thus, the K103N and the
the interaction between NNRTIs and HIV-1 RT. It is not L100I substitutions lowered the energy barrier for the entry of
influenced by effects on enzyme interactions with substrate andthe inhibitor but at the same time also lowered the energy barrier
template/primer, or by effects on the catalytic step, as when for the unbinding of the inhibitor. Resistance could consequently
using an activity-based inhibition assay. Due to the complexity not simply be explained by reducing the proportion of the

Discussion
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binding competent form of the free enzymex]Elnstead, the Table 5. Anti-HIV Activities of NNRTIs. Resistance of HIV-1 Reverse
mechanism for resistance must also involve effects on the Transcrimase variants to NNRTIs Presented as Ratios of
association and dissociation of the inhibitors. Both the K103N —* %0

and the L100I substitution resulted in a reduced affinity, a
consequence of a decreased association rate and a decreased

K103N/ K103N/ K103N/
K103N L100I Y181C V108l P225H L100I

dissociation rate. In contrast, the Y181C, as well as the V108I gfa's;’riéﬂizne gg 7 ;g'; 2;.3’ 11?1: g? iggg

and the P225H substitutions, mainly reduced the affinity. nevirapine  79.8 9.8 313 236 112 112
Both L100 and K103 are located at the rim of the entrance DPC 083 128 429 <@ 2.9 66.7 805

to the binding pocket (Figure 2). The rather inflexible side chain g_‘-’ﬁgg 3; 59031 1%g@

of L100 has been suggested to play a critical role in the \.150 44 14 ' 180

dissociation of inhibitors, forming the bottleneck at the entrance MSc-194 42 23 88

together with V17%° This may explain the large effect on the ~MSC-197 222 111 11.1
dissociation of for example S-1153 despite the absence of direct MSC-198 362 5.77 7.69

MSC-204  29.8  4.42 7.92
contacts in the crystal structute Similarly, the flexible side = Ref 33.5 Ref 34.° Rof 359 Ref 36.° Ref 37 ' Ref 38.9 Ref 39." Ret
chain of K103, which also lacks direct contact with most 30.iF|§sz3436.iF|iZf 441'. Ref35.Ref 36.“Ref 37."Ref 38.9Ref 39." Re
inhibitors, as evidenced by determined enzyrimhibitor
complex structures, is involved in formation of a network of Conclusions
hydrogen bonds at the pocket entraRtégain, this may be
related to its crucial role in the entry and exit process of an
inhibitor. However, our data is not consistent with the current
hypothesis of a stabilized closed form of the non-nucleoside
inhibitor binding pocket in the K103N variant, as proposed by
Hsiou et al2! thereby explaining its broad cross-resistance
toward most NNRTIs. On the contrary, our data suggest that

the K103 subsytutlon resulted in a'OV.V.e”T‘g of the energy barrier possible to evaluate the interaction characteristics of each
for the formation of [, thereby facilitating the entry of the ¢, mhination of inhibitor and enzyme variant. This analysis
inhibitor into the binding pocket. The data presented herein for (e, eqled significant differences in the NNRTI resistance mech-
the K103N mutant therefore supported the finding that resistance gnism for different mutations. The adopted strategy is expected
is caused by a combination of induced changes in hydrophobic g pe particularly useful for screening and characterization of
and electrostatic interactions accounting for the decrease of NNRTIs with the aim of identifying compounds with efficacy
affinity,?® but we also found evidence for an interference with against drug resistant virus.

an intermediate state in the binding process of the inhibitor,

which obviously cannot be derived from the present structures. Materials and Methods

Implications on the Design of NNRTIs.The search for new Enzymes and Inhibitors. Wild-type HIV-1 RT (BH10 isolate)
NNRTIs has resulted in many promising drug candidates with and K103N, Y181C, L100Il, K103N/V108I, K103N/P225H, and
enhanced potency against a variety of resistance mutations. Thé¢103N/L100I variants were expressedEscherichia coli strain
latest concept of exploiting the structural flexibility of the BL21 (DE3), and purified as described by Lindberg et®arhe

S L . . . wild-type enzyme and the K103N, K103N/V108I, and K103N/
|n_h|b|tor to allow binding in muitiple conformations has y!glded P225H variants all have an E478Q substitution in order to extinguish
highly potent compounds that have proven to be resilient t0 e RNase H activity.

most single and double mutations in HIV-1 R332t can be The inhibitors used in this study (Figure 1) were synthesized at
concluded that these compounds require a high-energy enzymeMedivir AB, Huddinge, Sweden. MSK-105 is a racemic mixture

intermediate R in order to enter and exit the binding pocket, of MSC-197 and MSC-198. The inhibitors were dissolved in

which is likely to impose an energy barrier in the binding DMSO, and stock solutions of 10 mM were prepared.

process caused by a decrease in entropy and result in slow !nteraction Studies. The interaction studies between HIV-1 RT

dissociation rates. The optimization of inhibitors with respect and inhibitors were performed using a Biacore 2000 instrument
¢ imized barri theref titut (Biacore AB, Uppsala, Sweden), essentially as described previ-
0 a maximized energy barrier may thereiore constitute a ously?2s In short, the enzyme was immobilized by amine coupling

reasonable strategy for the design of new drugs. Though nottq the surface of a CMS5 sensor chip (Biacore). Immobilization and
changing the overall equilibriunKg x Kp) for the interaction  interaction studies were conducted at°®5in 10 mM HEPES, pH

between drug and drug target, a slower dissociation at the7.4, 150 mM NaCl, 3 mM EDTA, and 0.005% surfactant P20
expense of a limited association as a result of a high energy (polyoxyethylenesorbitan) (HBS-EP buffer, Biacore), with addition

barrier, might both increase the drug’s efficacy and result in ?yf 3% (VIV) Dl';/'?fol as 3‘ runnip%bfuffeGrblnhibitorst;]/ve(e di'utt)eld i”d
: ; - ; ; e running buffer and injected for s over the immobilize

higher Iogal drug concgntratl_ons in the virus particle. . enzyme in concentration series of 012 xM (0.01—60 ;M

To elucidate the relationship between the effect of mutations for nevirapine) at a flow rate of 50L/min. An injection of 0.5 M

on NNRTI-RT interactions and resistance, we compared the LiCl in 50% (v/v) ethylene glycol effectively regenerated the wild
present kinetic data to previously published data for resistance,type enzyme sensor surface. However, as this treatment lowered
based on inhibition of viral replication in cell culture (Table the binding level of subsequent injections for the other enzyme
5). The reported values for inhibition vary a lot in the literature Variants, these surfaces were simply “regenerated” by long dis-
and apparently depend strongly on the assay conditions. Insoclatlon times. Experiments were performed at least four times,

| ist t rtain inhibit lated with d dJnIess stated otherwise.
general, resistance o a certain innibitor correlated with 0ecreased  n 54 Analysis. The experimental data was analyzed using the

affinity. However, due to limited matching data, it was difficult  g|aevaluation program version 3.0.2 (Biacore). The rate constants
to quantify the correlations. A more rigorous analysis requires for the interaction between HIV-1 RT and NNRTIs were determined
a more extensive data set. by nonlinear regression analysis according to the interaction model

The biosensor-based method used for studies of HIV-£+ RT
NNRTI interactions have provided new insights into drug
resistance that have not been possible to obtain by activity
measurements, X-ray structures, or molecular modeling. In
particular, the present investigation has been able to address
the complex mechanism of resistance against allosteric inhibi-
tors. Despite the complexity of the studied interactions it was
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presented in Scheme 1. For sensorgrams of lower quality or with
low binding responses a simplified model (Scheme 2) was used

Geitmann et al.

Europe in patients infected with HIV-1. EuroSIDA Study Group.
Lancet1998 352 1725-1730.

for the analysis, facilitating a stable data fit. To compensate for a (16) Schinazi, R. F.; Larder, B. A.; Mellors, J. W. Mutations in retroviral

baseline drift or for bulk changes between association and dis-
sociation phases, additional mathematical expressions were some-
times included in the analysis models. Sensorgrams for sets of
concentration series were analyzed globally. If not stated otherwise,

genes associated with drug resistariog. Antivir. News 200Q 8,
65—91.

(17) De Clercq, E. Perspectives of non-nucleoside reverse transcriptase

inhibitors (NNRTIs) in the therapy of HIV-1 infectionl Farmaco
1999 54, 26—-45.

standard deviations were calculated from the obtained parameters (18) Bacheler, L. T.: Anton, E. D.; Kudish, P.; Baker, D.; Bunville, J.;

of at least four different sets.
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