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Abstract

A training set of 27 propofol (2,6-diisopropylphenol) analogues was used to construct four-
dimensional (4D) quantitative structure—activity relationship (QSAR) models for three screens of
biological activity: loss of righting reflex (LORR) in tadpoles, enhancement of agonist activity at the
y-aminobutyric acid type A (GABA,) receptor, and direct (agonist-independent) activation of the
receptor. The three resulting 4D-QSAR models are almost identical in form, and all suggest three
key ligand-receptor interaction sites. The formation of an intermolecular hydrogen bond involving
the proton of the ligand—OH group is the most important binding interaction. A hydrophobic pocket
binding interaction involving the six-substituent is the second most significant binding site, and a
similar hydrophobic pocket binding interaction near the two-substituent is the third postulated
binding site from the 4D-QSAR models. A test set of eight compounds was used to evaluate the
tadpole LORR 4D-QSAR model. Those compounds highly congeneric to the training set compounds
were accurately predicted. However, compounds exploring substituent sites and/or electronic
structures different from the training set were less well-predicted. Overall, the results show a striking
similarity between the models of the sites responsible for anesthesia and those mediating effects of
the training set of propofol analogues on the GABA, receptor; it follows that the GABAA receptor
is therefore the likely site of propofol’s anesthetic action.

Introduction

Propofol (2,6-diisopropylphenol) is a short-acting general anesthetic agent, effective for short
surgical procedures and for the induction and maintenance of anesthesia when administered
by intravenous infusion. Propofol has the pharmacokinetic advantages of rapid onset and offset
of action and produces a low incidence of postoperative nausea and vomiting.1=3 Several
adverse clinical effects are, however, associated with propofol infusion, including pain on
injection, bradycardia, reduction in blood pressure, and a high incidence of transient apnea.
Some of these side effects have been shown to be associated with the emulsion-based
formulation of propofol currently marketed (Diprivan®), and this has spawned efforts to
overcome the drawbacks associated with the emulsion formulation.*—®

The general anesthetic properties of propofol were first discovered in the 1970s during a screen
of 97 alkylphenols in mice and rabbits.” This study demonstrated that 2,6-dialkylphenols,
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particularly 2,6-di-sec-alkylphenols, were the most potent general anesthetics while other more
sterically hindered analogues, such as 2,6-di-tert-butyl- and 2,6-dicyclopentylphenol, were
inactive as anesthetics. Several laboratories have expanded on this initial study and analyzed
adiverse range of propofol analogues, in an attempt to better understand the pharmacodynamics
of propofol, and also to search for compounds with improved aqueous solubility.8-13

Although the precise molecular mechanism of action of propofol and other general anesthetics
remains unclear, substantial experimental evidence indicates that y-aminobutyric acid type A
(GABA) receptors are major targets of propofol, being implicated in both the behavioral and
the pharmacological actions of this agent.14~17 GABA receptors mediate fast inhibitory
neurotransmission in the central nervous system and are composed of various combinations of
subunit families (a, B, v, 8, m, 6, and &), which can combine in multiple ways to form a
pentameric chloride ion channel complex.1820 The actions of propofol at GABA, receptors
are complex and include enhancement (“potentiation”) of GABA-induced responses, agonist-
independent direct receptor activation in the absence of GABA (“direct activation”), alteration
of receptor desensitization and deactivation, and channel block. 21722 The importance of each
of these actions in the induction and maintenance of general anesthesia is not completely clear
although the focus has been on potentiation of GABA responses, since this occurs at clinically
relevant concentrations and would result in alterations in the duration of synaptic inhibition.
Propofol, like other general anesthetic drugs such as the inhaled ethers and the barbiturates,
shows little or no specificity among the diverse GABA, receptor subunits.28—30

In this study, we develop a three-dimensional (3D) pharmacophore for several effects of
propofol and some of its analogues: (i) activity as general anesthetics, (ii) potentiation of
GABA receptor-mediated responses, and (iii) direct activation of GABAA, receptors. We
apply the technique of 4D-QSAR analysis to a previously published dataset of 27 analogues,
which includes complete data for LORR in Xenopus laevis tadpoles as well as actions at the
human GABAA o1y receptor.® Propofol and other phenols have very complicated
pharmacokinetics in mammals, including extensive binding to plasma proteins.1 =3 As a result,
much of the anesthetic data for propofol analogues in mammals is approximate and often does
not include determination of plasma or brain concentrations. The LORR assay in tadpoles,
which has a long history with respect to the study of general anesthetics, provides a self-
consistent set of potencies for the immobilizing properties of the propofol analogues.3! The
GABA a1B2y2s receptor represents the most common subunit combination in the mammalian
central nervous system and thus serves as a likely target of the actions of propofol.18—20

4D-QSAR analysis®? is a molecular modeling method that has proved both useful and reliable
in the construction of quantitative 3D pharmacophore models for a set of ligand analogues
when the geometry of the corresponding receptor is not known. In particular, 4D-QSAR
analysis incorporates ligand conformational flexibility, multiple alignment exploration, and
exhaustive evaluation of ligand-embedded pharmacophore groupings in the QSAR model
building process. In addition, a 4D-QSAR model can be used as a virtual screen to evaluate a
virtual library of compounds.

In a recent study of a set of gene-regulating ecdysteroids,33 which have structural and
conformational features similar to the propofol analogues, 4D-QSAR analysis was found to
yield more robust and more predictive models than the popular comparative molecular field
analysis (COMFA) 3D-QSAR method.34 Thus, 4D-QSAR analysis was deemed the preferred
QSAR methodology to apply to a training set of propofol analogues that are flexible, there is
minimal information regarding the binding alignment of these analogues to the GABAA
receptor site, and the analogues contain a reasonably large number of possible pharmacophore
groupings.

J Med Chem. Author manuscript; available in PMC 2010 May 5.
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4D-QSAR analysis provides a vehicle to compare quantitative 3D pharmacophore models from
three different screens directly and meaningfully to one another. The capability of making these
model comparisons, in turn, has permitted us to propose a pharmacological hypothesis for the
anesthetic action of propofol.

Materials and Methods

1. Training S

2. Receptor-|

Step 1

Step 2

Step 3

et of Propofol Analogues

Krasowski et al.? have reported structure—activity data that has been selected to construct the
training set used in the study reported in this paper. The chemical structures of the training set
of 27 propofol analogues are given in Figure 1. Three measures of activities have been made
for each of these analogues: (i) ECsq for potentiating submaximal (EC,o) GABA responses at
GABA a1B2y2s receptors; (ii) ECsg for directly activating GABAA a1,y25 receptors; and
(iii) ECsq for the compounds in producing LORR in X. laevis tadpoles.

ndependent (RI) 4D-QSAR Analysis Applied to the Propofol Training Set

The 4D-QSAR scheme can be applied to either receptor-dependent or RI training sets. The RI
4D-QSAR formalism was applied in this study since the detailed geometry of the propofol
binding site on the GABAA receptor is not known.

The current formulation of the methodology for RI 4D-QSAR analysis consists of 10
operational steps that have been described in detail in previous papers32 and are summarized
here only in terms of modeling the propofol training set.

A 3D structure of each of the 27 propofol analogues given in Figure 1 was constructed in the
neutral form using the HyperChem 5.01 software.3 Partial atomic charges were computed
using the AM1 semiempirical method, also implemented in the HyperChem program. Each
structure was energy-minimized using the HyperChem 5.01 quantum mechanical method
without any geometric constraint. The energy-minimized structures are used as the initial
structures in conformational sampling.

The atoms of each molecule were classified into seven types of interaction pharmacophore
elements (IPEs), which are defined as follows: (a) any type of atom, any (0); (b) nonpolar atom,
np (1); (c) polar atom of positive charge, p+ (2); (d) polar atom of negative charge, p— (3); (€)
hydrogen bond acceptor, hba (4); (f) hydrogen bond donor, hbd (5); and (g) aromatic carbon
and hydrogen, ar (6). This IPE classification scheme was used to define the types of interactions
involved with each pharmacophore site of the 4D-QSAR model.

Molecular dynamic simulation, MDS, was used to sample the conformational states available
to each analogue and to generate its corresponding conformational ensemble profile (CEP).
The MDSs are done using the MOLSIM package38 with an extended MM2 force field.37:38
The temperature for the MDS is set at 300 K with a simulation sampling time of 40 ps with
intervals of 0.001 ps for a total sampling of 40 000 conformations of each propofol analogue.
The atomic coordinates of each conformation and its intramolecular energy sampled during
the MDS are recorded every 0.02 ps for a total of 2000 “frames”, or steps, in the CEP of each
compound.

J Med Chem. Author manuscript; available in PMC 2010 May 5.
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The current (R1) 4D-QSAR methodology uses three-ordered atom alignments to compare the
molecules of a training set. Six alignments that span the entire propofol core structure were
selected in this study and are defined in Table 2.

Each conformation of an analogue from its CEP is aligned relative to a cubic lattice reference
grid through the invariant coordinates of the three-ordered alignment atoms. In this study, the
size of the cubic grid cell is 1 A3, and the extent of the overall grid cell lattice was chosen to
enclose each compound within the training set. The normalized occupancy of each grid cell
by each IPE atom type over the CEP for a given alignment forms a unique set of QSAR
descriptors referred to as grid cell occupancy descriptors, GCODs. The GCODs are computed
and used as the basis set of trial 4D-QSAR descriptors in 4D-QSAR analysis.

A 4D-QSAR analysis generates an enormous number of trial QSAR descriptors, GCODs,
because of the large number of grid cells and the seven IPEs. Partial least squares (PLS)
regression analysis®? is used to perform a data reduction fit between the observed dependent
variable (in this study, each of the three observed biological activities) measures and the
corresponding set of GCOD values.

The M most highly weighted PLS GCOD descriptors, generated in step 6, are used to form the
trial basis set for a genetic algorithm (GA) model optimization. The specific GA currently used
in the 4D-QSAR software?? is a modification of the genetic function approximation (GFA).
41,42 The GFA optimization is initiated using N (currently 300) randomly generated 4D-QSAR
models. Mutation probability over the crossover optimization cycle is set at 10%. The
smoothing factor, a GFA control variable, which specifies the number of independent variables
in the QSAR maodels, is varied in order to determine the optimal number of descriptors in the
4D-QSAR models. The diagnostic measures used to analyze the resultant 4D-QSAR models
generated by the GFA include (i) descriptor usage as a function of crossover operation, (ii)
linear cross-correlation among descriptors and/or dependent variables (biological activity
measures), (iii) number of significant and independent 4D-QSAR models, and (iv) indices of
model significance including the correlation coefficient, r2, leave-one-out cross-validation
correlation coefficient, xv-r2, and Friedman’s lack of fit (LOF).43

Non-4D-QSAR descriptors can also be included in the GFA model optimization. In this study,
the logarithm of the 1-octanol/water partition coefficient, logP, was added in the form of both
the linear and the square values of ClogP, which was calculated using the ClogP 4.0 program.
44 The “C” in ClogP indicates that this property is calculated as opposed to measured. The
ClogP values for each of the 27 propofol analogues are given as part of Table 1. It is well-
known that the potency for many general anesthetics in immobilizing mammals correlates
fairly well with logP, even when considering general anesthetics with diverse chemical
structures. As a consequence, many traditional QSAR analyses’+12:45=47 of general anesthetics
identify logP as the major independent variable that predicts anesthetic potency. The
relationship between general anesthetic potency and logP, often referred to as the Meyer—
Overton correlation, has often been invoked to suggest that general anesthetics act at lipid, as
opposed to protein, targets. The purpose of adding logP as a trial descriptor in this study was
to investigate the possible effect of the lipophilicity of the analogues to their corresponding
activities.

J Med Chem. Author manuscript; available in PMC 2010 May 5.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Krasowski et al.

Step 8

Step 9

Step 10

Results

Page 5

Steps 47 are repeated until all (six) trial alignments are included in the 4D-QSAR analysis.

The inspection and evaluation of the entire population of 4D-QSAR models are made in this
step. The objective is to identify the “best” 4D-QSAR models with respect to the set of chosen
alignments. Each alignment considered will lead to a particular best 4D-QSAR model for that
specific alignment. The alignment corresponding to the 4D-QSAR model with the overall
highest r2 and xv-r? measures, for all alignments tested, is selected as the best alignment. The
linear cross-correlation matrix of the GCODs for the best 4D-QSAR model for the optimal
alignment is then built to determine if the GCODs of this best model are correlated to one
another. In this particular 4D-QSAR application, the lack of resolved inactivity measures
prompted the use of additional multivariate analyses to those described above. However, it was
not possible to construct better models or to glean additional insight, as compared to that
realized using the “standard” 4D-QSAR statistical analyses described above.

The final step of the 4D-QSAR formalism is to hypothesize the “active” conformation of each
compound in the training set. This is achieved by first identifying all conformer states sampled
for each compound, one at a time, that are within AE of the apparent global minimum energy
conformation of the compound’s CEP. Currently, AE is set at 2 kcal/mol. The resultant set of
energy-filtered conformations is then individually evaluated in the best 4D-QSAR. That
conformation within 2 kcal/mol of the apparent global minimum that predicts the highest
activity in the best 4D-QSAR model is defined as the active conformation.

The 4D-QSAR model can also be used as a virtual high throughput screen (VHTS) to predict
the activities of the members of a virtual library of “similar” compounds to those of the training
set.48:49 A comparison between the predicted activities from a 4D-QSAR model and the
corresponding experimental values is perhaps the most stringent validation test of the 4D-
QSAR model. A virtual screen of a small library of eight test compounds is carried out in this
study as part of the tadpole LORR 4D-QSAR analysis.

4D-QSAR models were independently constructed for each of the three types of activity
screens used to evaluate the training set compounds. The details of each of the three separate
4D-QSAR models are given below.

Potentiation of GABA Responses at Human GABA, a41B2y25 Receptors

The six alignments given in Table 2 were applied in the 4D-QSAR study. An inactivity value
of —log(ECsp) = 1 gave the best 4D-QSAR models, with alignment 4 yielding the overall best
model. Hence, the inactivity value was set to —log(ECsgg) = 1 in all further studies. The
corresponding best 4D-QSAR models, as assessed by the cross-validated correlation
coefficient xv-r2, are given in Table 3. Figure 2A contains plots of rZ and xv-r2 as a function
of the number of descriptors in a model using alignment 4. From Figure 2A, it is clear that
maximum model significance is achieved with six descriptor terms, and there is no meaningful
model improvement with the addition of additional descriptor terms. Thus, a six-term 4D-
QSAR model, using alignment 4, yielded the best overall model, which is where n = 27, r2 =
0.836, and xv-r2 = 0.737.

Ineq 1, GCi(x, Y, z, X) is the ith significant GCOD in the (X, y, z) coordinate having the X type
IPE as defined above in step 2 of the 4D-QSAR analysis. ClogP was included in the trial
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descriptor pool in both linear and quadratic forms but did not survive as a significant descriptor
in the 4D-QSAR model optimization process. A stereographic representation of the 3D
pharmacophore embedded in the 4D-QSAR model, eq 1, is shown in Figure 3A. The reference
compound in Figure 3A is 2-tert-butyl-6-methylphenol (compound 11 in Table 1) in its
predicted active conformation. The activity values for potentiation, both experimentally
determined and derived using eq 1, are plotted in Figure 4A. Two GCODs of the 4D-QSAR
model specify pharmacophore sites that enhance activity (i.e., these have positive regression
coefficients), and these correspond to (i) a hydrogen bond donor site near the OH and (ii) any
atoms, with a preference for nonpolar atoms, located at certain sites involving the two- and
six-substituents.

Four of the GCODs of eq 1 correspond to GCODs that decrease potency, since they have
negative regression coefficients, and these correspond to (i) three GCODS, largely all-atom
type IPEs, that apparently map the spatial size and shape restrictions on the choice of the two-
and six-substituents and (ii) a polar negative IPE GCOD suggesting the region of space
occupied by the GABA receptor hydrogen bond acceptor group that is complementary to the
hydrogen bond donor GCOD.

The best 4D-QSAR model, as represented by eq 1, has been statistically evaluated. A linear
cross-correlation matrix of the GCODs of eq 1 was built and is given by Table 4. Any pair of
GCODs having a correlation of greater than 0.50 or less than —0.50 is flagged as a highly
correlated pair and indicated in bold in Table 4A. GC3 and GC4, having the correlation
coefficient of 0.81, are significantly correlated to each other. Removal of either of these two
significantly correlated GCODs from the descriptor pool, followed by reoptimization, yields
a new set of five- and six-term 4D-QSAR models that are statistically poor (r? < 0.60).
Therefore, it appears that all six specific GCODs of the best 4D-QSAR model provide requisite
composite and complementary information.

The high correlation between GC3 and GC4 involves two grid cells that are about 3 A apart
in space; yet, both contribute to activity when occupied. The correlation between these two
GCODs could possibly arise from an intramolecular “allosteric” effect where occupancy at
one grid cell has a coupled interaction to yield an increase/decrease in the occupancy of the
other grid cell.

Direct Activation of Human GABA, a1Boy2s Receptors

A similar 4D-QSAR study was carried out for the same training set (Table 1 and Figure 1),
using the —log(ECsp) for direct activation as the dependent variable. Using alignment 4 of
Table 2, an inactivity value of —log(ECsp) = 1 and six descriptors again yielded the optimum
4D-QSAR model. The optimum six-term 4D-QSAR model for direct receptor activation is
where n =27, r2 = 0.829, and xv-r2 = 0.765.

ClogP was again included in the trial descriptor pool in the construction of eq 2 but did not
survive in GFA model optimization. A stereographic representation of the 3D pharmacophore
embedded in eq 2 is shown in Figure 3B from the same external reference view as in Figure
3A. The experimental activity values for direct activation and those predicted by the model are
plotted in Figure 4B. Four of the GCODs of eq 2 have positive regression coefficients (i.e.,
they enhance activity) and these correspond to (i) a hydrogen bond donor site near the OH and
(i) occupancy of any atom types at positions encompassing the two- and six-substituents of
the analogues.

In addition, there are two GCODs with negative regression coefficients that characterize steric
restrictions associated with the size and shape of the two- and six-substituents. The linear cross-
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correlation matrix of the GCODs of eq 2 is presented in Table 4B. None of the GCODs are
significantly correlated to one another.

Tadpole LORR

A similar 4D-QSAR study was performed for the training set (Table 1 and Figure 1) using
activity for inducing LORR in tadpoles as the dependent variable. Not surprisingly, in view of
the significant correlation between activity in the LORR assay and activity in the two in vitro
screens (Table 5), the best 4D-QSAR model for LORR was found to correspond to alignment
4, with the —log(ECsp) value for inactive compounds set equal to one and with six descriptor
terms in the model.

Table 5 reports the cross-correlation values among the three activity measures for (i) the entire
training set and (ii) for the active analogues only. The cross-correlation values for the active
analogue set are less, respectively, than those of the entire training set, but a major degree of
common behavior among the three activity screens is still indicated. The cross-correlation
values for the entire training set are all quite significant. Overall, Table 5 suggests that the three
structure—activity profiles are markedly similar for the compounds studied.

ClogP did not survive the model optimization process, which is not surprising given the weak
correlation between LORR —log(ECsp) and ClogP (linear r2 = 0.31, and quadratic r2 = 0.38).

The best 4D-QSAR model for LORR is where n = 27, r2 = 0.836, and xv-r2 = 0.765. The linear
cross-correlation matrix of the GCODs of eq 3 is given in Table 4C. The distance between
GC1 and GC4 is about 7 A, while GC2 and GC4 are approximately 9 A apart. The removal of
any one of these three GCODs from the trial descriptor pool results in a major loss in the quality
of the resulting 4D-QSAR model (r? < 0.50). Thus, it is concluded that the high GCOD
correlation arises from a composite, and necessary, intramolecular “allosteric” effect. The
stereographic representation of the embedded 3D pharmacophore of eq 3 is given in Figure 3C
and is identical in format to those of eq 1/Figure 3A and eq 2/Figure 3B. The tadpole LORR
—log(ECsp) values, both experimentally observed and predicted using eq 3, are plotted in Figure
4C. The 4D-QSAR model given by eq 3 is very similar to both eq 1 and eq 2. There are four
GCODs that have positive regression coefficients corresponding to increasing activity and
define (i) a hydrogen bond donor site near the OH and (ii) three sites within the spaces of the
two- and six-substituents, which define preferred occupancy sites in terms of any or nonpolar
IPEs.

There are two GCODs with negative regression coefficients that define sites within the spaces
of the two- and six-substituents, which should not be occupied by any and/or nonpolar IPEs.

Virtual Screen

Figure 5 lists the test set of eight compounds for virtual screening using eq 3. The tadpole
LORR activities of these eight propofol analogues were measured after eq 3 was constructed.
The —log(ECsp) values predicted using eq 3, and measured experimentally in the tadpole LORR
screen, are given in Table 6. Perhaps not surprisingly, compounds 1, 3, 6, and 7 of the test set,
which are similar to the training set compounds in chemical structure, are predicted well.
However, the predictions for compounds 2, 5, 6, and 8 are poor, and each of these compounds
differs significantly from the chemical structures sampled by the training set. Compounds 2
and 5 have 4-propyl and 5-methyl groups, respectively. These two structural features are only
present in analogues 19, 25 and 17, 20, respectively (see Figure 1), in the training set. This
observation may indicate ligand substituents at positions other than the two- and six-positions
are not only tolerated but can enhance tadpole LORR potency. For compound 8 of the test set,
two alignments were considered in which either the 1-OH or the 4-NH, was considered as
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providing the hydrogen bond donor group specified by eq 3. It appears that the two bulky
benzyl groups at two- and six-positions prevent the 1-OH from forming the hydrogen bond
with the receptor. However, a hydrogen bond might be formed instead using the 4-NH,
substituent by “flipping over” the ligand into a binding mode in which the 4-NH, replaces the
“normal” 1-OH group.

4D-QSAR Analysis of Active Analogues Only

The rather inexact manner of assigning activity values to the inactive analogues was a cause
for concern over the course of the study, and after the —log(ECsq) predictions of the best 4D-
QSAR models for each of the three types of activity screens were analyzed, the possibility of
a general prediction problem was perceived. All three 4D-QSAR models underestimate the
—log(ECsg) of active compounds and overestimate the potency of inactive compounds. In some
ways, this behavior is not too surprising since there are 13 inactive compounds in the training
set all of which are assigned a —log(ECsq) = 1. The regression fitting is seemingly not
sufficiently flexible to accommodate all of the inactive analogues, while simultaneously
describing the most active analogues using a six-term regression model.

To model the features of the active compounds in isolation, 4D-QSAR models were constructed
for the 14 active compounds (—log(ECsg) > 2.0) for each of the three screens (see Figure 1 and
Table 1). Alignment 4 was applied to each of the three active analogue training sets. The best
4D-QSAR models are as follows:

Direct Activiation where n = 14, r2 = 0.829, and xv-r2 = 0.712;
Potentiation where n = 14, r2 = 0.890, xv-r? = 0.725; and
Tadpole LORR where n = 14, r2 = 0.872, xv-r2 = 0.835.

Each of the optimized “active only” 4D-QSAR models is a two-term model, which has
statistical qualities on par with the full 27 analogue training set models. In each case, one GCOD
of the active only models involves hydrogen bonding of the phenolic OH, which is the first
descriptor listed in each model. This hydrogen-bonding descriptor refers to the optimum
positioning of the hydroxyl proton (hydrogen bond donor) in models given by eqs 4a and 4c
and where to leave space about the OH, presumably for the hydrogen bond acceptor group of
the receptor, in eq 4b. The other GCOD descriptor of each model maps out a favorable position
for either the two- or six-position substituent. Overall, each of the 4D-QSAR models of the
active analogue set, expressed by eqs 4a—c, are, respectively, subset models of the 4D-QSAR
models for the complete training set and each particular activity endpoint. A stereographic
representation of eq 4c is given in Figure 6A using the same external viewing frame of reference
as in the other stereographic views of the other 4D-QSAR models reported in this paper. The
reference molecule in Figure 6A is again 2-tert-butyl-6-methylphenol.

Equation 4c was intentionally expanded to a six descriptor term 4D-QSAR model in order to
see which additional GCODs might appear in the model. where n = 14, r2 = 0.998, and xv-r2
=0.995.

The resultant overfit 4D-QSAR model expressed by eq 5 is quite similar to both egs 3 and 4c,
which can be inferred by comparing the descriptor terms in the 4D-QSAR model equations to
one another, and Figure 6B to Figures 3C (eq 3) and 6A (eq 4). The significant figures of fit
are given in brackets as part of eq 5. Figure 6B is a stereographic plot of the embedded
pharmacophore in eq 5 in the same format as given for eq 4 in Figure 6A. GC3 and GC5 of eq
5 have positive regression coefficients, which support the inference of a nonpolar binding site
at the six-position of propofol. GC4 of eq 5 has a positive regression coefficient and
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corresponds to a binding site near the two-position of propofol. GC1 and GC2 of eq 5, which
most likely define the hydrogen-bonding profile of the —OH to the receptor site, again dominate
ineq 5.

Discussion

There are two major findings from this study. First, relative lipophilicity, as measured by
ClogP, is not found to be an activity determinant/correlate in any of the three biological screens
used to evaluate the training set of propofol analogues. Second, distinct 3D pharmacophores,
which are indicative of specific ligand-receptor binding, are found for all three measures of
activities made on the members of the training set. Moreover, these pharmacophores, and the
corresponding 4D-QSAR models from which they are derived, are all very similar to one
another. This second finding, in turn, suggests that (i) the propofol binding site on the
GABA receptor is likely to be the site mediating its anesthetic effects, (ii) it is also likely that
the GABA receptor represents the major site of action of propofol in causing loss of righting
reflex in tadpoles, and (iii) there is a common mechanism of action governing the behavior of
the propofol analogues of the training set for all three activity screens used in this work.

The 4D-QSAR models and corresponding 3D pharmacophores for the three activity screens
have several specific features worth noting. First, there is a high similarity of the locations of
the GCODs of each of the best 4D-QSAR models for the three activity screens. This similarity
in the GCODs between the models can be discerned from Table 7, in which common GCODs
within 1 A of one another for the three models, egs 1-3, are reported.

The most important feature of the binding of propofol analogues to the GABA receptor
involves the proton of the —OH group forming a hydrogen bond to an acceptor group on the
GABA receptor. Replacement of the proton of the 1-OH group decreases significantly the
ligand-receptor affinity.®12 This ligand-receptor hydrogen bond is highly directional in space
relative to the ligand as evidenced by the GCODs with p— and hba IPEs near the hbd GCOD
having negative regression coefficients in eqs 1 and 5. The substituents at the two- and six-
positions can alter the propensity of the —OH group to adopt the preferred intermolecular
hydrogen-bonding geometry.

The identification of a specific intermolecular hydrogen bond as a critical determinant of
propofol analogue potency represents a significant advance over previous QSAR analyses of
anesthetic potency, which almost universally find molecular lipophilicity to be the major
determinant of activity.”:12:45-47 This finding perhaps relates to the advantages of 4D-QSAR
analysis over the (2D) QSAR analyses applied in previous studies. Although few studies have
investigated the importance of hydrogen bonding and anesthetic potency, one prior study
supports a major role for hydrogen bonding in anesthetic—receptor interactions. Abraham et.
al. found the ability to accept a hydrogen bond to be a negative determinant of the anesthetic
potencies of a large series of linear and cyclic alkanes, alcohols, and ethers (although not
including propofol).4’

Each of the 4D-QSAR models given by eqs 1-3, as well as eq 5, indicates a binding region at
the two-substituent position. Overall, this binding site is characterized by one or two potency-
enhancing GCODs, most likely involving nonpolar atoms, and GCODs defining steric
restrictions associated with a “wall” of the receptor site. The numbers and locations of the
GCODs vary among the 4D-QSAR models. This type of variability among the GCODs from
model to model may be due to limited information within the SAR of the training set. However,
this diffuse representation of a likely nonpolar binding site across the 4D-QSAR models is also
consistent with mapping a hydrophobic pocket ligand-receptor interaction. Hydrophobic
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pockets are often irregular and/or flexible in shape, as are the substituents fitting into them.
Thus, there are multiple similar ways to reasonably describe this interaction.

The final binding site near the six-substituent site seems to be identical in form to that of the
two-substituent binding site, namely, a hydrophobic pocket binding interaction. This binding
site, overall, seems somewhat more important than the two-substituent site (at least for the
training set studied) as can be judged from the regression coefficients of eqs 1-3. Also, this
binding site and that of the OH make up eq 4 that is a 4D-QSAR model for the active analogues
only. The two-substituent binding site is not present in eq 4. A comparison of the 3D
pharmacophores of eqs 1-3 shown in Figure 3 suggests that the hydrophobic pocket for the
two-substituent is smaller than the one for the six-substituent.

Each of the 4D-QSAR models have GCODs that are not associated with the one-, two-, or six-
position binding sites. These “spurious” GCODs are located near the three-, four-, and/or five-
ring positions. It is not possible to discern if these GCODs are providing significant
pharmacophore information since the number of analogues in the training set that sample these
regions of space are small. These descriptors will be given special attention as the current 4D-
QSAR models are evolved and as additional analogues are made and tested.

Finally, there are no outliers in egs 1-4. However, as mentioned above, eqgs 1-3 correspond to
4D-QSAR models that tend to underestimate highly potent analogues and overestimate the
activity of analogues of marginal potency. Using eq 3, only four of the eight predictions of the
test set given in Figure 5and Table 6 are accurate. The four correct predictions are for analogues
that are highly consistent in chemical structure to members of the training set. The four poor
predictions each correspond to an analogue that has structural features not found, or very poorly
sampled, in the training set.

The active nonphenol compounds 12, 13, and 15 of Table 1 stand out in the training set as
structurally distinct. A variety of electronic, as well as spatial, properties of all of the
compounds in the training set were determined and included in the descriptor set used to build
and optimize the QSAR model. None of these non-4D-QSAR descriptors for compounds 12,
13, and 15 appear unusual relative to the other training set compounds, but none of these
descriptors survived in the model optimization process. The activity of the active nonphenol
compounds would seem to arise from favorable electrostatic interactions (as opposed to
hydrogen bonding) of their one-position groups with the receptor.

The next step in this research will be to evolve the current 4D-QSAR models of the propofol
analogues to include contributions from the three-, four-, and five-substituent sites, as well as
to try and build in descriptors that model changes in electronic structure and resultant
GABA receptor binding interactions. The extended models may include classification rules
and/or consensus models in order to realize reliable predictions over a range of propofol
chemistry.

It may be possible to modify the molecular structure of propofol in order to yield drugs that
can discriminate between specific GABA, receptor subunit combinations. Developing such
analogues may optimize anesthetic activity and reduce side effects or result in drugs with
selective sedative, anxiolytic, or anticonvulsant properties.®0 In addition, although no specific
antagonists to the actions of propofol or other general anesthetics have yet been identified,
experimental evidence supports the possibility of °1:52 developing selective antagonists to
anesthetic modulatory sites on GABAA receptors. A propofol antagonist would represent an
invaluable research probe and could be used to test the involvement of the GABAA receptor
in the in vivo action of propofol.
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Structures of the 27 propofol analogues used in the 4D-QSAR training set. Each type of activity
measure is expressed as —1og(ECsp) in the construction of the QSAR models where ECxq is in
molar units. The same compounds are inactive in all three screens, with the minor exception
of phenol not showing activity for direct activation. It should be pointed out here that about
half of the 27 analogues were tested as far as aqueous solubility allowed but did not show
activity, even when applied for very long periods of time. The inactive compounds were
monitored down to —log(ECsp) = 2 (which corresponds to a ligand concentration of 10 mM).
However, the lower limit in activity for each of the three measures was varied from 2 to 0 in
the construction of the 4D-QSAR models. The optimum 4D-QSAR model for each activity
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class was obtained by setting the activity of each inactive analogue to —log(ECsp) = 1.0. The
—log(ECsg) values for each of the analogues and each of the three activity types are given in
Table 1. This manner of including class measures, as opposed to actual activity measures, in
QSAR model building must be carefully monitored and kept in mind in interpreting the
resultant model.
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Plots of the number of 4D-QSAR model descriptors vs rZ and xv-r2. (a) Potentiation of
GABA responses; (b) direct activation; (c) tadpole LORR.
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Stereoviews of the 3D pharmacophores of the best 4D-QSAR models (egs 1-3) shown relative
to analogue 11, 2-tert-butyl-6-methylphenol (see Figure 1), in its respective active

conformations as predicted using each of the best 4D-QSAR models. The GCODs are shown
as spheres, although the actual grid cells are cubes in space. —log(ECsg)-enhancing grid cells
are shown as blue spheres, and grid cells that diminish —log(ECsp) are shown as red spheres.
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Predicted and observed activities [-log(ECsgp)] of each training set analogue for the three types
of activities.
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Eight propofol analogues of the test set for the tadpole LORR 4D-QSAR model.
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A. The two-term 4D-QSAR model given by eq(4)
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Figure 6.

4D-QSAR models for the active tadpole LORR analogues of the training set. The GCODs are
shown in the same manner as in Figure 3, and the reference analogue is number 11 of Table 1
in its active conformation as predicted by the corresponding 4D-QSAR model.
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—Log(ECsg) of the Propofol Analogues for Potentiation of GABA Responses, Direct Activation, and Anesthetic

Action in Tadpoles

Compd Potentiation | Direct activation | Tadpole LORR | ClogP
1, phenol 3.0* 1.0 2.8* 15
2, 2,6-dimethylphenol 3.9* 3.7* 4.2% 25
3, 2,6-dimethylthiophenol 1.0 1.0 1.0 2.9
4, 2,6-dibromophenol 1.0 1.0 1.0 3.0
5, 2-isopropylphenol 4.4* 3.8* 3.9* 29
6, 2,6-dimethoxyphenol 1.0 1.0 1.0 11
7, 2-isopropylthiophenol 1.0 1.0 1.0 3.3
8, 2,6-diethylphenol 4.9* 3.9* 4.7* 34
9, 2-cyclopentylphenol 1.0 1.0 1.0 35
10, 2-hydroxy-3-isopropylbenzoic acid 1.0 1.0 1.0 3.6
11, 2-tert-butyl-6-methylphenol 6.3* 4.7* 4.5% 3.8
12, 2,6-diethylphenyl bromide 4.7* 3.9* 3.8* 5.1
13, 2,6-diethylphenyl isocyanate 4.6* 3.6* 3.8* 2.0
14, 1,3-diisopropylbenzene 1.0 1.0 1.0 5.0
15, 2,6-diethylphenyl isothiocyanate 4.8* 3.5* 3.8* 5.4
16, 2,6-diisopropylphenol (propofol) 5.7* 5.0* 5.7* 4.3
17, 3,5-diisopropylcatechol 4.4* 3.7* 4.3* 3.7
18, 2,6-diisopropylphenyl isocyanate 1.0 1.0 1.0 2.8
19, 2,4-di-tert-butylphenol 1.0 1.0 1.0 5.1
20, 3,5-di-tert-butylphenol 4.0* 3.3* 4.0* 5.1
21, 2,6-di-tert-butylphenol 1.0 1.0 1.0 5.1
22, 2,6-diisopropylphenyl isothiocyanate | 1.0 1.0 1.0 6.2
23, 4-iodo-2,6-diisopropylphenol 5.0* 4.5% 5.6* 5.7
24, 2,6-di-sec-butylphenol 5.6* 4.7* 6.4* 5.4
25, 2,4-di-sec-butylphenol 4.5% 3.6* 5.0* 5.4
26, 2,6-dicyclopentylphenol 1.0 1.0 1.0 5.6
27, 2,6-dicyclohexylphenol 1.0 1.0 1.0 6.7

aLI'he last column is the ClogP of each compound. Activities are expressed as —log(EC50), with EC5Q in molar units. Experimentally obtained values
are indicated by *. The inactive compounds have been assigned a —log(EC50) of 1.0.
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Table 3

Page 23

Cross-Validated Correlation Coefficient of the Best Potentiation of GABA Response 4D-QSAR Model for
Each Alignment

align | cross-validated correlation | coeff, xv-r? align | cross-validated correlation coeff, xv-r2
1 0.600 4 0.737
2 0.571 5 0.556
3 0.701 6 0.690
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Linear Cross-Correlation Matrixes of the —log(ECsq) Values of the Three Activity Screens

Table 5

Part A for 27 Analogues

potentiation

direct activation

tadpole LORR

Potentiation 1.00
Direct activation | 0.97 1.00
Tadpole LORR 0.96 0.96 1.00

Part B for Active Analogues Only

potentiation

direct activation

tadpole LORR

potentiation 1.00
Direct activation | 0.88 1.00
Tadpole LORR 0.68 0.78 1.00
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Common Grid Cells and/or Grid Cells within 1 A of One Another in Space for the Three 4D-QSAR Models of

Table 6

Each Activity Screen

Common Grid Cells in Space

Potentiation and tadpole LORR | Direct activation and tadpole LORR

Grid cells

(-1,-1,-2,hbd), (0,-3,1, any) (1,-2,2, any)

Grid Cells within 1 A in Space

Potentiation and direct activation Direct activation and tadpole LORR

Grid cells

(-1,-1,-2,hbd), (-1 —-1~Lhbd) | (~1-1,-2,hbd), (-1,-1,~L,hbd)

(0,-3,1, any), (1,-2,2, any)
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Predicted and Observed Activities [-log(ECs)] for the Tadpole LORR Test Set?

compd | obs(—1ogECsp) | pred(-logECsq)
1 4.0 4.1

2 inactive 5.8

3 45 4.8

4 4.5 4.3

5 4.3 1.6

6 inactive 3.9

7 4.5 (lethal) 4.1

8 4.5 (slow) -2.0/11.8
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a. ... . . . . . . . .
Activities are expressed as —log(EC50), with EC5( in molar units. Accurate predictions are shown in bold. Two different alignments were tried for
compound 8. The first one was to put OH at the first position, and the second one was to turn the ring and put NH2 at the first position.



