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pA2 value is defined as the negative logarithm of the molar 
concentration of the test compound that will cause a shift of a 
factor of 2 toward higher concentration in the Ca2+ concentra
tion-response curve. 

Blood Pressure and Heart Rate in Spontaneously Hy
pertensive Rats. Experiments were carried out in spontaneously 
hypertensive male rats (Okamoto strain), which were at least 16 
weeks old. An arterial catheter (Clay Adams, PE-50) was im
planted into an abdominal aorta via a femoral artery under ether 
anesthesia. Conscious blood pressure was measured directly by 
the arterial catherter that was connected to a pressure transducer 
(Nihon Koden, TR-200T). Heart rate was measured by a pulse 
rate tachometer (Nihon Koden, AT-601G). 

Methacholine-Induced ST Elevation in Rats. Male 
Sprague-Dawley rats, weighing about 500 g, were anesthetized 
with sodium pentobarbital (60 mg/kg ip). For bolus injection 
of methacholine into the ostia of the left and right coronary 
arteries, an arterial cannula was introduced through the exposed 
right carotid artery down closely to the aortic valve. Methacholine 
solutions (8 Mg/kg) were administered ia into the aorta by means 
of microsyringes before, 0.5 min and every 5 min (until abolish 
of methacholine-induced ST elevation) after test drug adminis
tration. Test compound solutions were intravenously administered 
into the femoral vein. Recording of ECG, sensitivity of ECG, and 
amplitude of ST segment were achieved by the same method as 
used with the vasopressin-induced ST depression assay. Values 
are represented as mean ± SE. The difference of paired mean 
values was analyzed by the Student's t-test and judged to be 
significant when p values were less than 0.05. 

Vasopressin-induced ST Depression in Rats. Male rats 
of the Donryu strain, weighing 150-220 g, were anesthetized with 
sodium pentobarbital (60 mg/kg ip). The test compounds sus
pended in 0.5% tragacanth solution were administered orally 60 
min before intravenous administration of vasopressin (0.2 IU/kg). 
After 60 min, using the method of Hiramatsu et al.,7* myocardial 
hypoxia was produced with vasopressin, which was administered 
through a cannula in the femoral vein. The electrocardiogram 
(ECG) of the standard limb lead II was recorded. ST segment 

(26) Available from Molecular Design Ltd., San Leandro, CA. 
(27) Weiner, P. K.; Langridge, R.; Blaney, J. M.; Schaefer, R.; 

Kollman, P. A. Proc. Natl. Acad. Sci. U.S.A. 1982, 79, 3754. 

Introduction 
It is generally agreed that aliphatic alcohols are me

tabolized and eliminated from the body by two main 
pathways, namely by in vivo oxidation to aldehydes, acids, 
ketones, and carbon dioxide or by conjugation with gluc
uronic acid to give highly water soluble glucoronides. It 
is worthwhile determining the factors which influence the 
path of elimination and to predict that chosen for a par
ticular alcohol, for example in the field of detoxication 
studies. Thirty alcohols have been tested for their in vivo 

depression after vasopressin was measured, as previously described 
by Hatano et al.7b The amplitude of the ST segment was mea
sured at intervals of 30 s for 5 min after administration of va
sopressin in each rat. 

Calcium Influx in Rat Aorta. Thoracic aorta was cut open 
longitudinally and a segment weighing about 5-10 mg was used 
for the experiments. The artery strips were incubated for 5 min 
in ^Ca (0.8 iiCi of 45Ca/mL) containing physiological solution 
(mM: NaCl 136.9, KC15.4, MgS04 1.0, CaCl21.5, NaHC03 23.8, 
glucose 5.5). Test compounds were added 30 min prior to and 
during the 45Ca incubation period. After incubation with ^Ca, 
the strips were washed for 60 min at 4 °C in the La-substituted 
solution containing 73.8 mM LaCl3, 5.5 mM glucose and 24 mM 
tris(hydroxymethyl)aminomethane. After the La-wash period, 
tissues were placed in scintillation vials and dissolved in soluene 
solution at 40 °C. The scintillation mixture was added to toluene 
scintillation solution (mM: dimethyl-POPOP 0.25, PPO 22.6, 
acetic acid 143), and the radioactivity was counted in a liquid 
scintillation counter (Packard Model 1460 CD). The results of 
each determination were convered to the apparent tissue content 
of 

^Ca (mmol/kg of wet wt) = 
dpm in muscle nmol of Ca/L of medium 

wet wt (kg) dpm/L of medium 

ICM values were estimated from concentration-effect curves. 
High Potassium Induced Contraction in Rat Aorta. 

Muscle tension was recorded isometrically with a force-dis
placement transducer (Nihon Koden TB-611T). Isosmotic 80.0 
mmol K-induced contractions in rat aorta were used for standard 
K-induced contractions. The test compounds were added 30 min 
before measurement. The concentrations of the test compounds 
required to induce a 50% inhibition of contraction (IC50) were 
calculated from the cumulative concentration-inhibition curves. 
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glucuronic acid conjugation capacity in rabbits.1 Hansch 
et al.2 correlated this activity with the partition coefficient, 
log P, and steric hindrance, Et, but in two separate cor
relations for only some of the compounds. Furthermore, 
while these relationships allow one to evaluate the relative 

(1) Kamil, J. A.; Smith, J. N.; Williams, R. T. Biochem. J. 1953, 
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We present our general system for QSAR search, CALPHI (Computer-Aided Law by Hyperstructure Investigation) 
set up in the context of the DARC structural language. We use it to construct global, fragmentary, and topological 
models of the capacity of alcohols to undergo glucuronidation. The DARC/PELCO model, more precisely and more 
significantly, explains 98% of the total variance with only three parameters, while treating the whole set of primary, 
secondary, and tertiary alcohols, whereas the best previously reported treatment restricted to primary alcohols, explains 
only 90% of the variance with two parameters. It provides an explicit and more precise interpretation of alcohol 
metabolism. The PELCO methodology is extended to evaluate the prediction reliability of both global and fragmentary 
models. PELCO leads to more predictions when comparison is made at the same level of reliability. 
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influence of physicochemical parameters and their optimal 
values, their predictive capability is limited to those 
structures for which the external parameter values can be 
determined experimentally or by use of structure-property 
relationships. 

In the field of computer-aided design, we have developed 
an interactive graphic system for predicting reactivity, 
physicochemical properties or biological activities of 
molecules, using their characteristic structural elements. 
Initially conceived to implement the DARC/PELCO to
pological method,3 the CALPHI (Computer-Aided Law by 
Hyperstructure Investigation) system has been progres
sively optimized simultaneously with its use especially on 
biological activities. Its significant application on extended 
and complex populations4"6 led us to develop new con
cepts.7"9 Its success in rationalizing the planning of ex
periments in the search for more active and less toxic 
compounds in anticholinergic series10 showed the efficiency 
of the DARC/PELCO methodology. Given the perform
ance and the possibilities of systematic exploration of the 
CALPHI procedure, we wanted to make this tool more 
general by gradually encompassing most QSAR search 
methods. 

After briefly describing the DARC/CALPHI SAR 
search procedure, we use it to construct predictive models 
for the glucuronide ability of alcohols. We then compare 
the results of the global, fragmentary and topological ap
proaches as well as their interpretative and predictive 
power. 

Method. DARC/CALPHI SAR Search Procedure 
CALPHI is our general system for implementing the 

PELCO11 methodology in a computer-assistance frame
work. It employs subsystems for structural data display, 
a hyperstructure space-builder program, and several 
modules for management, multiple regression analysis, and 
prediction of structure and property data. The originality 
of CALPHI lies in the communication language, which is 
based on the DARC ordered chromatic graph concept.12 

This very general yet refined concept makes several ap
proaches possible by using either topological, fragmentary, 
or global variables. 

The data are either extracted from a data bank10 or 
directly acquired, as here, with an interactive graphic 
procedure in the classical language of the drawn developed 
formula for the structures. The experimental compounds 
are displayed as simplified ordered chromatic graphs9 in 
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(6) Mercier, C; Sobel, Y.; Dubois, J. E. Eur. J. Med. Chem. 1981, 

16, 473. 
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Dubois, J. E. Quant. Struct.-Act. Rel. 1990, 9, 88. 
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of Chemical Information; Wipke, W. T., Heller, S., Fellmann, 
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which the geometrical positions of the atoms reflect the 
order induced by generation (Figure 1). They are ordered, 
one to each other, according to the induced order. The 
experimental population trace, automatically obtained by 
superimposition of the ordered chromatic graphs, consti
tutes a visual representation of the basic structural ele
ments of the population (Figure 2). 

By starting with these data, it is possible to create the 
multidimensional structural variable to be correlated by 
an interactive procedure. The topochromatic vectors, 
which form the basic structural variable in the DARC/ 
PELCO method, are automatically constructed by 
choosing all the structural elements existing in the popu
lation trace. These vectors can be modified by extending 
or reducing the dimensions of the structural representation 
space.9 The primary topochromatical sites sp, which con
stitute the basic elements of this model, can be automat
ically or interactively combined into condensed sites sc, 
interaction sites s; or equivalent sites se. The resulting 
modulated vectors constitute a DARC/PELCO structural 
variable if the complex sites result from hypotheses de
duced from the treatment. They generate fragmentary or 
global variables if they are made a priori. 

The optimal DARC/PELCO correlation is sought ac
cording to defined criteria: precision and predictive and 
interpretative power. It is based on the detection of sin
gularities and regularities, given experimental precision. 
The initial representation space, which contains all the 
elements of the trace, is progressively modulated by in
troducing complex sites up to the optimal representation 
space. Interaction sites Sj account for some additivity 
deviations while equivalence sites se reflect regularities. 
The resulting modulated trace constitutes the basis for 
calculating the optimal DARC/PELCO model. At each 
step, the user acquires new hypotheses, deduced from the 
previous treatment, and the new SAR is performed by 
multiple linear regression. A stepwise regression module 
is available to detect the significant parameters. 

The DARC/GEANT hyperstructure space-builder pro
gram automatically constructs, numbers, and locates all 
the structures of the prediction range, called 
"preference".3'5 The results of the optimal DARC/PELCO 
correlation are used to calculate the predicted values, and 
a specific module estimates their reliability.8 

The modular nature of the DARC/CALPHI system and 
its organization around a pivot file, which contains all the 
information concerning a population, make it possible to 
add on new modules. Its implementation with a dynamic 
memory management makes it possible to treat a large 
number of structural and pharmacological data. 

Experimental Population 
The experimental population consists of 27 alcohols, 

whose structures and activity values appear in Figure 1. 
Of the 30 alcohols tested by Kamil et al.1 for their in vivo 
glucuronic acid conjugation capacity, three cannot be used 
for data treatment. Methanol yields no glucuronide, and 
the absorption of 1-decanol and 1-octadecanol is incom
plete. The activity is measured by using an index, MR, 
which is the molar rate of glucuronide formation with 
respect to the dose of alcohol injected into a rabbit's 
stomach. After determining the normal output of gluc
uronic acid, the extra glucuronic acid extracted for each 
alcohol was determined simultaneously on three animals 
by the naphthoresorcinol reaction with the photoelectric 
absorptiometer.13 The activity variable, chosen for the 

(13) Hanson, S. W. F.; Mills, G. T.; Williams, R. T. Biochem. J. 
1944, 38, 274. 
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Figure 1. Glucuronic acid conjugation capacity of aliphatic alcohols. The 27 aliphatic alcohols are presented on this computer diagram 
as simplified ordered chromatic graphs. The square represents the focus, i.e. the C-OH group characterizing the series. The geometrical 
arrangement of the carbon atoms reflects the order induced over the environment. Primary, secondary, and tertiary alcohols have 
one, two, and three substituents issuing the focus, respectively. Coding associated with each structure is as follows: REF, reference 
numbers in (1); CORRELE, compounds included in the DARC/PELCO treatment; ESTIME, compounds belonging to the retrospective 
proference; VE, experimental values; VT, values calculated from the optimal DARC/PELCO relationship; DIF, difference between 
observed and calculated values. 
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Figure 2. Global models. The two global models performed 
separately on primary and secondary alcohols can be expressed 
as (a) log MR = -O.44(±0.19) + 0.42(±0.07)i;i + 0.23(±0.16)Efc 
(1) and (b) log MR = 1.06(±0.26) + 0.18(±0.09)EC (2), where 
£ / and Y.b represent the number of chain lengthening and 
branching carbon atoms, £C the number of carbon atoms, with 
a maximum lengthening of four carbon atoms (I < 4). The con
tributions of the carbon atoms are presented on the corresponding 
traces: 

(a) [**~] II: | | lb; (b) | | IC. 

structure-activity correlations, is the logarithm of this 
index, i.e., log MR, whose average precision is 0.09 with 
a maximum deviation of 0.27. 

Results 
Hansch et al.2 previously reported two separate corre

lations: A. The equation for primary alcohols versus 
partition coefficient and steric hindrance: 

log MR = 
-0.176 (log P ) 2 + 0.806 log P - 0.524 EB + 1.067 

R2 = 0.899, s = 0.169, n = 11 

B. The equation for secondary alcohols versus partition 
coefficient only: 

log MR = -0.326(log P)2 + 1.444 log P + 0.738 

R2 = 0.719, s = 0.174, n = 11 

Most of the log P values were calculated by taking ad
vantage of their additive constitutive nature. They were 
based on the experimentally determined values for meth
anol (-0.66), 2-butanol (0.61), 3-butanol (0.37), and tert-
amyl alcohol (0.89). To these base values was added 0.50 
for each chain-lengthening carbon and 0.30 for each 
branching carbon atom. It was then of interest to test 
directly the influence of the number of carbon atoms, 
lengthening or branching ones. 

1. Global Models. A first correlation is carried out on 
the 27 primary, secondary, and tertiary alcohols with the 
number of carbon atoms £ C taken as the structural var
iable, which amounts to treating all the sites in the trace 
as though they were equivalent. The statistical criteria 
(R2 = 0.24, F = 8, s = 0.53) are very poor. These results 
lead us to test primary and secondary alcohols separately. 

The regression performed on the 13 primary alcohols 
with again the number of carbon atoms, £ C , taken as the 
structural variable, is slightly more significant (R2 = 0.44, 
F = 9, s = 0.47). 

The power of the DARC/CALPHI system and the 
fundamental character of the basic structural elements 
used enables one to refine this model. Major deviations 
between calculated and observed values occur for all com
pounds having more than four chain-lengthening atoms. 
As these suggest that the influence of chain lengthening 
raises a limit, we modified the £ C variable by eliminating 
the carbon atoms beyond the fourth lengthening site B\\ 
(Figure 2). The regression obtained is much more sig
nificant (ft2 = 0.93, F = 139, s = 0.17) and confirms our 
hypothesis about the influence of chain lengthening. 
Nevertheless, as large deviations are observed for com
pounds having branching atoms, we break down the £ C 
variable into two structural variables: £ / (I < 4) for 
chain-lengthening atoms and £ 6 for branching atoms. 
The regression (Figure 2) carried out with these two new 
structural parameters is excellent: 

log MR = -0.44 + 0A2EI + 0.23E6 (1) 

R2 = 0.96, F = 110, s = 0.14, n = 13 

The statistical criteria correspond to a <0.1% risk, and 
the precision (0.12) is the same as the experimental one. 

The optimal correlation for the 11 secondary alcohols 
is performed in a similar way. In this case, only one 
structural variable is retained, the number of carbon atoms 
Y.C with a limit for chain-lengthening atoms (I < 4). The 
correlation obtained (Figure 2): 

log MR = 1.06 + 0.18LC (2) 

R2 = 0.65, F = 17, s = 0.18, n - 11 

is poor, and the inaccuracy on the calculated values (0.16) 
is greater than for the observed values (0.06). 

2. Fragmentary Models. The next study aims to 
check the additivity concept of the Free-Wilson model14 

and especially the equivalence hypothesis between sub-
stituents in symmetrical positions, advocated by Schaad.15 

This modified Free-Wilson model assumes that identical 
groups with the same origin make the same contributions, 
regardless of their occurrence. 

The fragments methyl, ethyl, isopropyl, etc. are inter
actively constructed by grouping together their compo
nents into condensed sites, which appear as chromatic sites 
in the three positions Au A2, and A3 (Figure 3). 

The modified Free-Wilson model which we call a non-
ordered fragmentary model is applied to the 27 alcohols 
by introducing the 13 substituent parameters, grouped in 
equivalence sites when appearing in several positions. The 
treatment provides the substituent activity contributions 
(eq 3, Figure 3) as well as the statistical criteria (R2 = 0.92, 
F = 12, s = 0.24). Although this correlation is a good 
indication, important deviations are observed for com
pounds having one of the 4 substituents which appear 
simultaneously in several positions. This suggests that the 
influence of a substituent depends on its position in one 
of the three possible directions of development. 

Again, the fundamental character of the structural 
variable used enables one to refine this model. The non-
equivalence between substituents is taken into account by 
imposing an order on the substituents that is derived from 
knowledge of the topological order. 

The resulting ordered fragmentary model is applied with 
18 structural parameters corresponding to the different 
substituents in each direction. The statistical criteria (R2 

(14) Free, S. M.; Wilson, J. W. J. Med. Chem. 1964, 7, 395. 
(15) Schaad, L. J.; Werner, R. H.; Dillon, L.; Field, L.; Tate, C. E. 

J. Med. Chem. 1975, 18, 344. 
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Site/ Cosite Occurrence and Reliability Distribution in 
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"The reliability of the perturbations associated with the binary cosites is • * • • , if the cosite exists in the population, * • * , if the cosite 
includes a site beyond the FA frontier or a site s and a site beyond the inhibiting frontier F(s), * • , if the cosite belongs to the active 
environment and does not correspond to the sixth structural modification for secondary and tertiary alcohols or to the seventh one for 
primary alcohols, and *, if the cosite is required to specify one inhibiting frontier. A number indicates occurrence of tested sites (diagonal), 
and cosites (four-star reliability); X, implied cosites (necessarily present—occurrence the same as diagonal); *, *+, and * • • , reliability of 
untested cosites. 

= 0.94, F = 9, s = 0.24) are better, and the substituent 
activity contributions (eq 4, Figure 3) confirm the non-
equivalence hypothesis. 

3. DARC/PELCO Model. The 27 aliphatic alcohols, 
whose trace is represented in Figure 4, all have a common 
substructure: the focus of the description and site Ax, The 
secondary alcohols all have site A2 and the tertiary alcohols 
site A3 as well. The graphs of the minimal primary, sec
ondary, and tertiary alcohols are as follows: 

A, 

primary secondary ^ A 3 

tertiary 

The experimental population to be treated is chosen so 
as to ensure a maximal structural interpolation of the 
predictive area.5,9 The theoretical key population groups 
the minimal and maximal compounds associated with the 
sites of the trace.3 Their structures are dark framed in 
Figure 5. The available key population includes the ex
perimental compounds most resembling the theoretical key 
structures and contains 25 compounds marked 
"CORRELE" in Figure 1. 

There are three steps in establishing the optimal topo-
information relationship: exploratory correlation, detection 
of irregularities, and search for regularities.9,16 

The exploratory correlation is carried out on the 
available key population with all the trace sites. The 
statistical criteria (R2 = 0.96, F = 12, s = 0.22) are satis
factory since the F test shows that the correlation is sig
nificant with a <0.1% risk. However, the inaccuracy on 
the calculated values (0.13) is slightly greater than the 
observed experimental uncertainty (0.09). Major devia
tions are observed for compounds having an A2 site. This 
suggests that some perturbations are nonadditive when A2 
site is occupied. 

Deviations from additivity are taken into account by 
introducing interaction sites i.e. cosites which designate 
the simultaneous existence of two sites, each of which could 
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Figure 3. Nonordered and ordered fragmentary models. The 
substituent contributions to glucuronic acid conjugation are 
different in the three positions. The difference is about one 
logarithmic unit between the first and second positions for ethyl 
and n-propyl. 

exist without the other one.7 Here, one of the sites is A2, 
the other one is one of the seven sites (Bn , B12, A}1, A2 , 
BU, A}1 n or B " u ) (The sites are concentrically organized 
around the focus and successively called A, and Bi;. The 
symbols of the successors issuing a B;; site are marked with 
a superscript ij: A2' is issued from B}j3'9) existing both 
without and with site A2 in experimental key compounds 
(see row A2 in Table I). The two cosites A2*A2

X and A2*B!j 
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a^A'f) 

Figure 4. Optimal DARC/PELCO model. The relationship can 
be expressed as log MR = -0.36(±0.11) + 1.35(±0.08)A2 + 0.61-
(±0.06)1:6 + 0.35(±0.04)£J, where £6 groups the branching sites 
and £ / the chain-lengthening sites. Sites beyond the activity 
frontier FA have a zero or unfavorable influence. Sites beyond 
the inhibiting frontiers Fi(s) have a zero influence in the presence 
of site s. — = established frontiers. - - - = hypothetical frontiers. 

are selected from the seven possible ones including A2 by 
a stepwise regression. The correlation obtained is very 
good {R2 = 0.98, F = 23, s = 0.15). The contributions, 
called the average perturbations p, of the two cosites 
A2*A2* and A2*Bx| are approximately the negative values 
of the respective contributions of A" and B}}: 

P(A2*A1') * p(A2!) p(A2*B{i) ~ p(B{{) 

Thus, sites A2' and Bj | have no effect when A2 site is 
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present, i.e. for secondary and a fortiori tertiary alcohols. 
Let us examine the minimum structural configurations 
compatible with these structural elements: 

A11 A" B11 

D 
A1 ^ 

• / 
A, 

,B„ 

4-Me-2-pentanol 

A2 

2-hexanol 

Ai'Bli 

Those cosites correspond to the fifth carbon introduced 
into the environment. Thus, the results suggest that the 
fifth carbon has no effect for secondary and tertiary al
cohols. The other cosites reflecting this hypothesis and 
existing in the experimental population are listed below: 

A11 

B ^ 

A ' 

D ^ A 2 

^ A 3 

A3*Aj1 

A ^ B 1 1 

S ' ^ B 

^ A j - B j , 

B12 B^ 

< 
A2 —B21 

B«*Al' 

A11 

For primary alcohols only the sixth chain-lengthening 
atom B j i n has no more positive influence: p(B\\u) « 
-0.35. Indeed, some oscillation is observed along with 
chain lengthening beyond the fifth atom. However, as this 
oscillation starts with a negative trend, no more increase 
of activity is observed (see contributions of sites after A}}u, 
Figure 4). This leads us to test the cosite corresponding 
to the sixth carbon introduced: 

key structures 

predicted structures • 

' theoretical 

. available 

' theoretical 

, available 

iJr'.ttfffl 

*?3 

• • « * 

Figure 5. Hyperstructure weighted by prediction reliability. All the new structures (white background) generated from the experimental 
key structures (cross-hatched and dark framed) are predictable with minimal reliability. Structures marked F are predictable with 
maximal reliability. Intermediate reliabilities are determined at level 2 by examining, in each structure, the binary cosites controlling 
reliability. 
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The introduction of the cosites reflecting these hy
potheses leads to a very significant correlation (R2 = 0.99, 
F = 62, s = 0.09). This relationship describes very precisely 
(±0.03) the dependence of glucuronic acid conjugation 
capacity on structure. However, the contributions of 
several sites are equivalent, within experimental precision 
(0.09), suggesting greater regularity. 

Regularities are detected by introducing equivalence 
sites, which group sites with equal influence on property 
and belonging to homogeneous structural series, and 
eliminating the less significant parameters. Two main 
classes of homogeneous sites are detected: 

A. Chain-lengthening sites A3, B u , B2, (in the absence 
of B12), Aj1 (in the absence of A3 or B2i), B}} (in the absence 
of A2 or A}2), A} 1 " (in the absence of A2), B\\n, A}1 * m , 
and B j i n n grouped in the £ J variable. 

B. Branching sites B12, A\l (in the absence of A2) and 
Aj2 grouped in the £ b variable. 

Site A2 remains individualized and sites B22 and A21 are 
not retained. 

The optimal topo-information relationship 

log MR = -0.36 + 1.35A2 + 0.35D + 0.61L6 

R2 = 0.98, F = 379, s = 0.09, n = 25 

describes glucuronic acid conjugation capacity as precisely 
as does experimental information. 

The results are visualized on the trace of the population 
(Figure 4). The values inside each rectangle represent the 
contributions to activity of the corresponding sites s (A2, 
A3, etc.), called the average perturbations of information 
pis) Q5(A2), p(A3), etc.). 

Discussion 
The statistical criteria (Table II) indicate that the 

DARC/PELCO model is the most significant with a pre
cision close to experiments. It explains 98% of the total 
variance with only three parameters while treating the 
whole set of compounds. The fragmentary models (eqs 3 
and 4) explain 92% and 94% of the total variance but with 
13 and 17 parameters, respectively. The global models (eqs 
1 and 2) explain 96% of the variance for primary alcohols 
and only 65% for secondary ones. The Hansch model is 
less significant than the global one for primary alcohols 
and slightly better for secondary ones. 

1. Interpretation. Interpretation of the results is easier 
for global models, more precise with the DARC/PELCO 
method, and difficult with fragmentary models because, 
in this last case, the results do not allow us to deduce a 
general law. 

Analysis of eq 1 and 2 for global models shows that the 
glucuronic acid conjugation of primary alcohols is enhanced 
by chain lengthening, with a maximum for 1-pentanol, and 
by branching. For secondary alcohols, it is only enhanced 
by the number of carbon atoms with a maximum for 4-
octanol. This interpretation is similar to Hansch's, if we 
consider that the influence of the number of carbon atoms, 
especially those corresponding to chain lengthening, is 
taken into account by the partition coefficient and that 
of branching atoms by the Et steric parameter. Indeed, 
for these authors, glucuronic acid conjugation depends 
mainly on the partition coefficient with an ideal log P0 of 

2.29 for primary alcohols and 1.75 for secondary. It is 
enhanced by steric hindrance in the case of the primary 
alcohols but is practically insensitive to this factor in the 
case of secondary ones. 

In the DARC/PELCO method, the results are first an
alyzed locally to specify the influence of structural mod
ifications on activity, then globally, revealing several 
frontiers of influence on activity. 

The sites are grouped in four classes depending on their 
contribution (Figure 4): 

A. Site A2 has a major contribution, +1.35; it accounts 
for the differences in behavior of (i) primary alcohols and 
(ii) secondary and tertiary ones. 

B. Branching sites have an important contribution, 
+0.61. 

C. Chain-lengthening sites have a slight influence, 0.35, 
which increases activity up to Aj1 n and then decreases and 
oscillates. 

D. Sites B22 and A21 have no effect. 
Among the favorable branching and chain-lengthening 

sites, many have no effect in the presence of other sites: 
A. Branching sites. A2

J has no effect in the presence 
of site A2, i.e. for secondary and a fortiori tertiary alcohols. 

B. Chain-lengthening sites. A}1 n has no effect in the 
presence of A2 (i.e. for secondary alcohols), B}i in the 
presence of A2 or A}2 (for secondary and a-Et branched 
alcohols), Aj1 in the presence of A3 or B21 (for tertiary or 
3-secondary alcohols) and B21 in the presence of B12 (for 
a-Me branched alcohols). 

Thus the glucuronic acid conjugation capacity depends 
on three factors: 

A. The nature of the hydroxyl group. Secondary and 
tertiary alcohols are of comparable activity. They are both 
strongly glucuronidated, approximately 10 times better 
than the isomeric primary alcohols. This is evidenced by 
a very much larger contribution of site A2 (1.35) with re
spect to chain-lengthening £ / (0.35). 

B. Branching. Primary alcohols are very sensitive to 
branching which greatly increases their glucuronidation 
capacity. With secondary and tertiary alcohols, saturation 
appears for /3 branching and for a second a branching. 

C. Chain lengthening. In all three groups of alcohols, 
the chain lengthening increases glucuronidation and 
reaches a saturation threshold corresponding to an alcohol 
having six carbon atoms if the function is primary and five 
carbon atoms otherwise. 

This analysis provides an explicit and more precise in
terpretation of alcohol metabolism. Elimination of a given 
alcohol depends mainly on the number of carbon atoms, 
the nature of the hydroxyl group and the extent of carbon 
chain branching. For Kamil et al.,1 the general conjugation 
order of aliphatic alcohols is tertiary > secondary > pri
mary and, since oxidation goes contrary-wise, they con
clude that the unoxidized portion of the alcohol is sub
jected to glucuronidation. The results here class secondary 
alcohols with tertiary ones, which agrees with the fact that 
ketones can give glucuronides. Moreover, since the steric 
effect seems more important for primary alcohols and 
inhibits their oxidation, we can conclude, in agreement 
with Hansch,2 that steric hindrance increases the gluc
uronidation of primary alcohols by inhibiting their oxi
dation. 

Global analysis is facilitated by the detection of several 
structural influence frontiers (Figure 4): 

A. An activity frontier FA, beyond which sites either do 
not effect or decrease activity; 

B. Five inhibiting frontiers Fi(A2), F^Aa), F^B^), F r 
(B2i), and Fj(A}2) beyond which sites have no effect when 
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Table II. Statistical Criteria for the Correlations Carried Out by the Global (1) and (2), Fragmentary (3) and (4), and DARC/PELCO 
(5) Methods0 

method 
p 
' ezp 

alcohols number 
precision 

retrospective proference 
number of parameters 
R2 

F global 

standard deviation 
average deviation 

(1) 

primary 
13 
0.12 
0 
2 
0.96 
110 
0.001 
0.14 
0.12 

globa 

(2) 

secondary 
11 
0.06 
0 
1 
0.65 
17 
0.01 
0.18 
0.16 

fragmentary 

non-ordered (3) 

27 
0.09 
0 

13 
0.92 

12 
0.001 
0.24 
0.16 

primary, 

ordered (4) DARC/PELCO (5) 

secondary, and tertiary 
27 
0.09 
0 

17 
0.94 
9 
0.001 
0.24 
0.14 

25 
0.09 
2 
3 
0.98 

379 
0.001 
0.09 
0.08 

" The retrospective proference includes the experimental compounds, which are not necessary to establish the relationship. These com
pounds make it possible to check the predictive capacity of the regression. 

Table III. Extent and Reliability of the Predictions" 

global fragmentary topological 
method ordered nonordered ordered: DARC/PELCO nonordered 

trwtad primary alcohols secondary alcohols 
13 11 27 27 

primary, secondary, and tertiary alcohols 
25 27 

predictions 

number 26 60 90 

reliability F ^ 

337 

risky 

90 Fmin 

247 risky 

339 

8Fmax 
331 F Min 

13 F 2 * * * * 

51 F2* * * 

61 F2* * 

214 F2* 

338 F min 

/ 
11453 
risky V 

11 115 

risky 

° Topology leads to a greater number of predictions than does cutting up molecules into fragments, for the same level of reliability. 
DARC/PELCO predictions are then organized in proferences of increasing reliability. 

the site in question is occupied. 
The frontiers are constructed by surrounding the sites 

favorable to activity. The activity frontier FA, which is only 
valid for primary not a-Et branched alcohols, progressively 
comes closer to the focus with the extent of branching and 
the nature of the hydroxyl group. The inhibiting frontiers 
correspond to an activity frontier for a-Et branched pri
mary alcohols (Fi(Ai2)), secondary alcohols in position 2 
(Fj(A2)) or 3 (F,(B21)), tertiary alcohols ( F ^ ) ) , and a-
branched 3-secondary alcohols (Fi(B12)). These frontiers 
reflect the fact that the fifth carbon introduced into the 
environment for secondary and tertiary alcohols and the 
sixth carbon for primary alcohols have no effect. The 
established frontiers are extrapolated according to this fact 
and the corresponding hypothetical frontiers are repre
sented by dashed lines in Figure 4. 

In this study, the aim of which is to find a prediction 
law, it would be very interesting to localize a zero influence 
frontier F0 beyond which sites have no effect. This appears 
to be beyond site B2i and B" l l . Indeed, sites B22 and A?1 

have no influence and the contribution of the last chain-
lengthening sites oscillates slightly around zero with an 
amplitude of 0.35 close to the maximal experimental de
viation (0.29). The hypothesis in favor of this F0 frontier 
is confirmed by the experimentally determined value of 
0.54 for l-decanol, not included in this treatment. 

This global analysis is used to estimate the reliability 
of the predictions. 

2. Predictive Power. To compare the predictive 
ability of the four methods, we shall use the DARC/ 
PELCO tools: proference, PR, which is equal to the 
number of structures generated from the studied popula
tion but which do not belong to it,3,6 and pseudoproference, 
^PR, which is equal to the number of structures generated 

on an enlarged trace of the studied population but which 
do not belong to the proference.7 

Prediction reliability is measured by applying two in
terpolation criteria on a two-dimensional scale8 and is 
expressed by an index F{. Level k, from 1 to n, indicates 
the complexity of the sites taken into account in estimating 
reliability. Degree j , from one to four star, indicates the 
reliability of the perturbations associated with each site. 
It is maximal, four star, if the site (primary site or level 
1 site, binary interaction site or level 2 site, etc.) exists in 
at least one structure of the experimental key population 
P. It is three star or two star if the estimation is based 
on hypotheses deduced from the treatment, and one star 
if the estimation is based on an a priori hypothesis. The 
predicted activity value of a structure is four star at level 
2 only if all its sites and binary cosites have a four-star 
reliability. 

For global models, the prediction ranges are proferences 
including 26 primary alcohols for equation 1 and 60 sec
ondary alcohols for equation 2. These predictions all have 
four-star reliability at level 1, i.e. they only contain primary 
sites existing in the populations studied (Table III). 

The ordered fragmentary model leads to a four-star, 
level 1 proference including 90 structures which constitute 
a part of the DARC/PELCO proference. The nonordered 
fragmentary model leads to 337 predictions of which 90 
belong to proference and 247 to pseudoproference (Table 
III). The proference structures are identical with those 
of the ordered model, but the predicted values are less 
precise. The predictions of the pseudoproference area are 
risky because the equivalence hypothesis is not verified. 
They fall into the one-star, level 1 pseudoproference, which 
is the least reliable one. Thus, most of the predicted ac
tivities are >2, which corresponds to an MR > 100%; for 
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example, the compound predicted to be most active is 
tri(3-heptyl)methanol with a value of 7.50. 

The DARC/PELCO preference includes 339 structures, 
which are located in the hyperstructure with respect to the 
experimental structures (Figure 5). Retrospective pref
erence includes two structures, 5 and 11, not used for 
establishing the correlation. Their predicted values agree 
with those observed (Figure 1). 

All the structures of the proference are predictable with 
a minimal reliability, four star at level 1, PRmin = 339. 
Since the available key population is not the theoretical 
one, this proference is completely reliable for only eight 
structures, PRmax = 8 (Figure 5). 

Among the intermediate proferences, only those at level 
2 are determined here (Figure 5). For each structure, the 
degree of reliability is automatically determined by con
sidering the reliability degrees of the perturbations asso
ciated with its binary cosites (Table I). They are maximal, 
four star, if the cosites exist in the treated population. 
Untested binary cosites are considered to be zero with 
three-star reliability, if they include a site situated beyond 
the activity frontier FA or a site s and a site beyond the 
inhibiting frontier F^s). They are considered to be zero 
with two-star reliability, if they include sites belonging to 
the active environment and are not required to specify the 
inhibiting frontiers. They are considered to be the negative 
value of the sixth or fifth carbon with one-star reliability 
when introduced in primary or secondary and tertiary 

The prevention of myocardial hypoxia by reducing the 
cardiac oxygen consumption is one of the main principles 
in the treatment of coronary heart disease.1 Whereas this 
can be achieved by the administration of cardiodepressive 
agents like ^-adrenoceptor antagonists2,3 or calcium 
channel blockers,4 these drugs may exert detrimental 
negative inotropic and hypotensive effects. Therefore a 
specific reduction of sinus heart rate, which is a major 
determinant of myocardial oxygen demand,5 appears to 
be a desirable therapeutic approach. 

Compound 1 has recently been described as the repre
sentative of a novel pharmacological class termed "specific 
bradycardic agents".6"8 It reduces heart rate without 
concomitant negative inotropic or hypotensive effects.9 

fDr. Karl Thomae GmbH. 
J Ernst-Boehringer Institut fur Arzneimittelforschung. 

alcohols, respectively. Grouping structures whose activity 
prediction is carried out with similar reliability leads to 
four level 2 reliability areas (Table III). 

The predictive capacity of the DARC/PELCO method 
is thus both more reliable and more extensive than that 
of fragmentary models. Topology leads to a greater num
ber of predictions than does cutting up molecules into 
fragments (Table I). For nonordered models, the number 
of predictions is 11453 (11480 - 27), if the description is 
topological, and only 337, if the description is fragmentary. 
Such predictions are risky because the equivalence hy
pothesis is not verified. For ordered models, the predictive 
capacity is 340, if it is a topological one, and 91 if it is a 
fragmentary one. Moreover, the DARC/PELCO method 
allows one to isolate, within the set of predictions, those 
which are reliable. 

The power of the DARC/CALPHI system and the 
fundamental character of the structural variable, per
taining to ordered topological sites, enable one to express 
nuances for global, fragmentary or topological methods. 
Its use in constructing topohydrophobic or electronic 
models will be presented in a forthcoming paper. 
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Searching for potential follow-up compounds of 1, we 
directed our attention not only to agents with high activity 
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Compound 1 (UL-FS 49) has recently been described as the representative of a novel class of antiischemic compounds 
termed "specific bradycardic agents". In search of specific bradycardic agents with different pharmacokinetic profiles, 
heteroaromatic analogues of 1 have been synthesized and evaluated for their bradycardic activity, selectivity, and 
duration of action. The chain length n and the nature of the heteroaromatic system of compounds 2 strongly determine 
the biological activities. Unsubstituted benzothiophenes and benzofurans in combination with a chain length of 
n = 2 give the most active bradycardic compounds. Some of the new compounds combine high bradycardic potency 
and selectivity with a short duration of action and may thus be useful for the development of short-acting specific 
bradycardic drugs. 
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