
Chemometric Studies on the Bactericidal Activity of Quinolones via an
Extended VolSurf Approach

Giovanni Cianchetta,† Raimund Mannhold,‡ Gabriele Cruciani,*,§ Massimo Baroni,| and Violetta Cecchetti†

Dipartimento di Chimica e Tecnologia del Farmaco, Università di Perugia, Via del Liceo 1, I-06123 Perugia, Italy,
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An extended VolSurf approach, that additionally includes SHAPE descriptors, was applied to
a dataset of 55 quinolones. Bactericidal activity was measured at Bayer AG, Germany, for
Gram-negative (Escherichia coli and Pseudomonas aeruginosa) and Gram-positive bacteria
(Staphylococcus aureus and Enterococcus faecalis). Chemometric analysis was first approached
via a classical VolSurf approach. The following descriptors were found most important:
bactericidal activity particularly increases with high values of the best volume (BV11OH2) and
the minimum energy (Emin1OH2) of the water probe, high values of the integy moment (IDDRY)
of the lipophilic probe, and high values of the hydrophilic region (WO) of the hydrogen bond
acceptor probe. Best volume (BV31OH2) of the water probe and best volume (BV12DRY) and
lipophilic regions (DDRY) of the lipophilic probe as well as H-bonding capacity derived with the
CO probe (HBO) are inversely related to activity. PLS analysis yields a five-component model
with an r2 of 0.83 and a q2 of 0.43 after variable selection via fractional factorial design (FFD).
Chemometric modeling could be improved by including newly derived SHAPE descriptors, which
were merged with the VolSurf descriptors and subjected to PLS analysis. The global model of
this extended VolSurf approach is optimal with two components and exhibits a significantly
improved statistical quality; a marginally reduced r2 (0.75 versus 0.83) is more than
compensated by a highly improved predictivity with a q2 of 0.63 versus 0.43. To prove model
quality, external prediction of seven test set quinolones was performed. The precise prediction
of all test set molecules nicely demonstrates the robustness and statistical significance of the
obtained chemometric model using the extended VolSurf approach.

Introduction
Quinolones are highly potent, orally active antibac-

terials. They inhibit DNA synthesis by interacting with
two essential bacterial type II topoisomerases, DNA
gyrase, and topoisomerase IV.1-4 Both enzymes play
crucial, but distinct, roles during DNA replication
despite a high degree of similarity in their structure and
functions.5 They catalyze the passage of a double strand
region of DNA through a transient double strand break
in the helix and resealing the break. DNA gyrase acts
primarily to solve topological problems during DNA
replication and to relieve the positive supercoiling
accumulated during DNA transcription. Topoisomerase
IV is required at the terminal stages of DNA replication
for unlinking newly replicated daughter chromosomes.2
Quinolones inhibit enzyme function by binding to the
catalytic intermediate enzyme-DNA complex.1-4 The
stabilization of the resulting quinolone-enzyme-DNA
complex leads to the generation of double-strand DNA
breaks that trigger a cascade of events leading to cell
death.1,2 The molecular organization of the complex is
presently unknown although several models have been

suggested.6-8 Quinolones differ in their relative activi-
ties against DNA gyrase and topoisomerase IV.1

Since the discovery of the first antibacterial quino-
lone, nalidixic acid,9 the molecular structures of quino-
lones have been extensively modified to improve their
antimicrobial properties and pharmacokinetic pro-
file.10-12 A main modification was the introduction of a
C6-fluorine atom. Fluoroquinolones, clinically applied
since the mid-1980s, are widely used for the treatment
of various bacterial infections of the lower respiratory
tract, urinary tract, and skin/soft tissue, as well as
sexually transmitted diseases. However, their potency
against a number of clinically important Gram-positive
bacteria and anaerobes is limited.10,13,14

The next significant advance represent recently mar-
keted fluoroquinolones such as gatifloxacin,15 moxifloxa-
cin,16 and gemifloxacin17 which exhibit an improved
bactericidal activity against Gram-positive bacteria
(particularly pneumococcus including penicillin-resis-
tant strains) and anaerobes without any decrease in
their Gram-negative spectrum or alterations in their
pharmacological profile.12,18

However, the extensive clinical use of fluoroquinolo-
nes resulted in an increased quinolone resistance among
many pathogens.19-21 In addition, certain adverse events
(e.g. CNS, phototoxicity, and arthropathy) became ap-
parent, although the more serious events are rare.22,23

Thus, despite many advances in the fluoroquinolone
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field, there exists continuous need for novel quinolones
to overcome the limitations of existing drugs.

Correspondingly, the present study is dedicated to
derive chemometric models for a dataset of quinolones
via an extended VolSurf approach, the first time de-
scribed here. Extension refers to the inclusion of SHAPE
descriptors. Robustness of the achieved models is investi-
gated via external prediction of some test set quinolones.

Results and Discussion

A plethora of papers deals with structure-activity
relationships of quinolones referring to potency, phar-
macokinetic properties, and side effects.4,24-27 The 1,4-
dihydro-4-oxopyridine-3-carboxylic acid associated with
a 5,6-fused aromatic ring is the common chemical
feature of bactericidal quinolones (Chart 1). In the
resulting bicyclic ring, the 1-, 5-, 6-, 7-, and 8-positions
are the major targets of chemical variation. N-1 posi-
tion: Hydrophobic substituents are essential. They have
some impact on pharmacokinetics and control overall
potency; cyclopropyl is optimal. C-5 position: Small
hydrogen bond donor or acceptor substituents are al-
lowed; specific moieties at C-5 increase activity against
Gram-positive bacteria. C-6 position: Almost all clini-
cally useful quinolones bear a fluorine at C-6; it in-
creases the inhibitory activity against DNA gyrase and
improves the penetration into the bacterial cell. C-7
position: Synthetic efforts for improved potency has
been the main focus here; both activity spectrum and
kinetic profile can be controlled at C-7. Five- or six-
membered N-heterocycles promote excellent antibacte-
rial properties. C-8 position: Substituents need to be
small; kinetic profile and activity versus anaerobic
bacteria can be adjusted through substitution at C-8.

In recent years, structural innovations in the qui-
nolone antibacterial field have been reported such as
the nonfluorinated quinolones28 and the 2-pyridones.29

They do not fit within the above SAR but may expand
the quinolone SAR into productive new areas.

QSAR studies on quinolones are quite limited as
compared to the qualitative investigations mentioned
above.30-35 To enable a rapid, statistically robust and
easily interpretable approach, we describe here an
extended VolSurf methodology. Corresponding chemo-
metric analysis was applied to a database of 55 quino-
lones including the marketed moxifloxacin 02, levoflox-
acin 03, norfloxacin 04, ciprofloxacin 05, sparfloxacin
34, lomefloxacin 44, and pefloxacin 45 (Chart 2).

Bactericidal activity (Table 1) was measured at Bayer
AG, Wuppertal, Germany, in Gram-negative (Escheri-
chia coli and Pseudomonas aeruginosa) as well as Gram-
positive bacteria (Staphylococcus aureus and Entero-
coccus faecalis). Bactericidal potency is often expressed
as minimum inhibitory concentration MIC, which is the
lowest antibiotic concentration that visibly inhibits
growth of microorganisms after in vitro incubation, at
a time when an untreated culture becomes readibly

visible in or on culture medium. MIC is expressed in
terms of 100% inhibition and given in µg/mL. To reflect
differences in molecular weight, we use molar MIC-
values in their reciprocal logarithmic form (log 1/C). In
E. coli, the bactericidal activity ranges from a log 1/C
of 8.06 for the most potent compound 28 to a log 1/C of
3.43 for the weakest compound 35 and covers a spec-
trum of 4.6 log units. In P. aeruginosa, a somewhat
smaller spanned activity space of 3.4 log units is
observed, ranging from a log 1/C of 6.84 for compound
46 to a log 1/C of 3.43 for compound 35. Observed
activities in P. aeruginosa are up to two log units lower
than in the remaining test systems. In S. aureus, the
spanned activity space is identical to that found in E.
coli; most potent and weakest compound coincide as
well. In E. faecalis, the activity space spans 4.3 log units
with compound 37 exhibiting the highest (log 1/C )
7.73) and compound 35 the weakest activity (log 1/C )
3.43).

To derive QSAR models for the above-described qui-
nolones, we started with the VolSurf approach, which
is well accepted in chemometric science to adequately
cope with complex biological data involving a significant
impact of kinetic properties as commonly present in cell
systems such as those used for characterizing the
quinolones included here.

In a first step, VolSurf descriptors were derived using
the water (OH2), the lipophilic (DRY), and the hydrogen
bond acceptor probe (O) and in turn subjected to a
comparative PLS analysis including the activities in all
four test systems. The PLS loadings plot in Figure 1
demonstrates that the chemical descriptors with the
highest impact on the variance in bactericidal activity
are nearly the same in the four test systems. This can
be derived from the almost identical projection of the
four activities in this plot. Coincidence is particularly
evident for Gram-positive bacteria (Y3 and Y4), whereas
marginal differences are observed for Gram-negative
bacteria (Y1 and Y2).

The quasi-identical projection of the four individual
Y’s allowed us to develop a global PLS model which
exhibits significant advantages over individual models.
The correlation on the individual Y’s can be used by PLS
to increase the signal-to-noise ratio and to derive a more
robust model. To derive such a global PLS model, a
consensus Y was constructed, applying principal com-
ponent analysis (PCA) to the four individual Y’s. PCA
scores of the first component served as the new consen-
sus Y. Corresponding PLS analysis yielded a five-
component model with an r2 of 0.83 and a q2 of 0.43 after
variable selection via fractional factorial design (FFD).

The VolSurf descriptors with the strongest impact on
bactericidal activity are highlighted in a PLS coefficients
plot in Figure 2. Activity particularly increases with
high values of the best volume (BV11OH2) and the
minimum energy interaction (Emin1OH2) of the water
probe, with high values of the integy moment (IDDRY)
of the lipophilic probe and with high values of the
hydrophilic region (WO) of the hydrogen bond acceptor
probe. Best hydrophilic volumes refer to the largest
water and hydrophilic regions (WO) accessible surface
area. Dense and localized polar regions markedly favor
bactericidal activity. Conversely best volume (BV31OH2)
of the water probe, best volume (BV12DRY) and lipophilic

Chart 1. Quinolone Core with Main Substitution Sites
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Chart 2. Chemical Structures of the Quinolone Training Set (n ) 55)a

a The database includes the marketed moxifloxacin 02, levofloxacin 03, norfloxacin 04, ciprofloxacin 05, sparfloxacin 34, lomefloxacin
44, and pefloxacin 45. The compounds exhibit 6-fluoro substitution with two exceptions (06 and 47). Main variations refer to 1- and
7-positions. All compounds were synthesized at Bayer AG, Wuppertal, Germany. Structures 13, 15, 16, 22, 23, and 27 are not disclosed
because patents are pending.
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regions (DDRY) of the lipophilic probe and HBO (H-
bonding capacity derived with the CO probe) are in-
versely related to bactericidal activity. The meaning is
that hydrophobic regions are not optimal for potency,
but some hydrophobic regions can be tolerated provided
they are strictly confined to particular surface.

To exemplify the explanatory potency of the VolSurf
descriptors, they are compared for a highly potent 46

and a weakly active compound 54 in Figure 3. High
values of the best volume (BV12OH2) of the water probe,
high values of the integy moment (ID4DRY) of the
lipophilic probe, and high values of the hydrophilic
region (W7O) of the hydrogen bond acceptor probe
explain the high potency of compound 46. The weakly
active compound 54 exhibits low or even null values for
these descriptors.

In addition to the global analysis, separate VolSurf-
models were derived for the four different test systems
to allow an individual analysis of the statistical quality
(Table 2). PLS analysis resulted in a five-component
model that explains 83% (E. coli), 85% (P. aeruginosa),
81% (S. aureus), and 79% (E. faecalis) of the variance
in bactericidal activity. Activity is better explained for
Gram-negative than for Gram-positive bacteria, which
is particularly shown by the lower predictivity in the
latter case (for q2 values see Table 3). Interpretation and
predictivity of the obtained models could be improved
by variable selection via fractional factorial design.
Variable selection reduced the number of descriptors
from initially 92 to 67 (E. coli), 68 (P. aeruginosa), 59
(S. aureus) and 49 (E. faecalis) and increased the q2

values to 0.50 for E. coli, 0.60 for P. aeruginosa, 0.41
for S. aureus and 0.43 for E. faecalis.

VolSurf descriptors rather comprehensively circum-
scribe the global properties of drug molecules. Their
only minor limitation refers to the description of
shape. Accordingly, we attempted to further improve the
chemometric modeling by including SHAPE descriptors,
which were derived with a new procedure.

Molecular shape is normally described by molecular
volume function. Such function is set to 1 within the
radius of each atom and 0 outside. The function’s inte-
gration all over the 3D space returns the molecule
volume. Typical molecular volume functions are con-
structed from the individual volume functions of each
atom; this is not the best method because of the problem
of atom overlaps.

The molecular shape function used in this paper is
constructed from the probe-target interaction energies

Table 1. Bactericidal Activity of the Dataset Compoundsa

code
Escherichia

coli
Pseudomonas

aeruginosa
Staphylococcus

aureus
Enterococcus

faecalis

01 7.46 6.25 7.16 6.86
02 7.46 5.64 7.16 6.55
03 7.41 6.20 6.50 6.20
04 6.76 5.85 5.55 5.55
05 7.66 6.77 6.16 6.16
06 6.77 4.96 4.96 4.35
07 7.45 5.63 6.84 6.53
08 6.82 5.61 6.21 5.91
09 7.47 5.65 6.85 6.85
10 7.70 5.90 7.70 7.70
11 5.91 3.50 5.61 4.71
12 6.58 4.47 6.27 5.37
13 7.16 5.34 6.86 6.24
14 5.86 4.35 5.86 5.26
15 7.10 5.29 6.49 6.19
16 5.80 5.30 6.20 6.20
17 5.61 4.11 5.01 5.01
18 6.80 5.59 6.19 6.19
19 6.19 5.29 5.89 5.89
20 7.45 5.62 7.13 6.84
21 7.15 5.32 6.83 6.23
22 6.49 5.29 6.19 5.89
23 6.19 4.99 5.89 5.89
24 5.29 4.39 4.39 3.49
25 5.62 4.42 5.62 4.42
26 6.84 5.32 6.84 6.52
27 6.77 5.55 6.16 5.55
28 8.06 6.56 8.06 7.16
29 6.83 5.01 6.21 5.61
30 7.08 4.67 6.17 5.57
31 7.10 5.29 6.19 5.89
32 5.34 3.53 4.74 4.13
33 6.82 5.31 6.21 5.61
34 7.42 5.59 6.80 6.20
35 3.43 3.43 3.43 3.43
36 8.02 6.23 7.44 6.84
37 6.53 5.02 7.44 7.73
38 7.12 5.92 7.12 6.21
39 8.05 6.25 7.75 7.16
40 7.50 5.09 6.59 6.00
41 6.46 5.26 7.42 6.79
42 6.75 5.83 5.52 4.92
43 7.07 5.85 5.85 5.55
44 7.07 5.85 5.85 5.24
45 7.05 5.82 6.12 5.52
46 8.04 6.84 7.74 7.45
47 4.36 3.46 4.96 3.76
48 4.41 3.50 5.01 4.71
49 5.35 3.84 5.95 5.65
50 5.58 3.77 5.58 4.67
51 3.77 3.47 4.07 4.07
52 4.35 3.45 4.95 4.05
53 4.44 3.53 3.84 4.14
54 4.15 3.54 4.75 4.75
55 4.12 3.51 4.42 4.12

a Bactericidal activity is expressed as log 1/C. In Escherichia
coli, activity ranges from 8.06 for 28 to 3.43 for 35; spectrum )
4.6 log units. In P. aeruginosa, a smaller activity range of 3.4 log
units is observed, ranging from 6.84 for 46 to 3.43 for 35. In S.
aureus, the spanned space is identical to that found in E. coli; most
potent and weakest compound coincide as well. In E. faecalis, the
activity space ranges over 4.3 log units; compound 37 exhibited
the highest (log 1/C ) 7.73) and 35 the weakest activity (log 1/C
) 3.43). Biological data stem from Bayer AG, Germany.

Figure 1. The PLS loadings plot demonstrates that the
chemical descriptors with the highest impact on the variance
in bactericidal activity are nearly the same in the four test
systems (Y1-Y4). This can be derived from the almost identi-
cal projection of the four activities in this plot. Coincidence is
particularly evident for Gram-positive bacteria (Y3 and Y4),
whereas marginal differences are observed for Gram-negative
bacteria (Y1 and Y2).
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obtained from GRID force field. This method is not
sensitive to atom’s overlap, and the resulting molecular
shape is very precise. Moreover it is the shape “felt” by

the receptor or by the biomolecular environment when
interacting with the target molecule. Molecular shape
function can be seen as a combination of steric vector

Figure 2. The PLS coefficients plot highlights the VolSurf descriptors, which are directly (positive values) or inversely (negative
values) correlated to the bactericidal activity (consensus Y). Activity particularly increases with high values of the best volume
(BV11OH2) and the minimum energy (Emin1OH2) of the water probe, high values of the integy moment (IDDRY) of the lipophilic
probe. and high values of the hydrophilic region (WO) of the hydrogen bond acceptor probe. Best volume (BV31OH2) of the water
probe, best volume (BV12DRY) and lipophilic regions (DDRY) of the lipophilic probe as well as HBO and EEFR are inversely related
to activity.

Figure 3. Comparison of the profile of VolSurf descriptors for a highly potent 46 and a weakly active compound 54. High values
of the best volume (BV12OH2) of the water probe, high values of the integy moment (IDDRY) of the lipophilic probe, and high values
of the hydrophilic region (WO) of the hydrogen bond acceptor probe, together with low hydrophobic interactions DDRY, explain the
high potency of compound 46. The weakly active compound 54 exhibits the opposite behavior for these important descriptors.
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descriptors with one extreme in the center of mass of a
molecule and with the other located in the molecular
surface. The “binned” distribution of such descriptors
can be a very useful molecular shape function, and each
bin can be considered an independent molecular shape
descriptor. Histograms for two dataset molecules are
shown in Figure 4.

SHAPE descriptors were pretreated using block-
unweighted scales, merged with the VolSurf descriptors,
and subjected to PLS analysis. The global model of this
extended VolSurf approach is optimal with two compo-
nents and exhibits a significantly improved statistical
quality as compared to the results from the classical
VolSurf approach; a marginally reduced r2 value (0.75
versus 0.83) is more than compensated by a highly
improved predictivity with a q2 value of 0.63 versus 0.43.
The overall quality of the global model, obtained with
the extended VolSurf approach, is demonstrated in the
plot of experimental versus calculated biological activi-
ties in Figure 5. The entire training set could be modeled
without any significant outlier behavior.

Also for the extended VolSurf approach separate PLS
models were derived for the four test systems to enable
comparative statistical analysis (Table 2). Initial PLS
analysis resulted in three-component models that ex-
plain 81% (E. coli, P. aeruginosa), 74% (S. aureus) and
71% (E. faecalis) of the variance in bactericidal activity.
Improvement of model interpretation and predictivity
by variable selection via FFD reduced the number of

descriptors, as indicated in Table 2, and increased the
q2 values to 0.61 (E. coli), 0.68 (P. aeruginosa), and 0.59
for S. aureus and 0.51 for E. faecalis.

A stringent proof of model quality is the external
prediction of test set molecules. This was performed in
the present study for seven quinolones, structures of

Table 2. Statistical Results of PLS Analysisa

Escherichia coli Pseudomonas aeruginosa Staphylococcus aureus Enterococcus faecalis

VolSurf Model
components 5 3 5 5 5 2 5 3
descriptors 92 67 92 68 92 59 92 49
r2 0.83 0.71 0.85 0.83 0.81 0.57 0.79 0.63
q2 0.49 0.50 0.58 0.60 0.35 0.41 0.24 0.43
SDEP65 0.84 0.79 0.65 0.61 0.86 0.8 0.92 0.84

GLOBAL Model
components 3 3 3 3 3 3 3 3
descriptors 507 406 445 375 480 391 480 393
r2 0.81 0.82 0.81 0.82 0.74 0.80 0.71 0.74
q2 0.54 0.61 0.59 0.68 0.45 0.59 0.30 0.51
SDEP 0.76 0.76 0.67 0.69 0.71 0.63 0.77 0.72
a Results of the chemometric modeling are summarized. Regarding the number of components, r2, q2, and SDEP values the left-hand

figures refer to results before and right-hand figures to results after fractional factorial design (FFD).

Figure 4. Schematic representation of the SHAPE descriptors for molecules 28 and 54. The path elongations a and b reported
in the histograms correspond to the different SHAPE-curvatures in molecules 54 and 28.

Figure 5. The overall quality of the global model, obtained
with the extended VolSurf approach, is demonstrated in the
plot of the experimental bactericidal activities (experimental
Y) versus the data calculated with our model (calculated Y).
The plot shows that the entire training set could be modeled
without any significant outlier behavior.
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which are given in Chart 3. Biological tests at Bayer
company had indicated compound A to exhibit weak and
compounds B to G to exhibit potent activity; the
corresponding experimental log 1/C values for the four
test systems are given in Table 3. The quality of the
external prediction for the seven test set quinolones is
graphically shown in a PLS scores plot (Figure 6). First
of all this plot demonstrates the precise separation into
highly (right-hand ellipse) and weakly active compounds
(left-hand dashed ellipse) in accordance with the high
statistical quality of the derived PLS model. In addition,
this plot demonstrates the precise prediction of the
seven test set molecules. Both the weak compound A
and the potent compounds B-G are correctly projected
in the corresponding regions.

Taken together, the application of an extended Vol-
Surf approach, first described in this paper, yields a
highly significant chemometric model for a training set
of 55 quinolones without any outlier behavior. Predic-
tivity of the PLS model could be demonstrated further
by the correct prediction of external test set molecules.
Structural requirements that arise from the analysis of
the model are in very good agreement with previously
published data.24-26,36 Moreover this model was tested
on molecules such as 30A37 and 31B37 that are charac-
terized by a broad spectrum of activity against Gram-
positive and Gram-negative bacteria. Activities of these
molecules were adequately predicted.

Experimental Section
A. Databases. The training set comprises 55 quinolones

(Chart 2) including the marketed moxifloxacin 02, levofloxacin
03, norfloxacin 04, ciprofloxacin 05, sparfloxacin 34, lomefloxa-
cin 44, and pefloxacin 45. The test set includes seven quino-
lones (Chart 3). All compounds were synthesized at Bayer AG,
Wuppertal, Germany.38-58 General aspects of quinolone chem-
istry can be found in Grohe59 as well as Petersen and
Schenke.60

B. Biological Tests. Biological data (Table 1) exclusively
stem from Bayer AG, Wuppertal, Germany. Minimal inhibitory
concentrations (MIC) against the aerobic pathogens were
determined by standard agar dilution or broth microdilution
method according to NCCLS guidelines (Methods for Antimi-
crobial Susceptibility Test for Bacteria That Grow Aerobically,
National Committee for Clinical Laboratory Standards, Wayne,
PA, M7-A5, Vol. 20, No. 2, 2001) using Mueller-Hinton (MH)
agar or broth. E. coli and P. aeruginosa were used as examples
for Gram-negative, S. aureus and E. faecalis for Gram-positive
bacteria.

C. 3D-Structures Generation. Molecular models and
geometry optimizations were performed using the software
package SYBYL61 running on a Silicon Graphics O2 worksta-
tion with operating system IRIX Release 6.5. Geometries of
the molecules were optimized with the standard TRIPOS force
field.62 Conformational analysis was not performed because
the structures used are mainly rigid and because of the relative
independence of VolSurf descriptors from conformation of
molecules.63,64

D. Chemical Descriptors. VolSurf Descriptors. Vol-
Surf63,64 is a computational procedure to produce 2D molecular
descriptors from 3D molecular interaction energy grid maps.
The basic idea of VolSurf is to compress the information
present in 3D maps into a few 2D numerical descriptors which
are very simple to understand and to interpret. VolSurf
working examples are extensively reported.65 By using mul-
tivariate statistics coupled with interactive 2D and 3D plots,
valuable insights for drug design, PK profiling and screening
are obtained. SHAPE Descriptors. The shape analysis ap-
proach is based on minimum paths and euclidean distances

Chart 3. Chemical Structures of the Quinolone Test Set (n ) 7)

Table 3. Experimental Activity of the Test Set Compoundsa

code
Escherichia

coli
Pseudomonas

aeruginosa
Staphylococcus

aureus
Enterococcus

faecalis

A 3.55 3.55 4.15 4.15
B 7.10 5.28 6.48 5.88
C 7.13 5.61 6.51 6.51
D 7.16 5.63 6.54 5.93
E 7.16 5.63 6.86 6.54
F 7.11 5.89 6.81 6.49
G 7.06 6.14 6.44 6.44

a Bactericidal activity is expressed as log 1/C.

Figure 6. The PLS scores plot demonstrates the precise
separation into highly (right-hand ellipse) and weakly active
compounds (left-hand dashed ellipse). In addition, the precise
prediction of seven test set molecules is indicated. Both the
weak compound A and the potent compounds B-G are
correctly projected in the corresponding regions.
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calculated between pairs of grid points. The minimum path is
the shortest path that connects two grid points lying on the
molecular surface. Only positive GRID energy values are taken
into account; 100 default grid points are selected according to
an equidistribution criterion, to span the entire molecular
surface. Paths and distances are calculated for all combina-
tions between each of these 100 points and all the points of
the molecular surface.

E. Statistical Analysis. Principal component,66 fractional
factorial design,67 and PLS analyses were performed with the
GOLPE software, version 3.09,67 on Silicon Graphics worksta-
tions.
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