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Abstract

Multidrug resistance activities pECs, of sensitive, resistant, and moderately resistant
strains of the pathogenic fungus Penicillium digitatum against triflumizole, fenarimol,
bitertanol, pyrifenox, cycloheximide, acriflavine, and 4-nitroquinoline-N-oxide were
studied by principal component and hierarchical cluster analyses. Genome descriptors for
fungal cytochrome P450 sterol 14a-demethylase and multidrug efflux pump PMR1 were
generated and correlated with pECs, by partial least squares. Toxicants were modeled at
the PM3 level. Novel Activity —Structure Relationships (ASRs) were established to
predict toxicant structural features from biological activities and to identify and classify

the strains. New types of relationships to model and predict biological activities are
Quantitative Genome — Activity Relationship (QGAR) and Quantitative Genome/
Structure — Activity Relationship (QGSAR). QGAR for demethylation inhibitors had a
reasonable regression [Q*=0.79, R*=0.81, Standard Error of Validation (SEV)=0.34]
and was extended into QGSAR with improved statistics (Q*=0.85, R*=0.87, SEV =0.29).
Conformers of toxicants with common hydrogen bonding and aromatic ring geometry
indicate possible interactions with receptors such as cytochromes, efflux pumps, and
regulatory proteins which activate fungal multidrug resistance.

1 Introduction

CYP51 or ERGI1 gene [1-5] encodes one of the most fre-
quent 14a-methyl sterol demethylases (ergosterol biosyn-
thesis enzyme), CYP51 or P450,,py, in different biological
kingdoms (animals, plants, fungi and yeast, lower eukar-
yotes, bacteria). It catalyzes a three-step reaction which re-
quires oxygen and NADPH for the oxidation of 14-methyl
in some sterols into formic acid.

Demethylation inhibitors (DMIs) are aromatic nitrogen-
based compounds (azoles, triazoles, imidazoles, pyrimidines,
pyridines, efc.), used to interfere sterol biosynthesis in
pathogenic fungi as pesticides and antimycotics [2-4], and
as chemotherapeutics in postmenopausal breast tumor cells
[2]. They also act against mycobacteria and streptomycetes
[5]- The inhibitors used as antifungals prevent 14a-deme-
thylation of lanosterol into 4,14-dimethylzymosterol, result-
ing in the depletion of ergosterol and accumulation of its
sterol precursors [3]. Such altered sterol composition, after
being integrated into fungal plasma membrane, causes the
membrane disruption and cell death.

Wl

LEY
QSAR Comb. Sci. 27, 2008, No. 3, 289-301 InterScience’

Structural studies of cytochrome CYP51 and its interac-
tions with substrates and inhibitors [1, 6—11] have demon-
strated the importance of hydrogen bonds, hydrophobic—
hydrophobic, and aromatic—aromatic intermolecular in-
teractions. Aromatic nitrogen from a DMI heterocycle
binds chemically to the iron of the heme from CYP51,
thus preventing the activation of the oxygen molecule.

The emergence of multidrug resistance by pathogenic
fungi represents serious problems in agriculture [12, 13]
and medicine for immunocompromised patients (HIV,
cancer, surgery, etc.) [14, 15]. Fungi possess numerous re-
sistance mechanisms [3, 4, 16], among which are CYP5] al-
terations (point mutations, overexpression, gene amplifica-
tion, efc.) and drug efflux (efflux pumps expression, over-
expression, point mutations). Point mutations of fungal
CYP51[7, 8, 17, 18] occur at its entrance channel, by which
substrates are differentiated from inhibitors in DMI-resist-
ant strains. New resistance mechanisms have been report-
ed recently: mutations of expression regulation factors [19]
and toxicant-induced expression of efflux pumps [20-26].

Japanese researchers have made systematic characteriza-
tion and DMI sensitivity bioassays of diverse strains of Pen-
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Figure 1. Structures, isomeric compositions, trivial, and IUPAC names of toxicants I- VIIL.

icillium digitatum [20-25], a phytopathogenic fungus (the
green mold) that causes one of the most important post-
harvest diseases of citrus fruits [27, 28]. They have reported
two main resistance mechanisms: the CYP51 mechanism
and the mechanism mediated by efflux pumps from the
ATP-binding cassette (ABC) family of transporters [29 -
31]. In this work, resistance activities, and genetic structure
of P. digitatum strains [20-24] related to seven toxicants I-
VII (Figure 1) were explored by means of chemometric
methods. I-IV are DMIs to which P. digitatum have already
developed resistance [13], and V-VII are non-DMIs. Hier-
archical Cluster Analysis (HCA), Principal Component
Analysis (PCA), and Partial Least Squares (PLS) regres-
sion [32-35] were used to establish novel types of relation-
ships: Activity —Structure Relationships (ASRs), Quantita-
tive Genome —Activity Relationships (QGARs), and Quan-
titative Genome/Structure — Activity Relationships
(QGSAR). This work gives more insight into resistance
mechanisms in P. digitatum. The reported findings can be
useful in the design of more potent DMIs and better explo-
ration and design of DMISs sensitivity tests.

2 Methodology

2.1 Exploratory Analysis of the Datasets A and B

Biological (resistance) activities of P. digitatum strains
against I- VII are defined in Table 1. The original data in
standardized experiments were effective mass concentra-
tions ECs, and Minimal Inhibitory Concentration (MIC)
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[20—24]. The former was averaged for seven strains when-
ever possible and transformed into pECj,, forming the da-
taset A [matrix (7 x 7)]. Effective Concentration for 50%
(ECs,) and MIC from the same experiments [20—24] with
a particular toxicant were used in the regression relation-
ship between pMIC and pECs, (Table 1). New descriptors
a, b, c,|a|, and | c|for I- VII formed the dataset B [matrix
(5 x7)]. PCA and HCA were performed for A and B. The
data were autoscaled prior to all analyses in this work, and
the complete linkage method were applied in all HCA.
The analyses were carried out using Pirouette 3.11 [36]
and Matlab 6.1 [37].

2.2 Exploratory Analysis of the Dataset C and
Quantitative Relationships (QGAR and QGSAR)

The Japanese researchers have reported [20-25] two main
mechanisms of the DMI-resistance of P. digitatum, both
substantially determined or affected, directly or indirectly
by fungal genome: (a) gene CYP5I responsible for the ex-
pression of the P450,,,\ enzyme; (b) genes PMRI, PMR3,
PMR4, and PMRS5 encoding multidrug efflux pumps
PMR1, PMR3, PMR4, and PMRS, respectively, all belong-
ing to ABC transporters. Six genome descriptors (Table 1)
were generated from published data [20-24] and from the
analysis of available pictorial results (photographs) [20-
22] by applying an empirical graphics method with internal
standards [38—41]. The descriptor PCR is the length of a
promoter region of the PACYP51 gene: 0.25 kb for DMI-S
and 0.75 kb for DMI-R (DMlI-resistant) strains [23]. The
promoter region corresponds to one or five units of a
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Table 1. Definition of all biological activities and descriptors used in ASR, QGAR, and QGSAR analyses related to multidrug resist-

ance of P. digitatum.

Descriptor Definition

Biological activities of fungal strains

pMIC pMIC = — log(MIC/mol/dm?), where MIC is Minimal Inhibitory Concentration®

pECs, pECs,=— log(ECsy/mol/dm®), where ECs, is Effective Concentration for 50% inhibition”
a, |al Free coefficient from regression equation pMIC=a+b pEC;,

b¢ Linear term coefficient from regression equation pMIC=a+b pEC;,

¢ |c] Ratio c=alb

Genome descriptors of fungal strains

PMRI1-g Presence or absence of the native functional (nondisrupted) PMRI gene, or the presence of a PMRI gene from an-
other plasmid

PMRI1-e Constitutive PMRI gene expression level (quantity of total RNA) in the absence of a toxicant, relative to DMI-S
strains

PMR-t PMRI expression level (quantity of total RNA) induced by a toxicant, triflumizole (0.5 pg/ml)

PCR Length of the promoter fragment in the PACYP51 gene (the gene that encodes the target enzyme P450,,p) of the
DMIs in the strain PDS5), corresponding to one or more copies of the CYPS5] transcriptional enhancer [23]

CYP51-e Constitutive CYP51 gene expression level (quantity of total RNA) in the absence of a toxicant, relative to DMI-S
strains

CYP51-¢g Number of the transcriptional enhancer copies in the CYP51 gene

Molecular descriptors of DMIs I-1IV

Nax? Number of m-systems in a toxicant molecule

Lx® Maximum number of single bonds that separate these m-systems

Products of genome and molecular descriptors

N*CYP51-g Product of Nzt with CYP51-g
N*PCR Product of Nxt with PCR
L*PMR1-e Product of Lzt with PMR1-e
L*CYP51-¢ Product of Lzt with CYP51-e
L*PCR Product of Lz with PCR

* MIC, Minimal Inhibitory Concentration is the effective concentration at which no radial growth of a fungal culture was observed (100% radial growth

inhibition).

" EC, Effective Concentration is the concentration inhibiting radial growth of a fungal culture by 50%.

¢ This regression equation was obtained for each of the seven toxicants I-VIL

4 Nmt, number of w-systems in a DMI molecule, taking into account conjugation, separation, and steric hindrance between (hetero)aromatic rings and

double bonds: I, 1; I1, 3; II1, 2; Iv, 3.

¢ Lz, maximum number of single bonds that separate these m-systems: I, 1; II, — 3; III and IV, 3.

126 bp transcriptional enhancer in DMI-S and DMI-R
strains, respectively. The dataset Cl1 (matrix 92 x6 and
pEC;, vector 92 x 1) was formed from the six descriptors
and activities obtained from 92 experiments for 24 diverse
strains against I-IV [20-24]. The dataset C2 (matrix 29 x
6 and pEC;, vector 29 x 1) was formed analogously for V-
VII in interaction with P. digitatum strains. The dataset C,
matrix 131 x 6 and pECs, vector 131 x 1, included C1 and
C2. Products of molecular descriptors for I-IV with ge-
nome descriptors were added to C1 (dataset D). C, Cl,
C2, and D were used in PLS analysis to model activities
pECs,. C1 was analyzed by PCA and HCA to evaluate the
contribution of CYP51 and PMRI resistance mechanisms
to the total fungal multidrug resistance.

2.3 Molecular Modeling of the Toxicants

I-VI and VII were modeled, molecular dynamics with
manual conformational search in more complicated cases
was performed, and the obtained conformers were opti-
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mized at the PM3 semiempirical level using CHEM3D Ul-
tra 6.0 [42]. I-IV have at least two hydrogen bonding
(HB) acceptor sites (Figure 1) that can interact with recep-
tors of the fungal resistance. Conformers of I-IV with two
putative HB acceptors placed at the same side (syn-ar-
rangement) or different sides (anti-arrangement) of the
common fragment (interconnecting fragment with the
five- or six-membered heterocycle) were modeled and op-
timized at the PM3 level within the CHEM3D package.

3 Results and Discussion
3.1 Exploratory Analysis of the Datasets A and B: ASRs

3.1.1 Data Set A: Example I of ASRs

Defining ASRs: I-VII belong to three classes of com-
pounds which interfere in different biochemical processes
in P. digitatum, and thus undergo distinct fungal resistance
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Figure 2. Comparison of the multidrug resistance activities
PECs, of seven P. digitatum strains against toxicants I- VIL

mechanisms [20—22] (Table 2). I-IV are DMIs, used as
fungicides against the cytochrome enzyme P450 sterol
1l4a-demethylase (P450,,5y) [12, 13]. V is an antibiotic
(Atb) that interferes in the microbial protein synthesis
[43], and VI and VII are mutagens (Mut) which act as ef-
fective nucleic acid intercalators and modifiers [44 —46].
The strains have different baseline resistance (Figure 2):
DMI-S strains PD5, DF1 and Ul, field isolates; LC2 is a
DMI-R strain, a field isolate; PD5-21 [abbreviated
PD5(PdCYP51-P)-21], a mutant similar to PDS5, also
DMI-S; PD5-7 [abbreviated PDS5(PdCYP51-L)-7] and
PD5-15 [abbreviated PD5(PdCYP51-L)-15], mutants simi-
lar to LC2 with respect to DMIs and similar to PD5 with
respect to non-DMIs, being DMI-moderately resistant
(DMI-M). Correlations between the activities vary in large
range (correlation coefficients are in the range of 0.16-
0.98). The curves in Figure 2 are mutually nonparallel and
vary from low (fungicide resistance, especially below 5) to
high pEC;, (fungicide sensitivity, especially above 7). The
largest variations are for I, I'V, and V, and smallest for Mut
toxicants. DMI-S strains are distinguished from other
strains in the case of DMI toxicants.

It has been shown in a previous work [47] that bacterial
activities, when treated by PCA and HCA, could distin-
guish strains in accordance with their baseline resistance.
Similarly, cluster analysis methods and PCA are used to-
day extensively in taxonomy of living beings, taking into
account functional, morphological, structural, phylogenet-
ic, physiological, biochemical, and other characterizations
of species and strains [48 —53]. Such an exploratory analy-
sis of biological activities that provide identification of
structural patterns of toxicants or drugs is named in this
work Activity-Structure Relationship (ASR). ASR is con-
trary to classical SAR which starts with a molecular struc-
ture (molecular descriptors) and ends with qualitative pre-
diction of biological activities. Inverse QSAR and QSPR
[52-57] require equations for calculation of activities
from molecular descriptors, and by solving an inverse
problem find out descriptors and candidate structures for

292 © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Table2. The datasets A and B: multidrug resistance activities®
of P. digitatum strains against toxicants I- VIL

Dataset A: Activities pECs,

PD5* DF1® U1’ LC2 PD5-21 PDS5-7 PD5-15
I 6.840 6937 7539 5159 6.363 5335 5335
I 6344 6015 6.058 5219 6.122 5714 5542
oI 6324 6081 6.037 5081 5.984 5449 5.058
IV 6391 5664 5595  3.847 6.023 5294  4.979
V 6449 6847 6495 5500 7.657 6.546  6.064
VI 5711 5626 5899 5226 5.761 5735 5817
VII 5595 5373 5771 5053 5.636  6.068 5.528
Dataset B: LR descriptors

aC bC CC | a |C ‘ c |C
I —-1.351 0978 —1.383 1351 1.383
o -505 1624 -3.116 5.059 3.116
oI —-4174 1459 -2861 4.174 2.861
v 1.660 0452  3.670 1.660 3.670
V. —-0.002 0822 -0.003 0.002 0.003
VI 2.048 0.438  4.666 2.048 4.666
VII -6224 1937 -3213 6224 3213

* The DMI resistance activity data referring to P. digitatum strains, based
on experimental values of ECy, [20—-22]: DMI-S strains PD5, DF1, U1,
and PD5-21; DMI-R strain LC2; DMI-M strains PD5-7 and PD5-15.

" Based on averaged experimental values of ECs, taking into account the
number of repetitions [20-22].

¢ LR descriptors for each toxicant, obtained from various measurements
of ECs, and MIC values with respect to diverse P digitatum strains
[20-22].

desired activity ranges. Therefore, these inverse ap-
proaches are different from the novel ASRs.

ASRs Application: Strains Classification and Characteri-
zation: PCA of the dataset A (Figure 3) shows that the
first three principal components (PCs) describe 96.02% of
the original data. The strains form three groups with re-
spect to baseline resistance, in 2-D arrangement along
PC1 and PC2 (Figure 3a): DMI-S strains at PC2 < 0; DMI-
R and DMI-M at PC2 >0, separated at about PC1=0.35.
Moreover, the average pECs, values show a systematic de-
crease (sensitivity decrease or resistance increase) along
positive PC1 and also along positive PC2, with an excep-
tion of the strain PD5-21. The HCA dendogram (Fig-
ure 3e) confirms the strains clustering from PCA. Both the
PCA and HCA plots exhibit differences among the DMI-S
strains, because of which the DMI-S cluster is not com-
pact.

ASRs Application: ldentification of Toxicant Structure
Types and Strain— Toxicant Interactions: Toxicants can be
classified into three groups with respect to overall molecu-
lar topology (Figures 3b and 3d): condensed ring systems
(CR: VI and VII), two-ring linear systems (2RL: T and V),
and three-ring nonlinear systems (3RN: II, III, and IV
with bent topology that mimics a three-ring structure).
PC2 distinguishes DMIs and non-DMIs (dashed line in
Figure 3b). The HCA dendogram (Figure 3f) discriminates
2RL from the mixed (CR, 3RN) cluster. Comparing the

www.qcs.wiley-vch.de QSAR Comb. Sci. 27, 2008, No. 3, 289 -301


www.qcs.wiley-vch.de

Chemometric Investigations of the Multidrug Resistance in Penicillium Digitatum Strains
QSAR & Combinatorial Science Qc s

|
a4 15734 PDS'_I . DMI-R
U ]|PD3-7 (5 (5.012)

— ‘ L ey
< 02 4 DMI-M
g
=
& 00+ PD5-21m
o LS (6.221)
A Ul DF1

-0.4 4| PD5 (6.199) (6.078)

_ (6236

T T T T T T

0.28 0.32 0.36 0.42 0.44 0.48
PC1 (50.60%)
a)

1.0 08 04 n4 0.2 00

PD5-15 DMLM

FD5-7

L2

DMI-R

FD5-21

Ul DMI-S

DF1

FD35

c)

VI (3;(75) a VI non-DMIs
N CR (11T Va
Boin
A o= 2RL
5 IRN (5)(37)
m n
7y SR
B (2)(3m)
. omts | Lom
2 1 0 ! 2 3
FPC1

b)

VI = e
W _ 1
oL =3y
H —
v 3RN
v
2RL
I

d)

Figure 3. Exploratory analysis of the set of seven pEC;, resistance activities: (a) PCA loadings plot with the first two PCs, showing
the clustering of the P. digitatum strains and the average pECs, for each strain in brackets; (b) PCA scores plot with the first two
PCs, showing the clustering of the toxicants with the number of hydrogen bonds and charge —charge interactions (integers in brack-
ets) and the number of m-systems (s integers in brackets); (c) HCA dendogram for variables (the resistance activities) and the clus-
tering of the P. digitatum strains; (d) HCA dendogram for the samples (toxicants) and their clustering.

loadings (Figure 3a) and scores (Figure 3b), it is noticeable
that the baseline resistance (DMI-S, DMI-M, and DMI-S)
arrangement from the loadings defines the samples clus-
tering in the scores plot. That is why the DMIs I-1V, used
in agricultural practice as pesticides, are placed in the cen-
tral and lower parts of the scores plot, which corresponds
to the DMI-S strains in the central and lower parts of the
loadings plot. When toxicant —strain correlations are con-
sidered along PC1, the situation is the opposite due to dif-
ferent signs of the loadings (always positive) and scores
(first negative and then positive) along this PC. Conse-
quently, I is somewhat more effective against DMI-S
strains (especially against PD5) than II-IV (3RN group).
In the same sense, V is somewhat more effective than VI
and VII (CR group) against PD5-7 and PD5-15 (DMI-M

QSAR Comb. Sci. 27, 2008, No. 3, 289 -301 www.qcs.wiley-vch.de

strains). The position of the most resistant strain LC2 in
the loadings does not correspond to any toxicant in the
scores, meaning that among the studied toxicants, none
showed a satisfactory growth inhibition of this strain.

PC1 distinguishes flexible from rigid toxicants: two-ring
V lies at the positive end of PC1, whilst the most rigid IV
(partially conjugated, delocalized, strained system) and
VII (planar heteroaromatic system) are placed at the neg-
ative end of PC1. It can be said that PC1 increase is related
to higher molecular flexibility and lower compactness (less
rings, more pronounced linearity) in terms of scores. PC2
increase can be related to the elevated number of HB and
charge-mediated intermolecular interactions (integer
numbers in brackets in Figure 3b) due to increased hydro-
philicity, polarity, and polarizability of the toxicants. In
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terms of loadings (Figure 3a), it can be expected that
DMI-M strains are more sensitive to hydrophilic toxicants
and effective against lipophylic compounds, and the oppo-
site is valid for DMI-S strains (although these strains ex-
press in average lower baseline resistance to all toxicants
than DMI-R strains). The number of m-systems N (rings
and double bonds enumerated in brackets, Figure 3b, see
Table 1) in toxicant molecules can adopt different values
with respect to the fungal strains. The m-system is continu-
ous through conjugation in I and delocalization in VI and
VII. Biphenyl in III is a unique m-system, whilst stereo-
electronic effects in IV prevent the benzyl and imino
groups to make a unique st-system. Rings in II are spatially
close but separated by the central quaternary carbon. V
contains three isolated double bonds as m-systems. Nmt of
I-VII indicates the importance of hydrophobic-hydro-
phobic and aromatic—aromatic interactions between toxi-
cants and their receptors. N indicates the importance of
molecular structure as the second factor (after the baseline
fungal resistance) that defined the final fungal resistance/
sensitivity with respect to the studied toxicants.

The presented ASR approach may be useful in predict-
ing fungus —toxicant interactions based on known toxicant
molecular structures and measured resistance activities of
P. digitatum strains. The activities against an unknown tox-
icant, when treated by PCA and HCA, can provide useful
information about the toxicant structure and properties.
This is an item that should be further developed using re-
sults from various antifungal assays.

3.1.2 Data Set B: Exampled II of ASRs

Defining (Unusual) ASRs: Descriptors a, b, and ¢ from lin-
ear regression (LR) relationship between pMIC and
pEC;, are illustrated for triflumizole (Figure F1 in Supple-
mentary Material). The higher the pEC;, value, the higher
will be the pMIC, due to positive values of b. The ECy, in-
crease is correlated with a more pronounced MIC in-
crease, as shown for strains LC2M, LC2, 12, and M1 (Fig-
ure F1). Since pMIC and pECs, are linearly related, some
correlation of a, b, or ¢ with molecular structure is expect-
ed.

ASRs Application: Identification of Toxicant Structure
Types: PCA and HCA of B (Figure 4) exhibit such correla-
tions as common for all considered strains. Two PCs com-
prise 99.36% of the original data. The toxicants are distin-
guished according to the number of rings in the HCA den-
dogram (Figure 4c) and scores plot (Figure 4a): the cluster
of molecules with three rings (3R), and the other of mole-
cules with two rings (2R). In fact, 2R is less compact than
3R, consisting of two subclusters: IV and VI are more com-
pact molecules (VI: condensed heteroaromatic system; I'V:
nonlinear strained system), whilst I and V are more linear
molecules (I: linear conjugated and aromatic system; V:
mainly saturated linear system). Condensed VII is distin-
guished from the subcluster of noncondensed II and IIL.

294 © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The toxicant structures arranged along the PC1 increase
(VI-NI-II—-I—-V—IV—VI) show a decrease in
molecular complexity (size and compactness). On the oth-
er hand, the PC2 increase is followed by the increase in
size-independent molecular compactness, from saturated
V and conjugated I at PC2 >0 to condensed VI and VII at
PC2>0.

ASRs Application: Identification of Toxicant— Strain In-
teractions: Relationships among the descriptors in the
loadings plot (Figure 4b) and HCA dendogram (Fig-
ure 4d) can be considered as three cases of the LR line in
the pECs,-pMIC space (Figure F1b with comments, Sup-
plementary Material). Descriptors @ and c are similar (ax-
ial intercepts) and form a subcluster. Positive b and
|a|make another cluster, whilst |c|is practically isolated.
First case: The PC1 increase is followed by the b decrease
and positive signs of a and c. Small PC1 is related to small
values of b and negative signs of a and c. The PC2 increase
means an increase in absolute values of a and c. Therefore,
the subcluster (I, V) is characterized by small values of all
descriptors and negative a and c. Second case: The subclus-
ter (IV, VI) lies at small values of b and positive a and c.
Third case: The cluster (IL, III, VII) is placed at large nega-
tive a and ¢, and large b. These cases determine the dose —
response curve profiles for a toxicant with respect to P.
digitatum strains. These observations can be useful in the
design of sensitivity assays and more potent toxicants, tak-
ing into account that the equation pMIC=a+b pEC;,
can be written in another form ECsy=e(MIC)" where
e=10"". According to the latter form and Figure F1, effec-
tive toxicants are those for which MIC and ECs, are small
and consequently, the difference between MIC and ECy is
also small. The last condition seems to be fulfilled for toxi-
cants for which b tends to be b=1 and e is a small number
and e>1.

3.2 Exploratory Analysis of the Data Set C and
Quantitative Relationships (QGAR and QGSAR)

Genome descriptors and pECs, for DMIs are in Table 3
(dataset C1) and Table T1 in Supplementary Material (da-
taset C2). PMR1-g was set to 1 and O for the presence and
absence of the native PMRI gene, respectively, and 0.5 for
the presence of PMRI from another plasmid (supposing
that the introduced PMRI could result in reduced resist-
ance). Average relative expression level of the PMRI gene
(PMR1-e) was set to 1 and 7 for DMI-S and DMI-R
strains, respectively, and zero for strains without any func-
tional PMRI. The number of the CYP5] transcriptional
enhancer copies (CYP51-g) was set to 1, 2, and 5 for DMI-
S, DMI-M, and DMI-R strains, respectively [21, 23]. The
analog values for PCR were 0.25, 0.37, and 0.75, respec-
tively [23]. The CYP51 gene expression level (CYP51-e)
was set to 100 and 1 for DMI-R and DMI-S strains, respec-
tively, and in some cases had other values (3 in four experi-
ments, and 50 in another one). Triflumizole-induced
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Figure 4. Exploratory analysis of the set of five LR descriptors (a, b, ¢, |a|, and |c|): (a) PCA scores plot with the first two PCs,
showing the clustering of the toxicants; (b) PCA scores plot with the first two PCs, showing the clustering of the variables; (c) HCA
dendogram for the samples (toxicants) and their clustering; (d) HCA dendogram for variables.

PMRI expression level (PMR1-t) was set to 100 (high), 10
(low), and 1 (none), independently of the baseline resist-
ance. Two toxicant molecular descriptors, Nxt and L,
were generated, and products of these descriptors with ge-
nome descriptors were manually selected in PLS variable
selection (Table 1), forming the dataset D (descriptor ma-
trix 92 x 8 and pEC;, vector 92 x 1). It has been noticed in
the first presented ASR plots (Figure 3b) that N is a fac-
tor that can affect fungal resistance to I- VIL.

PLS models in QGARs and QGSARs are in Tables 3 -
5. The models I-1III reconfirm the existence of two toxi-
cant groups, I-IV and V- VII, which should be modeled
separately. The model II for IV-VII has no acceptable
statistics, probably because of the narrow range of pECs,
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values (0.8-0.9 in log units) and the fact that CYP51 de-
scriptors do not have biochemical justification to describe
the behavior of non-DMIs. The model IV for I-IV has
satisfactory statistics, probably because of wide range of
pECs, values (greater than 3.1 in log units), reasonable
correlation coefficients (absolute values>0.5, Table 5),
and removed outliers (Table 4). Three outliers with too
low resistance (pECs,>6.8) are related to I in interaction
with DMI-S strains, whilst the other three outliers with too
high resistance (pECs,<4.3) are related to IV in interac-
tion with DMI-R strains. The model IV was externally va-
lidated (resulting in the model V) by dividing the dataset
Cl into training and prediction sets, the latter being
formed from arbitrarily selected samples (35% samples) in
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Table 3. Genome descriptors,* experimental,” and predicted® resistance activities pECs, against DMIs (dataset C1).

No. Toxicant/strain? PMRI1-g PMRI1-e CYP51-g CYP51-e PCR PMRI1-t PECspexp PECsoca
1 T/PD5 1 1 1 1 0.25 100 6.636 6.871
2 T/DF1 1 1 1 1 0.25 100 6.937 6.781
3¢ T/U1 1 1 1 1 0.25 100 7.539 -

4 T1/LC2 1 7 5 100 0.75 100 5.225 5.184
5 T/M1 1 7 5 100 0.75 100 5.432 5.184
6 T/11 1 7 5 100 0.75 100 5.093 5.184
7 T/DIS03 0 0 5 100 0.75 1 5.895 6.093
8 T/DIS33 0 0 5 100 0.75 1 5.971 6.093
9 T/DIS96 0 0 5 100 0.75 1 5.858 6.093

10 T/PD5 1 1 1 1 0.25 100 6.840 6.781

11 T/PD5-21 1 1 1 3 0.25 100 6.363 6.871

12 T/PD5-7 1 1 5 100 0.75 100 5.335 5.348

13 T/PD5-15 1 1 5 100 0.75 100 5.335 5.348

14 T/LC2 1 7 5 100 0.75 100 5.141 5.184

15 T/PD5 1 1 1 1 0.25 100 6.948 6.781

16 T/DISp12 0 0 1 1 0.25 1 7.694 7.526

17 T/DISp21 0 0 1 1 0.25 1 7.694 7.526

18 T/ECTp36 0 0 1 1 0.25 1 7.047 7.526

19 T/LC2 1 7 5 100 0.75 100 5.146 5.184

20 T/DIS33 0 0 5 100 0.75 1 6.177 6.093

21 T/DIS33-Y4 0.5 7 5 100 0.75 100 5.641 5.184

22 T/DIS33-Y8 0.5 7 5 100 0.75 100 5.179 5.184

23 T/DIS33-B0 0.5 7 5 100 0.75 10 6.007 5.836

24 T/DIS33-B13 0.5 7 5 100 0.75 10 6.124 5.836

25¢ T/PD5-B1 0.5 7 5 100 0.75 10 6.937 -

26° T/PD5-B2 0.5 7 5 100 0.75 10 6.840 -

27 T/DIS33 0 0 5 100 0.75 1 6.283 6.093

28 T/LC2 1 7 5 100 0.75 100 5.107 5.184

29 T/PD5 1 1 1 1 0.25 100 6.937 6.781

30 T/LC2 M 1 7 2 50 0.37 100 5.840 6.270

31 T/PD5 1 1 1 1 0.25 100 6.937 6.781

32 T/DIS33 0 0 5 100 0.75 1 6.177 6.093

33 T/LC2 1 7 5 100 0.75 100 5.189 5.184

34 T/DISp21 0 0 1 1 0.25 1 7.539 7.526

35 T/DIS5-1.22 1 7 5 100 0.75 100 5.202 5.184

36 T/DIS5-P26 1 1 1 1 0.25 100 6.937 6.781

37 F/PD5 1 1 1 1 0.25 100 6.073 6.263

38 F/DF1 1 1 1 1 0.25 100 6.015 6.263

39 F/U1 1 1 1 1 0.25 100 6.058 6.263

40 F/LC2 1 7 5 100 0.75 100 5.160 5.035

41 F/M1 1 7 5 100 0.75 100 5.093 5.035

42 F/11 1 7 5 100 0.75 100 4.799 5.035

43 F/PD5 1 1 1 1 0.25 100 6.073 6.263

44 F/DIS07 0 0 5 100 0.75 1 6.002 6.136

45 F/DIS33 0 0 5 100 0.75 1 6.073 6.136

46 F/DIS96 0 0 5 100 0.75 1 5.952 6.136

47 F/PD5 1 1 1 1 0.25 100 6.479 6.263

48 F/PD5-21 1 1 1 3 0.25 100 6.122 6.295

49 F/PD5-7 1 1 5 100 0.75 100 5.714 5.363

50 F/PD5-15 1 1 5 100 0.75 100 5.542 5.363

51 F/LC2 1 7 5 100 0.75 100 5.241 5.035

52 F/PD5 1 1 1 1 0.25 100 6.475 6.263

53 F/DISp12 0 0 1 1 0.25 1 7.219 7.036

54 F/DISp21 0 0 1 1 0.25 1 6.520 7.036

55 F/ECTp36 0 0 1 1 0.25 1 6.441 7.036

56 F/LC2 1 7 5 100 0.75 100 5.230 5.035

57 F/DIS33 0 0 5 100 0.75 1 6.241 6.136

58 B/PD5 1 1 1 1 0.25 100 6.186 6.314

59 B/DF1 1 1 1 1 0.25 100 6.081 6.314

60 B/U1 1 1 1 1 0.25 100 6.037 6.314

61 B/LC2 1 7 5 100 0.75 100 5.024 4967
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Table 3. (cont.)

No. Toxicant/strain® PMR1-g PMRI1-e CYP51-g CYP51-e PCR PMRI1-t PECspexp PECsoca
62 B/MI 1 7 5 100 0.75 10 5.093 4.967
63 B/11 1 7 5 100 0.75 100 4.546 4.967
64 B/DIS07 0 0 5 100 0.75 1 6.227 6.260
65 B/DIS33 0 0 5 100 0.75 1 6.298 6.260
66 B/DIS96 0 0 5 100 0.75 1 6.148 6.260
67 B/LC2 1 7 5 100 0.75 100 5.024 4.967
68 B/PD5 1 1 1 1 0.25 100 6.382 6.314
69 B/PD5-21 1 1 1 3 0.25 100 5.984 6.344
70 B/PD5-7 1 1 5 100 0.75 100 5.449 5.460
71 B/PD5-15 1 1 5 100 0.75 100 5.324 5.460
72 B/LC2 1 7 5 100 0.75 100 5.113 4.967
73 B/PD5 1 1 1 1 0.25 100 6.424 6.314
74 B/DISp12 0 0 1 1 0.25 1 7.324 7.114
75 B/DISp21 0 0 1 1 0.25 1 7.324 7.114
76 B/ECTp36 0 0 1 1 0.25 1 6.503 7.114
77 B/LC2 1 7 5 100 0.75 100 5.112 4.967
78 B/DIS33 0 0 5 100 0.75 1 6.382 6.260
79 P/PD5 1 1 1 1 0.25 100 5.902 6.125
80 P/DF1 1 1 1 1 0.25 100 5.664 6.125
81 P/U1 1 1 1 1 0.25 100 5.595 6.125
82 P/PD5 1 1 1 1 0.25 100 6.993 6.125
83 P/PD5-21 1 1 1 3 0.25 100 6.023 6.165
84 P/PD5-7 1 1 5 100 0.75 100 5.294 5.432
85 P/PD5-15 1 1 5 100 0.75 100 4.979 5.432
86° P/LC2 1 7 5 100 0.75 100 3.847 -

87 P/PD5 1 1 1 1 0.25 100 6.993 6.125
88 P/DISp12 0 0 1 1 0.25 1 7.023 6.925
89 P/DISp21 0 0 1 1 0.25 1 7.039 6.925
90 P/ECTp36 0 0 1 1 0.25 1 6.685 6.925
91°¢ P/LC2 1 7 5 100 0.75 100 3.842 -

92°¢ P/DIS33 0 0 5 100 0.75 1 4253 -

* Six genome descriptors as reported in the literature [20—-24], and estimated from these reports in cases of missing values.
® The PECse, activities from individual DMI sensitivity bioassays for 24 P. digitatum strains (wild types and mutants).

¢ The pECs, as predicted by PLS Model VII. Bold values are for the external validation set.

4 Toxicants: T, triflumizole (I); F, fenarimol (II); B, bitertanol (IIl); and P, pyrifenox (IV).

¢ The six samples excluded from the final PLS modeling, because of absolute. Student residuals > 2.

such a way that representation of toxicants I-IV and
strains with a different baseline resistance was proportion-
al to that of the former. The model V has good statistics
(Table 4). The regression vector of the model IV (Table 5)
shows that the DMI resistance of P. digitatum is more con-
sequence of the CYP5] expression and less of the PMRI
expression, which can agree with observations from Ha-
mamoto et al. [21, 22] that the baseline resistance of P. dig-
itatum strains is not determined by the PMRI expression
or overexpression but by that of CYP5]. New variable se-
lection with genome and mixed descriptors resulted in an
improved QGSAR model VI, which was successfully vali-
dated externally in the same way as the model IV (result-
ing in the model VII with good statistics, Tables 3 and 4).
The mixed genome-toxicant descriptors in the regression
vector indicate interactions between the fungal genome
and DMIs, more probably with the expression of CYP5]
than of PMRI (Table 6). The increase in P. digitatum re-
sistance, i.e., decrease in pICs, is accompanied by negative
contributions of all genome descriptors in the model IV,
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meaning higher expression levels of the resistance mecha-
nisms. All descriptors in the model VI positively contrib-
ute to the fungal resistance.

PCA and HCA on the dataset C1 (Figure 5) showed
three PCs describing 99.51% of the original data and eight
clusters of strains. PC1 and PC2 discriminate DMI-S,
DMI-M, and DMI-R strains. CYP51 descriptors form a
tight cluster and are major contributors to PC1 and minor
to PC2. Two PMR1 descriptors (PMR1-g and PMRI1-t)
form another cluster with a minor contribution to PC1 and
major to PC2. PMR1-e is isolated and has the major con-
tribution to PC3 (not shown), and moderate to PC1 and
PC2. It represents the PMRI gene overexpression not in-
duced by toxicant and not depending on the number of the
PMRI gene enhancer copies (there is only one copy in all
P. digitatum strains), being an intrinsic property of P. digi-
tatum. A new classification of P digitatum strains (Fig-
ures Sa and Sc, Table 6) is proposed. S1 class contains the
most DMI-susceptible strains with no functional PMRI
gene and only one copy of the CYP5] gene enhancer. The
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Table 4. Comparison of PLS models with basic statistics.

Parameters Model 1 Model I1 Model II1 Model IV Model V Model VI Model VII
Relationship QGAR QGAR QGAR QGAR QGAR QGSAR QGSAR
Dataset C 2 C1l C1 C1l D D
Toxicants I-VII V-Vl I-1V I-1V I-1V I-1V I-1V
No. strains® 24 14 24 22 22 22 22
Descriptors® 6 6 6 6 6 8 8
Training set® 131 39 92 86 56 86 56
Ext. val. set® 0 0 0 0 30 0 30
Excluded® 0 0 0 6 6 6 6
PCs (% Var)? 4(99.98%) 2(84.24%) 3(98.66%) 3(99.45%) 3(99.34%) 5(96.78%) 5(97.14%)
SEV*¢ 0.521 0.477 0.487 0.340 0.352 0.286 0.305
SEP*¢ 0.509 0.462 0.475 0.333 0.341 0.271 0.279
o* 0.521 0.176 0.655 0.789 0.788 0.851 0.841
R 0.561 0.285 0.686 0.807 0.815 0.874 0.881

2 - - - - 0.771 - 0.843
R.e.>10.00%* 25 6 11 4 33 2 2 (0)
Max. R.e.® 44.37% 12.71% 41.95% 13.58% 13.24% (14.64%) 13.13% 12.42% (8.83%)
Mean R.e.® 6.41% 6.60% 5.60% 3.99% 4.25% (3.67%) 3.31% 3.23% (3.45%)

? Number of P. digitatum strains related to the samples of particular datasets.

® QGAR models: six genome descriptors. QGSAR models: three genome descriptors and five products of molecular and genome descriptors.

¢ Number of samples in the training set, external validation set, and excluded samples (outliers).

4 PCs, number of PCs (latent variables) used in the model, and % Var, percentage of the total variance contained in these PCs (latent variables).

¢ Standard deviations: SEV, Standard Error of Validation; SEP, Standard Error of Prediction.

 Correlation coefficients: Q?, correlation coefficient of validation; R?, correlation coefficient of prediction, Q% correlation coefficient of external vali-
dation.

¢ Relative errors: R.e.>10.00%, number of samples with relative error >10.00%, Max. R.e., maximum relative error, mean R.e., mean relative error.
These parameters are given in brackets for the external validation set.

Table 5. Regression vector components and correlation coefficients for the best models QGAR (model IV) and QGSAR (model VI).

Descriptor QGAR Model IV QGSAR Model VI
Regression vector Correlation coefficient Regression vector Correlation coefficient

PMRI1-g 0.217 0.491 - -
PMRI1-e 0.127 0.694 - -
CYP51-g 0.224 0.722 —0.540 0.722
CYP51-e 0.225 0.726 —0.594 0.726
PCR 0.224 0.722 - -
PMRI1-t 0.248 0.502 —0.447 0.502
N*CYP51-g - - 0.782 0.624
N*PCR - - —0.620 0.556
L*PMR1-e - - —0.178 0.677
L*CYP51-e - - 0.667 0.634
L*PCR - - —0.485 0.564

Table 6. Classification of the strains into eight groups, based on six genome descriptors for the dataset Cl1.

Group? PMRI1-g PMRI1-e CYP51-¢g CYP51-e PCR PMRI1-t DMI-R®
S1 0 0 1 1 0.25 1 S

S2 1 1 1 1 0.25 100 S

MRI1 1 7 2 50 0.37 100 M

MR2 0 0 5 100 0.75 1 M

R1 1 1 5 100 0.75 100 R

R2 0.5 7 5 100 0.75 10 R

R3 0.5 7 5 100 0.75 100 R

R4 1 7 5 100 0.75 100 R

* Groups with different DMI resistance: DMI-S strains (S1, S2), DMI-M strains (MR1, MR2), and DMI-R strains (R1, R2, R3, R4).
® DMI resistance of the strains: DMI-S (S), DMI-M (M), and DMI-R (R).

298 © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.qes.wiley-vch.de QSAR Comb. Sci. 27, 2008, No. 3, 289301


www.qcs.wiley-vch.de

Chemometric Investigations of the Multidrug Resistance in Penicillium Digitatum Strains
QSAR & Combinatorial Science Qc s

— []
R4
- L MR1 .
82 Rl g3
5 - u
&
o [
= DMIL-E
pt DiI-5 DMI-M
5 -1 R2®
- 7
=Sl
i
MR2
||
T T J I T
-2 -1 1] 1 2

PC1 (56.08%4)

LIR2

S1

R4

Al

R1

52
MRINE———

<)

mm—DMRI-g
0.6 -
PMEL-t
041 PMRE1-e
S n
oy
0.2 -
CYP51-
0.0- i
CYP51-g
PCR =
T T T T T
0.1 0.2 0.3 0.4 0.5
P
b}
1.0 0% 06 04 02 00
| | | | |
PMRIt | —
PMR1-g | ——
PCR
CYPS1-g
CYPA1-8 J
PMR1-2
d)

Figure 5. Exploratory analysis of the six genome variables (dataset C1): (a) PCA scores plot with the first two PCs, showing the
clustering of the P. digitatum strains; (b) PCA loadings plot with the first two PCs, showing the clustering of the genome variables;
(c) HCA dendogram for samples, showing eight cases of the variable combinations; (d) HCA dendogram for variables.

most DMI-resistant class R4 has completely functional
PMRI and five copies of the CYP5] enhancer. The total
fungal resistance is mainly determined by the CYP51 and
less by the PMR1 mechanism.

3.3 Toxicant Molecular Structures

The structures of I- VII (Figure 1) contain information on
multiple bonds and stereochemistry which can provide suf-
ficient three-dimensional structural information [58]. It is
important to note that the structures of minimum energy
conformers of all isomers of I-VII (Figures F2 and F3
with comments in Supplementary Material) agree with the
structural patterns from ASRs (branching, HB potency).

QSAR Comb. Sci. 27, 2008, No. 3, 289 -301 www.qcs.wiley-vch.de

Comparative (Figure2) and exploratory analyses (Fig-
ure 3b) of biological activities also pointed out differences
between DMIs and non-DMlIs. The conformers with syn-
and anti-arrangement of putative hydrogen bonds of all
conformers of I-TV exhibit characteristic structural pat-
terns when overlapped (Figure F3 in Supplementary Mate-
rial with comments). The heterocyclic HB acceptor atom
(a nitrogen atom) and other nitrogen (HB acceptor) or
oxygen (HB donor/acceptor) atom in the branching region
are approximately coplanar with the heterocycle. The syn-
arrangement has more suitable HB and m-rings geometry
for interaction with putative receptors such as efflux
pumps or cytochromes. Two crystal structures of a DMI
(fluconazole) complexed with CYP51 (PDB:1EA1 [7] pre-

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 299


www.qcs.wiley-vch.de

Full Papers

Rudolf Kiralj and Marcia M. C. Ferreira

sented in Figure F4 in Supplementary Material and
PDB:21J7 [59]) confirm this observation.

Triflumizole (I) induces substantially the PMRI gene
expression in all P. digitatum strains with this gene in a
nondisrupted form [20, 22, 24], but poorly in the CYP51
gene expression [21]. Other DMIs could provoke similar
effects due to their interaction with fungal transcription
factors which regulate cellular morphology [60, 61] and
ABC efflux pumps production [62]. Some crystal struc-
tures of drug/toxicant —transcription factor complexes re-
lated to bacterial efflux pumps [63] suggest that future
modeling of antifungals should be directed toward diverse
targets such as CYP51 (DMlIs), ABC efflux pumps (rever-
sals, modifiers [64, 65]), and transcription factors [66].

4 Conclusions

ASRs and QGARs classified P. digitatum strains and toxi-
cants with respect to structure and characteristics. The
strains were discriminated according to their baseline re-
sistance, depending mainly on the CYP51 resistance mech-
anism, and less on the PMR1 resistance mechanisms. Toxi-
cants were distinguished according to function (demethy-
lation inhibition) and structure (flexibility, branching, top-
ology, compactness). The regression models showed satis-
factory prediction power which makes them useful for
practical purposes. Common three-dimensional distribu-
tion of HB and aromatic rings in DMIs can determine
their interactions with receptors such as cytochromes, ef-
flux pumps, and transcriptional factors which activate fun-
gal multidrug resistance.
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