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Abstract

A set of molecular properties (variables) of 20 hypocrellin dyes (hypocrellins and their derivatives) with phototoxicity against tumor cells was
calculated by the molecular orbital semi-empirical method AM1 and ChemPropStd. Pattern recognition techniques, principal component anal-
ysis (PCA) and hierarchical cluster analysis (HCA) were employed to reduce dimensionality and investigate which subset of variables could be
more effective for classifying hypocrellins and their derivatives according to their degree of phototoxicities against tumor cells. The PCA and
HCA studies showed that u (dipole moment) and Qs, Q4, Q9 and Q¢ (charges on atoms 3, 4, 9 and 10) were the most important variables for the
classification between the hypocrellin dyes with higher and lower phototoxicities against tumor cells.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Hypocrella bambusae Sacc. is a parasitic fungus of bam-
boos, which grows abundantly in the northwestern mountains
of Yunnan Province and in the southeastern region of Tibet
Autonomous Region of China. A series of perylenequinoid
pigments, including hypocrellin A (HA) and hypocrellin B
(HB) are the metabolites of H. bambusae. Originally, hypo-
crellins were utilized as a potent therapeutic agent for white
lesions of the vulva, keloid, vitiligo, psoriasis, tinea capitis
and lichen amyloidosis. Modern researches revealed that
hypocrellins showed excellent light-induced antitumor and anti-
viral activities [1—6]. Previous works had also reported a
series of other activities related to hypocrellins, such as treat-
ment of some vascular diseases [7].

Since separated in 1980s [8], hypocrellins have been re-
ceiving intensive interest in photodynamic therapy (PDT)
due to their wide absorption band in the visible region and
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extremely high singlet oxygen ('0,) generation ability over
the past two decades [9—12]. From the viewpoint of clinical
applications, the water solubility and absorption intensity in
the phototherapeutic window (600—900 nm) of the natural hy-
pocrellins need to be improved for attaining ideal photody-
namic efficacy. With these characteristics, as well as the
ability to be chemically modified, a lot of derivatives of the
parent hypocrellins A and B have been synthesized to optimize
the photosensitizing properties [13—20].

Nowadays, structure—activity relationship (SAR) studies
have been proven to be helpful in the understanding of the in-
fluence of molecular properties on the biological activity pre-
sented by several kinds of compounds [21]. In order to get
high active photosensitizer, the relationship between the struc-
ture and phototoxicity of hypocrellins should be investigated.
The quantum chemical parameters of molecules and even of
the interacting molecular systems can, in principle, express
all electronic properties related to the molecular interactions.
Thus, SAR studies using quantum chemical parameters have
become important in qualitative and quantitative analyses of
three-dimensional molecular interactions [22,23].
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In the present work, we employ the semi-empirical AM1
method [24] to calculate selected quantum chemical molecular
variables of 20 hypocrellin dyes reported in the literature as
presenting a certain degree of phototoxicity against tumor
cells [1,13—16]. The pattern recognition methods, principal
component analysis (PCA) [25] and hierarchical cluster anal-
ysis (HCA) [26], have been employed to obtain a relationship
between the calculated variables and phototoxicity against
tumor cells.

2. Methodology
2.1. Compounds

The main structure and the numbering we have adopted to
study the hypocrellin dyes are shown in Fig. 1. The structure
and the number of the 20 compounds are shown in Fig. 2.
The phototoxicities of the hypocrellin dyes are expressed by
the numerical indicator, ICsy, which indicates the concentra-
tion to exert 50% growth inhibition against tumor cells, in-
cluding EMT6/Ed murine tumor cell [1], human oral cavity
epithelial carcinoma KB cell [13,14], human gastric adenocar-
cinoma MGCS803 cell [15], and human cervix uteri tumor
HeLa cell [16]. The respective ICs of all the 20 hypocrellins
studied is shown in Table 1.

2.2. Calculation of the atomic and molecular descriptors

All the molecular structures of the tested hypocrellins
(numbered from 1 to 20 in Fig. 2) were optimized by using
the molecular mechanics method MM?2 [27] and the semi-
empirical method AM1 [24]. Then the following descriptors
were calculated in this work:

e the energy of the HOMO (highest occupied molecular or-
bital energy) and LUMO (lowest unoccupied molecular
orbital energy);

e Mulliken electronegativity (y): obtained from the follow-
ing equation: x = (Enomo + ELumo)/2;

e clectron affinity (EA): obtained as (—FEyuymo);

e dipole moment (u), heat of formation (AHy), total energy
(Et), electronic energy (E));

H,CO

H,CO

COCH,

OCH,

Fig. 1. Structural skeleton and numbering of the hypocrellins studied.

e partition coefficient (log P);

e Connolly molecular area (MA) and Connolly solvent-ex-
cluded volume (SEV);

e net atomic charge on atom N (Q,,), where n =2, 3,4, 5, 8§,
9, 10, 13, 14, 15.

The calculated descriptors selected could represent elec-
tronic (EHOMO7 ELUMOa X, EA, M, AHf, ET, Eel and Qn), steric
(MA and SEV) and hydrophobic (log P) features of the com-
pounds studied. The variables were calculated with the semi-
empirical AM1 method or ChemPropStd combined in CS
Chem3D Ultra 6.0 program [28]. The statistical analyses
(PCA and HCA) were performed using the MATLAB 6.0 pro-
gram [29]. Before applying the PCA and HCA methods, each
variable was standardized so that they could be compared to
each other on the same scale.

3. Results and discussion
3.1. Principal component analysis (PCA)

The main purpose of employing the PCA method is to
reduce the number of variables used in the analysis. The
method creates new variables as linear combinations of all
the initial variables so that the first new variable contains the
largest variance, the second new variable contains the second
largest variance, and so on, until the last variable can be trun-
cated. The PCA method also allows us to diminish the number
of total variables in a data set.

In this work, after several attempts to obtain a good classi-
fication of the compounds, the best separation was obtained
with five variables (see Table 1) out of the 21 we had initially.
This suggests that the other 16 variables are not important for
classifying these compounds.

The results of the PCA calculation show that the first three
principal components (PC1, PC2, and PC3) describe 94.009%
of the overall variance as follows (%): PCI1 =73.358,
PC2 =11.807, PC3 = 8.844 (see Table 2). The first two prin-
cipal components (PC1 and PC2) describe 85.165% of the
total variance. Table 3 shows the loading vectors for PCI,
PC2, and PC3.

The plots of the score vectors of the principal components
(PC1 x PC2) and (PC1 x PC3) are shown in Figs. 3 and 4. We
can see from the figures that the hypocrellins studied are sep-
arated into two groups, A and B. Group A contains the hypo-
crellins (compounds 7, 9, 13, 14, 15, 16, 17, 19, 20 — see
Table 1) with higher degree of phototoxicities against tumor
cells, i.e. the molecules with ICso < 1.0 pg mL ™" except com-
pounds 14 and 15. Group B consists of the hypocrellins (com-
pounds 1, 2, 3, 4, 5, 6, 8, 10, 11, 12, and 18 — see Table 1)
with lower phototoxicities against tumor cells, i.e. the mole-
cules with ICsy > 1.0 pgmL ™" except compounds 8 and 18.
Taking into account the difference in tumor cell lines and
the experimental error, we think that the classification of the
20 hypocrellins by PCA is consistent with their phototoxicities
tested by the experiment.
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Fig. 2. Structure of 20 hypocrellins studied.

According to Table 3, PC1 can be expressed through the
following equation:

PC1 = 0.2128[u] + 0.4916]Q5] — 0.2331[Q,] — 0.3427[Qs)]
+0.735[Q10).

From this equation, we can see that it needs to present small
and negative values for dipole moment (u) and charges on
atoms 3 and 10 (Q3 and Q) along with large values for
charges on atoms 4 and 9 (Q4 and Qg) for a hypocrellin

derivative to be more active. These characteristics can be use-
ful in the chemical structure modification of hypocrellin mol-
ecule with a higher phototoxicity against tumor cells.

The variables responsible for the separation between higher
active and lower active hypocrellins, i.e. dipole moment (u)
and charges on atoms 3, 4, 9 and 10 (Q3, Q4, Q¢ and Q)
are all electronic variables, therefore we can conclude that
electronic effects have a very important role when one is try-
ing to understand the phototoxicity of hypocrellins against
tumor cells.
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Fig. 2 (continued).
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Fig. 2 (continued).

3.2. Hierarchical cluster analysis (HCA)

The HCA method is an excellent tool for preliminary data
analysis and it is very useful for examining data sets for
expected or unexpected clusters, including the presence of
outliers. This technique examines the distances between
the samples in a data set and represents this information
as a two-dimensional plot called dendrogram [30]. It is

informative to examine the dendrogram in conjunction with
PCA results as they give similar information in different
forms.

In the HCA analysis, each object (the 20 hypocrellins studied)
is initially assumed to be a lone cluster and then the sim-
ilarity matrix is analyzed. The most similar points are grouped
forming one cluster and the process is repeated until all the
points belong to one group [26].
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The results obtained with the HCA analysis are similar to
those obtained with PCA and are displayed in the dendrogram
showed in Fig. 5. The dendrogram can be used to provide in-
formation on chemical behavior and verify the results obtained

Table 1

by PCA. In Fig. 5, the vertical lines represent the compounds
and the horizontal lines represent the distances between pair of
compounds, a compound and a group of compounds and be-
tween groups of compounds. From Fig. 5 we can see that 20

Values of the five most important properties that classify the 20 hypocrellins studied and their phototoxicity ICs

Compound I 0 0,4 Qo Oo ICso (ngmL ™)
1 7.791 0.3676 0.2277 0.1945 0.2124 1.638—2.730%
2 6.652 0.3572 0.2302 0.2454 0.3143 0.792—1.056"
3 5.377 0.3863 0.2771 0.2383 0.3425 3.81°
4 2.99 0.3464 0.2019 0.1869 0.2192 >20°
5 3.238 0.39 0.2252 0.2076 0.2459 1.58°
6 4.822 0.3408 0.2373 0.2428 0.3454 >20°
7 4912 0.1399 0.1245 0.3563 —0.0037 0.09°
8 6.909 0.3491 0.2311 0.2593 0.3413 0.27°
9 5.292 0.1382 0.145 0.3908 0.1393 0.87°
10 3.31 0.3442 0.224 0.2211 0.25 >20°
11 3.062 0.3465 0.2465 0.2353 0.3458 3.02°
12 4.781 0.3903 0.2577 0.1651 0.2095 >20°
13 1.371 0.1444 0.3594 0.3601 0.1332 0.23°
14 2.38 0.1596 0.3608 0.3531 —0.0237 5.34°
15 3.947 0.1692 0.3591 0.3495 —0.0538 2.18°
16 2.667 0.1165 0.362 0.3502 —0.0385 0.147—0.588°¢
17 3.553 0.1863 0.3687 0.3494 —0.0492 0.142—0.284¢
18 9.925 0.3841 0.2041 0.1011 0.2309 0.128—0.383"
19 3.996 0.1023 0.3531 0.3974 0.1692 0.092*
20 3.381 0.2278 0.3633 0.3609 0.0494 0.342—1.027%

# Phototoxicity against EMT6/Ed murine tumor cell [1].

b Phototoxicity against human oral cavity epithelial carcinoma KB cell [13,14].

¢ Phototoxicity against human gastric adenocarcinoma MGC803 cell [15].

d Phototoxicity against human cervix uteri tumor HeLa cell [16].

Table 3
The loading vectors for the first three principal components
Table2 _ n Variable PCI PC2 PC3
Variances (eigenvalues) obtained for the first three principal components
- - Dm 0.2128 —0.6421 0.1752

Component Eigenvalue Percentage (%) Cumulative (%) C3 0.4916 _0.1166 —05319
PC1 0.2835 73.358 73.358 Cc4 —0.2331 0.4483 —0.5931
PC2 0.0456 11.807 85.165 Cc9 —0.3427 0.2868 0.4709
PC3 0.0342 8.844 94.009 C10 0.7357 0.5393 0.3362
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Fig. 3. Plot of the score vectors of the principal components (PC1 x PC2) for
the 20 hypocrellins with phototoxicities against tumor cells. The PCA sepa-
rates the compounds into two groups: higher activity (group A) and lower ac-
tivity (group B).

hypocrellins are combined in two groups, group A and group B,
according to the distance. The groups A and B in Fig. 5 cor-
respond to the same groups A and B in Figs. 3 and 4 (PCA
analysis). Both PCA and HCA methods classify the 20 hypo-
crellins studied into two groups. Based on the classification
obtained with the PCA and HCA, we can say that u (dipole
moment) and Qs, Q4, Q9 and Qg (charges on atoms 3, 4, 9
and 10) are the most important variables for the classification
between the 20 hypocrellins with higher and lower phototox-
icities against tumor cells.

4. Conclusion

PCA and HCA show that the 20 hypocrellins studied here
can be classified into two groups: higher active (group A)
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Fig. 4. Plot of the score vectors of the principal components (PC1 x PC3) for
the 20 hypocrellins with phototoxicities against tumor cells. The PCA sepa-
rates the compounds into two groups: higher activity (group A) and lower
activity (group B).
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Fig. 5. Dendrogram obtained with hierarchical cluster analysis for the 20 hy-
pocrellins with phototoxicities against tumor cells. The HCA classifies the
compounds into two groups: higher activity (group A) and lower activity
(group B).

and lower active (group B) according to their degree of photo-
toxicities against tumor cells. The variables, u (dipole moment)
and Qs, Q4, Q9 and Q¢ (charges on atoms 3, 4, 9 and 10),
are the most important ones for the classification between the
molecules with higher and lower phototoxicities against tumor
cells. The behavior of these five variables can be useful to
design new hypocrellin derivative molecule with higher photo-
toxicities against tumor cells.
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