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Five dammarane-type triterpenoids, five pentacyclic triterpenoids (three of them carrying a carboxylic acid
group), and two aromadendrane-type sesquiterpenoids were isolated from an Argentinian collection of the
liverwort Lepidozia chordulifera. Compounds were characterized by comparison of their spectral data with
those previously reported and tested in their ability to control bacterial growth, biofilm formation, bacterial
Quorum Sensing process (QS), and elastase activity of Pseudomonas aeruginosa, as well as bacterial growth and

Keywords: biofilm formation of Staphylococcus aureus. The key role played by biofilm and elastase activity in bacterial
Lepidozia chordulifera virulence make them a potential target for the development of antibacterial agents. The aromadendrane-type
Biofilm sesquiterpenoid viridiflorol was the most potent biofilm formation inhibitor, producing 60% inhibition in P.
Elastase

aeruginosa and 40% in S. aureus at 50 p.g/ml. Ursolic and betulinic acids (two of the pentacyclic triterpenoids
isolated) were able to reduce 96 and 92% the elastase activity of P. aeruginosa at 50 jug/ml, respectively.
Among the analyzed triterpenoids, those that carry a dammarane skeleton were the most potent inhibitors
of the P. aeruginosa biofilm formation and were active against both P. aeruginosa and S. aureus. Subsequently,
a computer-assisted study of the triterpenoid compounds was carried out for a better understanding of the
structure-activity relationships.
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Introduction

The genus Lepidozia belonging to the Porellaceae family of
the Class Hepaticae (liverworts) is mainly distributed in tropi-
cal and subtropical regions of the southern hemisphere and its
species are rich sources of various types of secondary metabolites
including isobicyclogermacranes, lepidozanes, cadinanes, eudes-
manes, maalianes, vitranes, and bibenzyls (Asakawa et al., 2012).
Lepidozia chordulifera is a light green to green-brown plant that
grows over rocks, trees, and soil forming loose tufts (Ardiles
et al., 2008). The only previous chemical investigation of a Chilean
collection of L. chordulifera revealed that triterpenoids repre-
sented the major constituents of the dichloromethane extract in
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which 21,28-epoxy-18f,218-dihydroxybaccharan-3-one, taraxerol,
shoreic, betulinic, betulonic, and ursolic acids were present (Zapp
et al., 2008).

Bacterial biofilms are complex communities of bacteria em-
bedded in a self-produced matrix and attached to inert or living
surfaces (Costerton et al., 1999). These microorganisms are more re-
sistant to antibiotics and to the immunologic system than plank-
tonic cells (Stewart and Costerton, 2001). Processes of biofilm
formation, virulence factors production, and resistance to antimi-
crobials are regulated by the Quorum Sensing (QS) process, a
bacterial communication system mediated by diffusible chemi-
cal signals called autoinducers (van Delden and Iglewski, 1998).
Sesquiterpene lactones, fusicoccane-type diterpenoids, annona-
ceous acetogenins, and acylphloroglucinols from plants are able
to alter biofilm formation of Pseudomonas aeruginosa (Cartagena
et al., 2007; Gilabert et al., 2011) and Staphylococcus aureus (Arena
et al., 2011; Socolsky et al., 2010), as well as the production of
some virulence factors of P. aeruginosa such as elastase (Amaya
et al., 2012). Pseudomonas elastase, also known as pseudolysin or
LasB, is a metalloprotease that has long been recognized as a key
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virulence factor produced by P. aeruginosa (Stewart and Costerton,
2001). The secreted protease degrades a broad range of host tissue
proteins and key biomolecules involved in innate immunity such as
inmunoglobulins, complement factors, and cytokines (Liu, 1974). In
addition, LasB acts within the bacterial cell as a key regulator in the
generation of the secreted polysaccharides that constitute the bac-
terial biofilm (Cathcart et al., 2009). Inhibition of one of the main
virulence factors (elastase) of bacteria turn them susceptible to the
attack of the host immune system. Thus, LasB inhibition by natural
products could be an important strategy for controlling Pseudomonas
virulence in bacterial infections (Sokol et al., 2000).

Herein we report the ability of ten L. chordulifera terpenoids
(1-10) to control bacterial growth, biofilm formation, QS process,
and elastase activity of P. aeruginosa, as well as, bacterial growth and
biofilm formation of S. aureus.

Experimental
General

NMR spectra were recorded on a Bruker spectrometer operating
at 300 MHz for 'H and 75 for 13C with TMS as internal standard in
CDCl3. For preparative HPLC a Gilson chromatograph with refractive
index detector was used. HPLC columns: (A) Chemo Pack Develosil
60 (5 wm, 10 mm i.d. x 250 mm), (B) Phenomenex Luna C18 (5 pm,
10 mm i.d. x 250 mm), and (C) Phenomenex Luna C8 (5 wm, 10 mm
i.d. x 250 mm).

Plant material

L. chrodulifera, growing over rocks and trees was collected in
February 2009 in Lago Steffen, Rio Negro province, Argentina. A
voucher specimen (LIL N° 3414) is deposited at the Herbarium of
Fundacién Miguel Lillo, Tucuman, Argentina.

Extraction and isolation

The air-dried plant material (240 g) was extracted at room tem-
perature for 7 days with diethyl ether (Et;0), in a shaker, to give
5.9 g of residue after solvent removal (yield 2.46%). The extract was
subjected to Sephadex LH20 CC (MeOH-CH,Cl,, 1:1) to get rid of
chlorophylls, and then to silica gel CC with n-hexane with increasing
amounts of EtOAc (0-100%), and finally MeOH as eluents, to give five
fractions (I-V).

Fr1(370 mg) was submitted to HPLC (Column A, n-hexane-EtOAc,
49:1) to give compound 1 (17 mg). Fr I (103 mg) was a mixture fur-
ther separated by HPLC (Column A, n-hexane-EtOAc, 26:1) to yield
compounds 2 (34 mg), 11 (10 mg), and 12 (15 mg). Fr Il (80 mg) was
processed by RP-HPLC (Column B, MeOH-H,0, 9:1) to give compound
8 (7 mg). RP-HPLC (Column B, MeOH-H,0, 17:1) of Fr IV (150 mg)
yielded compounds 9 (3 mg), 10 (4 mg) and a mixture that was re-
processed by RP-HPLC using column C (MeOH-H,0, 17:1 + 1% Acetic
acid) to obtain compounds 3 (11 mg), 4 (3 mg), and 5 (6 mg). Fr V
(150 mg) was submitted to Sephadex LH20 CC (MeOH-CH,Cl,, 1:1)
and then to RP-HPLC (Column B, MeOH-H,;0, 22:3 + 1% acetic acid)
to give 6 (14 mg) and a mixture submitted to RP-HPLC with column
C (MeOH-H,0, 21:4 + 1% Acetic acid) to obtain 7 (3 mg) and a new
portion of 6 (3 mg). Purity and chemical structures were assessed
by HPLC (single peaks in the chromatogram) and spectroscopic data
which were compared with those previously reported.

Tests

Compounds 2-11 were tested on their ability to alter bacterial
growth, biofilm formation, Quorum Sensing process, and elastase

activity of P. aeruginosa as well as the bacterial growth and biofilm
formation of S. aureus. Compound 1 (taraxerone) underwent par-
tial decomposition therefore it could not be tested, while compound
12 (ent-spathulenol) had been previously evaluated (Gilabert et al.,
2011).

Microorganisms

Pseudomonas aeruginosa ATCC 27853 (Gram negative bacilli) and
Staphylococcus aureus ATTC 6538 P (Gram positive cocci) strains were
selected for the bioassays.

Bacterial growth

An overnight culture of P. aeruginosa ATCC 27853 was diluted to
reachan OD 0.125 £ 0.02 at 560 nm in Luria-Bertani (LB) medium. An
overnight culture of S. aureus ATTC 6538 P was diluted to reach an OD
0.13 +0.03 at 560 nm in Mueller Hinton medium. The diluted cul-
tures (190 1) were placed in each of the 96 wells of a microtitre
polystyrene plate. Solutions containing 1 and 0.1 mg/ml of com-
pounds 2-11 in DMSO/distilled water (1:1) were prepared separately
and 10 pl of each were pipetted to the plastic microtitre plate wells in-
dividually (8 replicates). Control growth wells (8 replicates) contained
the diluted culture (190 1) and 10 pul of a solution of DMSO/water
(1:1) in which the final concentration of DMSO is 2.5%. Ciprofloxacin, a
known biofilm inhibitor, was incorporated to the bioassay at 5 pg/ml
in the same experimental conditions employed to evaluate the com-
pounds (8 replicates). At this concentration, ciprofloxacin inhibited
the biofilm formation but did not modify significantly the bacterial
growth (Sandasi et al., 2011). After 24 h incubation at 37 °C, bacterial
growth was detected as turbidity (560 nm) using a microtitre plate
reader (Power Wave XS2, Biotek, VT, USA). Control absorbance values
were 1.59 for P. aeruginosa and 1.35 for S. aureus.

Biofilm formation assay

For biofilm quantification, a micro method based on a protocol pre-
viously reported was employed (O'Toole and Kolter, 1998). Biofilms
formed after 24 h incubation of bacterial cultures prepared as de-
scribed in the previous paragraph, were stained with 20 il of an
aqueous solution of crystal violet (0.1%, w/v) for 20 min. After wash-
ing with water, the liquid was discarded from the wells and the ma-
terial that remained fixed to the polystyrene (containing biofilm) was
washed with PBS (thrice). Crystal violet bound to biofilm was re-
moved from each well employing 200 jul absolute ethanol during
30 min at 37 °C with shaking. Absorbance (560 nm) of ethanol solu-
tions of crystal violet was determined using a microtitre plate reader
(Power Wave XS2, Biotek, VT, USA). Wells containing ciprofloxacin
at 5 wg/ml were employed as a positive control of biofilm formation.
Control growth wells treated as described above were employed as
a control for biofilm formation. Absorbance values were 2.09 for P.
aeruginosa and 0.35 for S. aureus.

Screening for Quorum sensing inhibition

An overnight culture of the reporter strain P. aeruginosa qsc
119 (Whiteley et al., 1999), grown at 37 °C in LB, was diluted 10
times in the same medium. A 100 pl portion of this suspension
was mixed, in each microplate well, with 100 .l cell-free culture
supernatant obtained from P. aeruginosa ATCC 27853 cultured in
LB media containing 50 and 5 pug/ml of compounds 2-11, during
24 h. Azithromycin, known to interfere with the QS process (Tateda
et al,, 2001) was used at 5 pug/mL as QS inhibition positive con-
trol under the same experimental conditions as for compounds
2-11. Quorum sensing control wells (eight replicates) contained



M. Gilabert et al. / Phytomedicine 22 (2015) 77-85 79

cell-free culture supernatant (100 1) obtained from P. aeruginosa
ATCC 27853 cultured in LB media with 10 1 of DMSO/water (1:1).

P. aeruginosa qsc 119 is a mutant that cannot produce its own
autoinducers (QS signal molecules), which in the case of Gram ()
bacteria (P. aeruginosa is one of them) are known as acyl homoserine
lactones (AHL). However, P. aeruginosa gqsc 119 responds to exoge-
nous AHL molecules by the production of 8-galactosidase. As a conse-
quence, B-galactosidase activity is under QS-control and in direct rela-
tionship with the autoinducers (AHL) activity. 3-Galactosidase activ-
ity was measured spectrophotometrically by the Miller test (O'Toole
and Kolter, 1998). Quorum sensing control activity was 13.8 expressed
as Miller units.

Elastase B activity

Elastolytic activity was determined using a modification of a pre-
viously reported method (Caballero et al., 2001). Elastin Congo red
(100 pl) (Sigma) dissolved in Tris-HCI (pH 8.0) at a concentration of
5 mg/ml was mixed with 100 1 cell-free culture supernatant from
P. aeruginosa ATCC 27853 grown, during 24 h, in LB media containing
50 and 5 pg/ml of compounds 2-11. The reaction mixture (200 1)
was incubated at 37 °C for 24 h and centrifuged at 13,000 rpm for
10 min. The absorbance (495 nm) of the supernatant is a measure of
the elastase B activity.

Statistical analysis

Data are presented as mean + S.D. The statistical significance of
differences between mean values was evaluated by Dunnett’s test. A
value of p < 0.05 was considered significant.

Calculation methods for the computer-assisted conformational and
electronic study of triterpene compounds

In a preliminary and exploratory step, the conformational study
of dammarane compounds (6-9) was carried out from a simple scan
of the torsional angle 6 (C13-C17-C20-0, Fig. 1) using semiempirical
PM6 calculations with GAUSSIAN 03 software. To obtain the potential
energy curves (PECs) the torsional angle 6 was rotated 360° every 30°.
Although the semi-empirical calculations can define broad confor-
mational features, a more accurate method such as DFT calculations
should be employed to make sure that the molecular flexibility and
relative stability of the conformers are correct. Thus, DFT [B3LYP/6-
31G(d)] calculations were performed to confirm the preliminary re-
sults. Subsequently, DFT (B3LYP/6-31G(d)) calculations were used
in the geometry optimization jobs for the minimum value already
obtained.

Once the energetically preferred form of the triterpene com-
pounds (1-9) was determined, an electronic analysis using
molecular electrostatic potentials (MEPs) was performed. Surfaces

Fig. 1. Compound 8 showing the torsional angle 6 (C13-C17-C20-0).

were generated using a B3LYP/6-311 + +G(d and p) single point cal-
culation from the MOLEKEL program. The electrostatic potential is
the energy of interaction of a positive point charge with the nu-
clei and electrons of a molecule. The MEP coloring represents elec-
trostatic potential with red indicating the strongest attraction to
the positive point charge and blue indicating the strongest repul-
sion. MEPs have shown to provide representative measure of overall
molecular charge distribution as well as reliable information, both,
on the interaction sites of the molecules with point charges and
on the comparative reactivities of these sites (Politzer and Truhlar,
1981).

Results

From an Argentinian collection of L. chordulifera, the triterpenoids
1-10 and the aromadendrane sesquiterpenoids 11-12 were iso-
lated. Compounds 1 and 2 were identified as the pentacyclic triter-
penes taraxerone and taraxerol based on their spectroscopic features
and previously reported data (Hernandez-Chavez et al., 2012). Con-
stituents 3, 4, and 5 were identified as oleanolic, ursolic, and betulinic
acids by comparison of their spectral data with those previously re-
ported for the authentic compounds (Gohari et al., 2009; Ayatollahi
et al,, 2011; Muhit et al., 2010). A bibliographic inspection of the 'H
and '3C NMR spectroscopic data of the carboxylic acids 3, 4, and 5
showed very dissimilar data, particularly for compound 4 (ursolic
acid) (Ayatollahi et al., 2011; Giivenalp et al., 2009; Morales-Serna
et al., 2011), with chemical shifts given for solvent mixtures. In
Table 1, our comparative values of diagnostic signals for compounds
3, 4, and 5 in CDCl3 are presented. Compounds 6, 7, 8, 9, and 10
were identified as the dammaranes shoreic acid (Govindachari et al.,
1994), eichlerialactone (Singh and Aalbersberg, 1992), cabraleone,
cabraleadiol (Hisham et al., 1996), and 3R-hydroxynordammaran-
20-one (Tanaka et al., 1987) based on their spectroscopic features
and by comparison with literature data. Comparative 'H NMR data
for dammaranes 6-9 are presented in Table 2. The relative stereo-
chemistry of the lateral chain carrying the THF group on C-17 and
the relative stereochemistry of the isopropylol group on C-24 of com-
pounds 6, 8, and 9, were established as depicted based on the chem-
ical shifts of H-24 in the 'H NMR spectrum. In compounds 6, 8 and
9, the H-24 signal appears as a double doublet at §y 3.65, while their
epimers (eichlerianic acid, ocotillone, and ocotillol) show this sig-
nal as a triplet at §y 3.71 (Hisham et al., 1996). Compounds 11 and
12 were identified as the aromadendrane sesquiterpenoids viridi-
florol (Bombarda et al., 2001) and ent-spathulenol (Asakawa et al.,
2012; Gilabert et al., 2011) by comparison of their spectral data
with those previously reported.

Taraxerol (2), ursolic (4), betulinic (5), and shoreic (6) acids, and
3B-hydroxynordammaran-20-one (10) were also isolated in a previ-
ous investigation of L. chordulifera (Zapp et al., 2008). Furthermore,
taraxerone (1), taraxerol (2), ursolic acid (4), and betulinic acid (5)
were previously reported from L. raptans (Zhang, 2011). Cabralea-
diol (9) was previously isolated from the liverwort Blepharidophyl-
lum densifolium (Flegel and Becker, 1999) while viridiflorol (11) was
obtained from Bazzania trilobata, Locopholea bidentata, and L. hetero-
phylla (Asakawa et al., 2012). The present is the first report on the
occurrence of oleanolic acid (3), eichlerialactone (7), and cabraleone
(8) in liverworts.

Despite triterpenes are widely distributed throughout the plant
kingdom, especially in higher plants, its presence in the class
Hepaticae is comparatively rare. This phenomenon suggests that
triterpenoids biosynthesis could be blocked in most liverworts
(Asakawa et al., 2012). However, L. chordulifera investigations showed
that triterpenoids were the major constituents of the plant extract,
which is clearly a distinctive feature of this species.
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Table 1
TH NMR (300 MHz) and '3C NMR (75 MHz) spectral data of compounds 3, 4, and 5 (CDCls).
3 4 5
H 3¢ 4 13c 1H 13¢C
3 3.22dd (10.5, 5.0) 79.1 3.22dd (10.9, 4.8) 79.1 3.19.dd (10.8, 5.2) 79.1
12 528 t(3.5) 122.7 5.25t(3.4) 126 1.69 m 25.5
18 2.81dd (13.7,4.3) 409 2.19d(11.7) 52,7 1.61 m 49.2
23 0.77 s 281 0.78 s 15.8 0.75s 153
24 0.98 s 15.5 0.98 s 28.2 0.96s 28.1
25 091s 133 093s 15.6 0.82s 16.2
26 0.75s 171 0.79 s 173 093s 16
27 1.13s 26.0 1.08 s 239 097 s 14.7
28 - 183.1 - 180.9 - 181.2
29 0.90's 33.1 0.86d (6.8) 17.0 4.615s(a), 473 s (b) 110.1
30 093s 236 0.94d (6.4) 21.2 1.68 s 19.5

Coupling constants (J in Hz) are given in parenthesis.
Signals indicated with m were unresolved or overlapping multiplets.
The '3C assignments were confirmed by HSQC, DEPT, and HMBC measurements.

Tests

None of the evaluated compounds displayed neither bacterial
growth nor biofilm formation up to 50 pg/ml. Results of effects pro-
duced by compounds 2-11 against P. aeruginosa and S. aureus at
50 pg/ml are presented in Figs. 2 and 3, respectively.

Bacterial growth

None of the tested compounds displayed antibacterial activity
against P. aeruginosa at 50 pug/ml (Fig. 2). Compounds 4, 5, 7-10
showed bacterial growth increments of 41, 14, 14, 20, 16, and 12%,
respectively, when were compared with control growth at the same
concentration.

S. aureus bacterial growth was only significantly reduced by com-
pounds 3 and 11 (38 and 22%, respectively, Fig. 3). Compounds 4, 6,
7,9, and 10 stimulated bacterial growth by 12, 19, 16, 9, and 12%, re-
spectively, in comparison with control growth. Compounds 2, 5, and
8 had no effect.

Biofilm formation

Although compounds 6-11 did not inhibit P. aeruginosa bacte-
rial growth at 50 pg/ml, they were able to significantly decrease its
biofilm formation by 27, 38, 51, 33, 47, and 60%, respectively, in re-
lation to control (Fig. 2). Ciprofloxacin at 5 jLg/ml, inhibited 89% the
biofilm formation.

S. aureus biofilm formation was inhibited by 45% by ciprofloxacin
at 5 pg/ml, while compounds 2, 6, 8, 9, and 11 significantly re-
duced S. aureus biofilm formation by 37, 27, 30, 28, and 38%
at 50 pg/ml, respectively (Fig. 3). In contrast, compounds 3,
4, and 5 stimulated 30, 33, and 88% the biofilm production,

respectively. Compounds 7 and 10 did not significantly modify the
biofilm formation.

Quorum sensing process

None of the tested compounds was able to significantly alter the
Quorum Sensing process of P. aeruginosa. Azithromycin, used as posi-
tive control of inhibition of the Quorum Sensing process, reduced 81%
the autoinducers production (Fig. 2).

Elastase activity

All the tested compounds were able to significantly decrease the
elastase activity of P. aeruginosa (Fig. 2). The most potent were the
triterpene acids 4 and 5, reducing 96 and 92% elastase activity, re-
spectively. Compounds 2, 3, and 6-11 reduced 60, 65, 75, 73, 75, 60,
70, and 55%, respectively, the enzyme activity.

Discussion

Compound 11, the only aromadendrane tested, was able to
inhibit P. aeruginosa biofilm formation by 60% and elastase activ-
ity by 45% without altering significantly bacterial growth. Similar
effects were produced by compound 6 (shoreic acid) inhibiting 27%
biofilm formation and 75% elastase activity. Compounds that do
not alter bacterial growth do not produce selective pressure over
the microorganism that can lead to appearance of resistance. How-
ever, microorganisms with their main defense mechanism (biofilm)
affected and with one of their main virulence factors attenuated
(elastase), might be susceptible to the attack of the host im-
mune system. Compounds able to attenuate virulence factors of

Table 2

TH NMR (300 MHz) spectral data of compounds 6-9 (CDCl3).
H 6 7 8 9
3 - - - 3.40t(2)
18 0.85s 0.86s 1.01s 097s
19 0.88s 0.90 s 094s 0.86s
21 111s 135s 1.15s 1.15s
24 3.64m - 3.64dd (9.6,5.5) 3.65dd (9.6,5.4)
26 1.14s - 1.19s 1.19s
27 1.19s - 1.11s 1.11s
28 4.655(a),4.84s(b) 4,665 (a),4.86 s (b) 1.08s 0.94s
29 1.73s 1.74s 1.04s 0.84s
30 1.01s 1.01s 0.88s 0.89s

Coupling constants (J in Hz) are given in parenthesis.
Signals indicated with m were unresolved or overlapping multiplets.
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Fig. 2. Effects of compounds 2-11 at 50 jwg/ml and antiobiotics used as positive control at 5 jLg/ml (azithromycin for QS and ciprofloxacin for biofilm formation) on bacterial
growth, biofilm formation, QS, and elastase activity of Pseudomonas aeruginosa. Control values were established as 100%, higher or slower values indicate stimulation or inhibition,
respectively. * Significant differences (p < 0.05) in comparison with negative control group were detected (Dunnett’s test).

microorganisms without altering bacterial growth can be desirable
in the postulation of new anti-pathogenic substances.

Despite the triterpenic acids 4 and 5, did not significant affect
the P. aeruginosa biofilm formation, they inhibited more than 90%
elastase activity. Previous reports indicate that directly or indirectly,
LasB as well as other secreted enzymes can influence the forma-
tion and architecture of P. aeruginosa biofilms as a result of changes

in extracellular polymeric substances composition and properties, as
well as the motility of the cells (Tielen et al., 2010). LasB inhibition can
significantly decrease bacterial attachment, microcolony formation,
and extracellular matrix linkage in biofilm (Yu et al., 2014). Bacterial
biofilms produced in presence of 4 and 5 despite of not being affected
in biomass quantity, they were probably affected in their functionality
which clearly means less pathogenic bacteria.
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Fig. 3. Effects of compounds 2-11 at 50 pg/ml and ciprofloxacin at 5 pg/ml (used as positive controls of biofilm formation) on bacterial growth and biofilm formation of
Staphylococcus aureus. Control values were established as 100%, higher or slower values indicate stimulation or inhibition, respectively. * Significant differences (p < 0.05) in

comparison with negative control group were detected (Dunnett’s test).
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Fig. 4. Potential energy curves (PECs) obtained for the torsional angle 6 of compounds 6, 7, 8, and 9.

Among the tested compounds against S. aureus, only the aro-
madendrane viridiflorol (11) was able to inhibit bacterial growth
and biofilm formation, while compounds 2 and 8 reduced biofilm
formation (37 and 30%, respectively) without altering bacterial
growth.

Structure activity relationships (SAR)

Viridiflorol (11), the only evaluated sesquiterpenoid, was less ac-
tive than the triterpenoids 2-10 on its ability to control elastase ac-
tivity of P. aeruginosa. However, viridiflorol (11) was more potent
than the mentioned triterpenoids inhibiting biofilm formation. This
antibiofilm activity was previously observed in other aromadendrane
sesquiterpenoids from the liverwort Porella chilensis (Gilabert et al.,
2011).

Among the analyzed triterpenoids, those that posses adammarane
skeleton (6-10) were the most potent inhibitors of the P. aeruginosa
biofilm formation. The presence of the THF ring on C-17 (compounds
6-9), the presence of a carbonyl or hydroxyl group on C-3 (compounds
8-10), or the A ring opening (compounds 6 and 7) appear not to be
essential molecular arrangements for the activity. Then, a greater
number of related compounds is necessary in order to approach to
the minimum requirements.

Regarding the elastase activity, the pentacyclic triterpene acids 4
and 5 were the most active, both carrying a carboxylic acid on C-17.
However, despite compound 3 also possesses a carboxylic group on
C-17, it is not as active as 4 and 5. Therefore, the carboxylic group on
C-17 is not the only requirement for P. aeruginosa elastase activity.

When the bioactive profile of the tested compounds against S.
aureus is analyzed, it can be seen that the pentacyclic triterpene acids
3-5 produced stimulations of biofilm formation, while the pentacyclic
triterpene taraxerol (2) inhibited it, indicating that the carboxylic
group is important for the mentioned stimulation.

The dammarane compounds 6, 8, and 9 were able to inhibit S.
aureus biofilm formation. This seems to indicate that the THF ring on
C-17 bonded to an isopropylol group is required for the mentioned
activity. In order to investigate the effects of the spatial orientation of
the THF ring on the S. aureus biofilm production, a computer-assisted
conformational and electronic study of the dammarane skeleton was
performed.

Potential energy curves (PECs) were obtained by rotating the tor-
sional angle 0 (C13-C17-C20-0, Fig. 1) 30° each. PECs calculated for
compounds 6-9 are given in Fig. 4 in which the influence of the THF
ring’s orientation on the potential energy of the rotamers is repre-
sented. As can be seen, characteristic 3-fold periodicity curves with
three low-energy conformations near 60°, 180°, and 300° with in-
terconversion barriers of about 10 kcal/mol were predicted. These
high values of energy indicate a low molecular flexibility for this
rotation. In addition, geometries of the different low-energy con-
formations obtained for compounds 6-9 were optimized without
the application of any kind of restriction to the torsional angle 6.
These results are summarized in Table 3. The calculated 6 values for
the lowest-energy conformer of compounds 6, 8, and 9, correspond-
ing to the global minima in PECs, were near to 310° (308.2, 310.4,
and 309.9, respectively), while in compound 7 this angle adopts a
value of 305.8.

Once obtained the energetically preferred conformation of com-
pounds, an electronic analysis using molecular electrostatic poten-
tials (MEPs) was performed. Fig. 5 shows the MEPs obtained for the
preferred conformation of compound 6-9. The electrostatic poten-
tial provides a representative measure of overall molecular charge
distribution and offers reliable information about the reactivities
of potential interaction sites of the molecules. The MEP maps of
compounds 6, 8, and 9, exhibited, in the zone of the THF ring,
two clear minima represented as deep red zones (V(r) of about
—0.120 el/au3) located in the proximity of the oxygenated func-
tions. The MEP map of compound 7, exhibited just one of these
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Fig. 5. Molecular electrostatic potential-encoded electron density surfaces of compounds 6-9. Surfaces were generated using B3LYP/6-311G++ (d and p) single point calculations.
Coloring represents electrostatic potential with red and blue indicating the electronegative or the electropositive areas, respectively. The color-coded is shown at the bottom,
where red is representing the most negative and blue the most positive values, respectively. Intermediate negative and positive values are represented by colors that downgrades
from orange to light blue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

deep red zones located in the proximity of the carbonyl group in
C-24. In the proximity of the oxygen located between C-20 and C-24
a yellow zone (V(r) of about —0.046 el/au®) was observed.

The spatial and electronic conformations adopted by compound
7 differ from those adopted by compounds 6, 8, and 9, which share
similar spatial and electronic features in the zone of the THF ring. It
is possible to rationalize results for the theoretical study as follows;
the absence of the isopropylol group leads to compound 7 to adopt an
unfavorable electronic and spatial arrangement for the activity since
compound 7 displays no activity on S. aureus biofilm formation. On
the other hand, it is important to point out that all the dammarane
compounds, including 7 and 10, were able to inhibit P. aeruginosa
biofilm formation, indicating that the bioactivity on P. aeruginosa and
S. aureus occurs via different mechanisms.

Regarding the pentacyclic triterpenes 2-5, as it was previously
mentioned, only compound 2 was able to inhibit S. aureus biofilm
formation, 3-5 produced stimulations, and 1 was not tested. Then,
the electronic and spatial profiles of compounds 1-5 was investi-
gated following the procedure described above. Once obtained the
optimized structures of compounds, an electronic analysis using
molecular electrostatic potentials (MEPs) were performed (Fig. 6).

Table 3
Angles and energy values obtained for the low-energy conformations of compounds
6-9. Optimizations were performed using DFT [B3LYP/6-31G(d)] calculations.

Compound Angle (0) AE (kcal/mol)
6 63.2 1.05
170.4 0.77
308.2 0.00
7 63.4 0.62
163.7 0.71
305.8 0.00
8 64.1 0.87
172.5 1.28
3104 0.00
9 64.2 0.87
172.7 1.15
309.9 0.00

As can be seen, compound 2 presents a deep red electronegative zone
around the hydroxyl group (left side of molecule) and a second one
in de vicinity of C-14 due to the presence of a double bound which
shares electron density. Despite the fact that compounds 2-4 show
almost identical spatial and electronic configurations on the zone of
the hydroxyl group, compounds 3 and 4 present a strong electroneg-
ative zone near to the carboxylic group (right side). These hydrophilic
zones could interfere with the hypothetical ligand-receptor interac-
tions related to the activity. Compound 5, presents two electroneg-
ative zones near to the oxygenated funtions also, and differs from
3 and 4 in its spatial orientation. It is important to note that com-
pound 5 not only shows the most important differences with 2 in its
electronic and spatial profile but also in the activity, being 5 the most
active S. aureus biofilm formation stimulator of the series. On the other
hand, compound 1 shows almost identical profiles to 2 in the vecinity
of the hydroxyl group and in the proximity of C-14. Unfortunately,
since compound 1 underwent partial decomposition it couldn’t be
tested.

Some of the L. chordulifera compounds showed promissing activ-
ities against two common human pathogenic bacteria and the per-
formed SAR study allowed in some cases approaching to the minimum
requirements for biological activities. More studies are necessary to
further characterize the complete anti-pathogenic profile of these
terpenoids and the involved mechanisms of action.

Compounds

Taraxerone (1) 1H NMR (CDCl3, 300 MHz): § 5.56 (1H, dd, ] = 8.1,
3.2 Hz, H-15), 1.14 (3H, s, H-27), 1.09 (3H, 5, H-23), 1.08 (3H, s, H-25),
1.07 (3H, s, H-24), 0.96 (3H, s, H-29), 0.92 (3H, s, H-28), 0.91 (3H, s,
H-30), 0,83 (3H, s, H-26).

Taraxerol (2) 1H NMR (CDCl3, 300 MHz): § 5.53 (1H, dd, ] = 3.2,
8.2 Hz, H-15), 3.24 (1H, dd, J = 5.0, 10.5 Hz, H-3), 1.09 (3H, s, H-26),
0.98 (3H, s, H-23), 0.95 (3H, s, H-29), 0.92 (3H, s, H-25), 0.90 (3H, s,
H-27),0.90 (3H, s, H-30), 0.82 (3H, s, H-28), 0.80 (3H, s, H-24).

3R-hydroxynordammaran-20-one (10) 1H NMR (CDCls,
300 MHz): 8 3.20 (1H, dd, J = 5.4, 10.9 Hz, H-3), 2.58 (1H, td, ] = 6.1,
10.9 Hz, H-17), 2.13 (3H, s, H-21), 0.98 (3H, s, H-18), 0.97 (3H, s,
H-29), 0.87 (3H, s, H-30), 0.84 (3H, s, H-19), 0.77 (3H, s, H-28).
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Fig. 6. Molecular electrostatic potential-encoded electron density surfaces of compounds 1-5.

Viridiflorol (11) 1H NMR (CDCls3, 300 MHz): 6 1.15 (3H, s, H-14),
1.02 (3H, s, H-12), 1.00 (3H, s, H-13), 0.92 (3H, d, ] = 6.5 Hz, H-15),
0.61 (1H, td, = 10.3, 5.8 Hz, H-7), 0.11 (1H, t, ] = 9.0 Hz, H-6).ent-
Spathulenol (12) 1H NMR (CDCls, 300 MHz): § 4.69 (1H, s, H-14a),
4,67 (1H, s, H-14b), 2.42 (2H, dd, ] = 13.3, 6.0 Hz, H-9), 1.28 (3H, s,
H-15), 1.06 (3H, s, H-13), 1.04 (3H, s, H-12), 0.47 (1H, dd, J = 11.2,
9.4 Hz, H-6).
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