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ABSTRACT

To aid the pharmaceutical and cosmetic industry in the development of alternatives to prevent melanin-
related hyperpigmentation disorders, the plant Dalea elegans was submitted to fractionation with the aim
of obtaining its anti-tyrosinase principle. Bioguided fractionation of D. elegans led to the isolation of
5,2',4'-trihydroxy-2",2"-dimethylchromene-(6,7:5",6")-flavanone (1) as the active compound. This novel
flavanone, named as dalenin, showed notable activity at inhibiting tyrosinase using L-tyrosine or .-DOPA
as substrates with ICs5o values of 0.26 and 18.61 uM, respectively. This meant that the flavanone was 52
and 495 times more effective as a monophenolase inhibitor than hydroquinone and kojic acid, respec-
tively. With .-DOPA as a substrate, compound 1 showed itself 59 times more effective at inhibiting the
enzyme than hydroquinone and showed the same level of effectiveness as that of kojic acid. It was found
that the flavanone behaved as a reversible inhibitor of the enzyme and that it was a mixed-I type or a
non-competitive inhibitor with L-tyrosine or .-DOPA as substrates, respectively. Molecular modeling
studies were conducted confirming the inhibitory potency of dalenin and showing that the 2’,4’-dihy-

droxy substituents are important for the interaction with the enzyme.
The results suggest that compound 1 has great potential to be further developed as a pharmaceutical
and cosmetic agent for use in dermatological disorders associated with melanin.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Tyrosinase is a copper-containing enzyme involved in melano-
genesis.! Also known as polyphenol oxidase (PPO), it is widely dis-
tributed in nature and is involved in the first two steps of the
melanin biosynthesis? in which L-tyrosine is hydroxylated to 3,4-
dihydroxyphenylalanine 1-DOPA (monophenolase activity) and
the latter is subsequently oxidated to dopaquinone (diphenolase
activity).

Excessive accumulation of melanin, due to the overexpression
of tyrosinase,* leads to skin disorders such as age spots, freckles,
melasma and malignant melanoma.>® Tyrosinase may also be re-
lated to neuromelanin formation’ and has the potential to produce
neurotoxicity by synthesizing dopamine—quinones, which contrib-
ute to neurodegeneration associated with Parkinson’s disease.®

Abbreviations: 1Csq, the inhibitor concentration leading to 50% activity loss; K;,
inhibition constant; Vi, maximum velocity; K,, Michaelis—-Menten constant; A,
absorbance; PPO, polyphenol oxidase; .-DOPA, 3,4-dihydroxy-L-phenylalanine; TLC,
thin layer chromatography; CHCls, chloroform; ACN, acetonitrile; MeOH, methanol;
HPLC, high performance liquid chromatography.

* Corresponding author. Tel.: +54 0351 4938000x611; fax: +54 0351 4938061.

E-mail addresses: ceciliacarpinella@campus1.uccor.edu.ar, cecicarpi@yahoo.com
(M.C. Carpinella).
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Melanin also protects microbes against UV radiation and contrib-
utes to microbial virulence.® In addition, this pigment has the prop-
erty of binding to certain antibiotics and antifungals, thus
decreasing their effectiveness.®

Despite the large number of tyrosinase inhibitors, only a few of
these are used today, as many of them show side effects.!®!! Sev-
eral compounds, such as the well-known tyrosinase inhibitors,
hydroquinone, kojic acid and corticosteroids, can cause adverse
reactions such as dermatitis and skin irritation,'?> melanocyte
destruction, post-inflammatory pigmentation,'®> ochronosis, cyto-
toxicity and skin cancer.!® In this situation, it has been necessary
to search for new candidates that show effective tyrosinase inhibi-
tion but are devoid of side effects, and metabolites biosynthesized
by plants become promising alternatives to the synthetic
analogues.'#15

In our continuing search for new tyrosinase inhibitors of plant-
origin, 91 native plants from central Argentina were screened for
their anti-tyrosinase action.> From this study, Dalea elegans
showed the highest inhibition, followed by Lithrea molleoides. From
this last plant, a highly potent compound identified as (Z,Z)-5-(tri-
deca-4,7-dienyl)-resorcinol was obtained.>

We describe here the isolation of a novel and effective
anti-tyrosinase compound obtained from D. elegans. The inhibitory


http://dx.doi.org/10.1016/j.bmc.2011.04.025
mailto:ceciliacarpinella@campus1.uccor.edu.ar
mailto:cecicarpi@yahoo.com
http://dx.doi.org/10.1016/j.bmc.2011.04.025
http://www.sciencedirect.com/science/journal/09680896
http://www.elsevier.com/locate/bmc

M. E. Chiari et al./Bioorg. Med. Chem. 19 (2011) 3474-3482 3475

potency, kinetic mechanism, parameters of inhibition and the
interaction of this compound with the enzyme were studied in
detail.

2. Results

Responding to the urgent need for new agents with inhibitory
activity on tyrosinase, a large number of plant species of native
flora of central Argentina were screened for anti-tyrosinase activ-
ity.2 From this study, D. elegans showed the greatest effectiveness,’
and so it was subjected to activity-guided purification, yielding a
new 6-isoprenoid-substituted flavanone (1) as its active principle

(Fig. 1).

OH (0]
dalenin (1)

OH

OH

(Z,7)-5-(trideca-4, 7-dienyl)-resorcinol (2)

Figure 1. Chemical structure of dalenin (1) and (Z,Z)-5-(trideca-4,7-dienyl)-resor-
cinol (2).

dalenin (1)

Figure 2. C/H long-range correlations of 1 obtained from HMBC spectra.

Table 1
Inhibitory effects of dalenin (1) on mushroom tyrosinase activity
Compound Substrate
L-Tyrosine L-DOPA
1C56*" (UM) 1C50™ (M)
1 0.26 (0.07, 1.03) 18.61 (7.24, 41.82)

1090.56 (287.31, 4139.53)
18.57 (7.46, 46.24)

Hydroquinone
Kojic acid

13.48 (7.15, 25.44)
128.64 (66.10, 250.33)

2 ICso values and 95% confidence limits (lower, upper).
b Value at 10 min from the beginning.
¢ Value at 2 min from the beginning.

2.1. Identification of the tyrosinase inhibitor obtained from D.
elegans

According to data obtained in 'H and '>C NMR spectra, a meth-
ylene at . 39.9, an oxymethine at J. = 76.6, an ABX system at Jy
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Figure 3. Course of the oxidation of L-tyrosine by tyrosinase in the presence of
different concentrations of dalenin (1). Concentrations of 1 for curves 1-6 were 0,
0.17, 0.34, 1.37, 2.76 and 5.51 pM, respectively. Compound 1 was incubated with

tyrosinase at 37 °C with i-tyrosine as substrate. Dopachrome formation was
determined at different times up to 15 min.
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Figure 4. Effects of concentrations of mushroom tyrosinase on its activity for the
catalysis of L-tyrosine or L-DOPA at different concentrations of dalenin (1).
Concentrations of 1 for curves 1-5 were 0, 0.17, 0.34, 0.69 and 1.37 uM, respectively
with L-tyrosine as substrate (Fig. 4a) and 0, 11.01, 22.01, 44.02 and 178.35 uM,
respectively with .-DOPA as substrate (Fig. 4b). Values are mean +SD of two
separate experiments.
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2.88,3.09 and at 6y 5.61, assigned to the two H3 and to H2, respec-
tively and a carbonyl group at J.=196.4 were present. These
chemical shifts are typically assignable to a flavanone skeleton.!®!”
The presence of a 2,2-dimethylchromene ring with two doublet
signals at éy = 5.48 and 6.52, assigned to the ortho-coupled cis-ole-
finic protons, and another two signals at dy 1.43 (s) and 1.44 (s),
corresponding to protons of the methyl groups, was confirmed
by 'H NMR. The aromatic proton present in ring A gave a single sig-
nal 6y 6.01, as expected for a phloroglucinol ring proton of a flavo-
noid system.'® A low-field singlet at 6y 12.09 indicated an OH
attached to C-5, which is hydrogen-bonded to the carbonyl carbon
present in ring C. Three aromatic protons resonating at y 6.41-
7.18, corresponding to the three aryl protons in the ring B, were
also observed. 'H-'H COSY relationships allowed unambiguous
assignments for all of these proton chemical shifts and supported
the substitution pattern. Further evidence to support the proposed
structure was obtained from HSQC, HMBC and ROESY. HSQC spec-
tra were used to assigned carbon resonances to their attached pro-
tons. All "H-'3C long-range correlations are shown in Figure 2.
Strong long-range correlations were observed for the C-8 proton,
to the quaternary carbons C-7 and C-9 at éc 162.5 and 163.7,
respectively. According to the above correlations, the isolated com-
pound was characterized as a 6,7-isoprenoid substituted flava-
none. The quaternary carbons C-6 and C-10 were assigned at
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102.3 and 102.8 ppm, respectively, as they were connected to H-
8 by 3] correlations. Further, C-6 showed 3] and ] correlations with
H-3” and H-4", respectively. The ROESY experiment revealed that
the methyl group appearing at 6y 1.43 is coupled to H-3"” and that
the methyl showing a signal at 6y 1.45 was correlated to both H-8
and H-4", which is as expected for the proposed structure. The
molecular formula of dalenin was confirmed by HRESIMS as a
C,0H13806 molecule. On the basis of these spectral analyses the iso-
lated compound was identified as a novel 5,2',4'-trihydroxy-2",2"-
dimethylchromene-(6,7:5",6")-flavanone to which we have given
the trivial name dalenin (1) (Fig. 1).

2.2. Effects of dalenin on the activity of mushroom tyrosinase

This compound showed a strong tyrosinase inhibition when the
enzymatic reaction used 1-tyrosine as a substrate, with an ICsq va-
lue of 0.26 uM (0.094 pg/ml), while 50% inhibition of diphenolase
activity was reached at 18.61 uM (6.61 pg/ml) (Table 1).

Monophenolase activity is typically characterized by a lag time,
which is the time required for the resting met form of tyrosinase to
be drawn, via reduction by o-diphenols, into the deoxy form, which
then converts to the active oxy form. The kinetic course of the oxi-
dation of L-tyrosine observed with the formation of dopachrome in
the presence of different concentrations of dalenin indicated that
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Figure 5. Lineweaver-Burk plots for inhibition of mushroom tyrosinase in presence of dalenin (1). Concentrations of 1 for curves 1-4 were 0, 0.69, 1.37 and 2.75 pM,
respectively with L-tyrosine as substrate (Fig. 5a) and 0, 44.02, 89.18 and 178.35 uM, respectively with .-DOPA as substrate (b). The insets represent the plot of the slope (al)
or the vertical intercepts (1/Vimax app) (all and bl) versus dalenin concentrations to determine inhibition constants. The lines were drawn using linear least squares fit. Values
are mean * SD of two separate experiments.
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the flavanone at 5.51 uM prolonged the lag time to 10 min (Fig. 3).
Furthermore, compound 1 reduced the reaction rate in a dose-
dependent manner.

2.3. Inhibition of dalenin on tyrosinase using L-tyrosine or L-
DOPA as substrates shown to be reversible

The inhibitory mechanism of mushroom tyrosinase by dalenin
was studied. The plots of the remaining enzyme activity versus
the concentration of enzyme in the presence of different concen-
trations of dalenin for the catalysis of L-tyrosine and .-DOPA gave
a series of straight lines, which all passed through the origin.
Increasing the inhibitor concentration resulted in a decrease in
the slope of the lines, thus indicating that the enzyme undergoes
a reversible inhibition (Fig. 4a and b).

2.4. Inhibition type and inhibition constants of dalenin on
tyrosinase using L-tyrosine or L.-DOPA as substrates

To obtain further information about the type of inhibition ex-
erted by compound 1, the kinetic behaviour during the oxidation
of L-tyrosine or L.-DOPA was analyzed by the Lineweaver-Burk dou-

Table 2
Kinetic parameters of the enzyme for mono- and diphenolase activities with different
concentrations of dalenin (1)

Kinetic parameters Substrate

L-Tyrosine L-DOPA
K (M) 346.85 1439.47
Vmax (AAbs/min) 0.0160 0.1754
K; (LM) 1.98 160.26
Kis (UM) 7.60 160.26

L U182

ble reciprocal method. The plots for tyrosinase activity in the pres-
ence of increasing concentrations of L-tyrosine yield a family of
straight lines with different slopes intersecting one another in
the second quadrant (Fig. 5a). While the concentration of the flava-
none increased, V,.x decreased and the Michaelis-Menten con-
stant (K;,) increased. These results showed that dalenin was a
competitive and uncompetitive mixed-I type inhibitor. When
1-DOPA was added as a substrate, increasing concentrations of
compound 1 did not modify the K, of tyrosinase, while they pro-
duced a decrease of V. as observed in the family of lines with
different slopes with a common intercept on the X-axis (Fig. 5b).
This plot indicated that dalenin was a non-competitive inhibitor.

The kinetic parameters of the enzyme for the catalysis of the
tested substrates, determined by Lineweaver-Burk plots, are sum-
marized in Table 2.

2.5. The chelating ability of dalenin

The bathochromic shifts resulting from complex formation be-
tween dalenin and copper ions were investigated. The absorption
maximum at 276 nm of dalenin shifted to 286 with the addition
of excess Cu?*. With the addition of EDTA, the shifted Amax returned
to its original value (276 nm).

2.6. Molecular modeling of the binding of dalenin to tyrosinase

Docking simulations were performed to investigate potential
protein-ligand interactions responsible for the great inhibitory
activity demonstrated for dalenin in comparison to the well-
known inhibitor kojic acid.

Prior to perform the docking simulations, the charge distribu-
tion of the active site was characterized by means of DFT'® (Den-
sity Functional Theory) calculations on reduced size models.
These first principle calculations were necessary because the

VAL195

Figure 6. Binding mode of the lowest energy docked conformation found for (2S)-dalenin. Cu(Il) atoms are shown as golden spheres. The bridging peroxido (0O-) ligand
between the metals (red) and the main residues in contact are shown as a licorice representation. The translucent ribbons represent the secondary structure. Hydrogen bonds
involving the inhibitor are shown as dotted lines with the bond length (in A) as labels. Only polar hydrogens of the residues in contact are shown. (a) Overview of the binding
of compound 1 (2S enantiomer). (b) Zoom of the contacts near the Cu,0,2* coordination site. (c) Molecular surface (1.4 A probe radius) excluding the Cu,0,2* complex and
the hydrophobic residues in contact to the inhibitor, which feature the entrance to the site.
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Figure 7. Binding mode of the lowest energy docked conformation found for (2R)-
dalenin. Cu(Il) atoms are shown as golden spheres. The bridging peroxido (0)
ligand between the metals (red) and the main residues in contact are shown as a
licorice representation. The translucent ribbons represent the secondary structure.
Hydrogen bonds involving the inhibitor are shown as dotted lines with the bond
length (in A) as labels. Only polar hydrogens of the residues in contact are shown.
(a) Overview of the binding of compound 1 (2S enantiomer). (b) Molecular surface
(1.4 A probe radius) excluding the Cu,0,2* complex and the hydrophobic residues
in contact to the inhibitor, which feature the entrance to the site (see also Fig. 6¢).

Table 3
Summary of molecular docking results

Compound Free energy of binding Inhibition constant
(kcal/mol) (Ky) (uM)

(2S)-dalenin (1) —6.65 13.8

(2R)-dalenin (1) -6.86 9.37

Kojic acid -4.29 722.2

Estimated free energy of binding and inhibition constants computed for the lowest
energy docked structures found for dalenin (1) and kojic acid.

electrostatics of a metallo-protein is per se non-trivial and, partic-
ularly in the case of the type IIl copper enzymes, their oxy form (the
active form which oxidizes 1-tyrosine) has a peculiar u?-n2:n?
bonding involving the couple of copper II ions bridged by a side-
on peroxido ligand (Fig. 6a and b).2°-22 The reduced model showed
delocalization of the positive formal charge from each Cu?' to the
electron rich imidazole rings of the histidines and a localized
negative density over the dioxygen bridging ligand facing to the
most exposed part of the site (Supplementary data, Fig. S1). This

charge pattern, together with the presence of the surrounding
charged residues, was found to drive the modes of binding of
dalenin.

Since the absolute configuration of the asymmetric C-2 carbon
of 1 was not determined, the structures of each enantiomer were
optimized and the whole docking protocol was applied separately
to both (2S)- and (2R)-dalenin. Even though there are some exam-
ples of (2R)-flavanones,?> most natural occurring flavanones have
the S configuration in C-2, mainly due to the stereospecificity of
the chalcone isomerases and other enzymes involved in their bio-
synthetic pathways.?4"2¢ Thus, the discussion will be mainly fo-
cused on the 2S stereoisomer.

The lowest energy binding mode of (2S)-dalenin (the lowest
cluster of the set of docked conformations) is shown in Figure 6.
The 2',4" hydroxyl substituents in ring B plays a central role,
since this fragment fits well in the metallic enzyme active site.
The OH at 2’-position tightly bounds to one of the negative in-
ter-metal oxygens and the 4’-OH is anchored by two H-bonds
to the conserved residue Glu182 as donor and to Arg55 as
acceptor. In this arrange, the bridging oxygen involved is the
one which is most buried in the site. The 5-OH group forms
an H-bond with the backbone O of Asn191 (which follows
His190 in the sequence, one of the Cu(ll) ligands). As shown
in Figure 6, several hydrophobic residues feature the shape of
the cavity where the three fused rings accommodates them-
selves. This pose has a binding energy of —6.65 kcal/mol and
an estimated K; of 13.8 uM. A secondary pose was found (the
lowest energy conformation of the second cluster), in which
the 2,4’ substitution pattern allows for binding of one hydroxyl
group to Glu182 and the other to the bridging O (in this case
the O involved is the one most exposed to the entrance to the
site, Supplementary data, Fig. S2). The binding energy of this
conformation is 0.6 kcal less favored than the one shown in
Figure 6.

The lowest energy docked conformation found for the (2R)
enantiomer has a similar binding energy (—6.86 kcal/mol). For this
isomer of dalenin, the 4’-OH bounds the same bridging O as in the
case of the 2S and the 2’-OH is H-bonded to the backbone O of
Met201. The 5-OH is solvent exposed and the fused rings arrange
into the top branch of the cavity where the fused rings of the 2S
isomer were found (Fig. 7). A secondary pose (0.2 kcal/mol less
stable) was found, where both hydroxyl groups of the ring B are
comprised in H-bonds involving Glu182 and Arg55, residues which
are also involved in the contacts of the ring B of its enantiomer
(Supplementary data, Fig. S3). Both enantiomers of dalenin showed
substantially most favor binding energies than kojic acid as
summarized in Table 3.

3. Discussion

This paper reports the isolation of a novel flavanone, named as
dalenin, from the highly effective anti-tyrosinase plant D. elegans.
This compound, which showed a significant capability to inhibit
both oxidative reactions catalysed by tyrosinase (ICsq = 0.094 and
6.61 pg/ml for mono- and diphenolase activity of the enzyme,
respectively), was 5 and 7 times, respectively, more effective than
the starting extract, which showed an ICsg of 0.48 and 49.27 ng/ml
for both activities of the enzyme, respectively.> The presence of
synergism between extract components was thus discarded, point-
ing to dalenin as the only compound responsible for the inhibitory
action of the plant.

According to Khatib et al.?’ those compounds showing ICsq
values lower than 10 uM are considered as inhibitors with high
potency. Dalenin, which showed an ICsq of 0.26 M with the mon-
ophenol as substrate (rate-limiting reaction), may therefore be
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considered as an excellent candidate to be used as a therapeutic
agent for tyrosinase inhibition.

In terms of ICsq values (Table 1) and using L-tyrosine as a sub-
strate, dalenin was 52 and 495 times more effective than hydroqui-
none and kojic acid, respectively, the latter being one of the most
powerful anti-tyrosinase agents.?® Dalenin also showed 6-2108
times more activity than (Z,Z)-5-(trideca-4,7-dienil)-resorcinol (2)
(Fig. 1) (ICsg=1.70 pM),? sodium bisulphite (ICso=210 uM)?° or
arbutin which, depending on the conditions of the assay, showed
ICso values of 146 uM>° or 548 pM.3!

As observed in Figure 3, dalenin lengthened the lag time. This
result confirms the monophenolase inhibition exerted by the iso-
lated compound and is in agreement with the findings obtained
with other monophenolase inhibitors such as isoflavones,*? galan-
gin®? or glabrene 3*

When 1.-DOPA was used as a substrate, dalenin showed itself 59
times more active than hydroquinone and as active as kojic acid
(Table 1). The flavanone, in turn, was 3, 7 or 285 times more
potent than compound 2 (ICso=51.87 uM),® ascorbic acid (ICsq =
140 puM)*> or arbutin (ICs = 5300 uM),® respectively.

As observed in Table 1, dalenin was more effective for inhibiting
the first step of oxidation. The fact that the chemical structure of
the flavanone resembles more the chemical structure of L-tyrosine
with a hydroxyl group at 4-position of the aromatic ring, instead of
3,4-dihydroxy groups as present in .-DOPA, could be the cause for
its more potent inhibitory effect in the first stage of activity of the
enzyme. These findings are in accordance with those of Kubo
et al.>” and Xie et al.>® who observed a higher inhibitory activity
on the second activity stage of the enzyme in those compounds
showing hydroxyl substituents in 3,4-position than in those pre-
senting 4-hydroxyl. This difference in activity exerted by dalenin
matches that obtained for the structurally closed flavanone stepp-
ogenin, isolated from Artocarpus heterophyllus*®3° and from Morus
lhou,*® which showed higher tyrosinase inhibitory ability when
L-tyrosine was used as a substrate (ICso=1.30 uM) than when
1-DOPA was used (ICsq = 26.50 uM).*° The differences in the level
of inhibition regarding both activities of tyrosinase were also
observed for other compounds, even flavonoids.>44!

To ascertain how dalenin behaves, the rate of dopachrome for-
mation was monitored as a function of L-tyrosine concentration.
The results obtained by the kinetic analysis indicated that dalenin
was a mixed-I type inhibitor, which meant a diminished affinity of
the enzyme for the substrate.

The results obtained for diphenolase activity of the enzyme in
the presence of different concentrations of dalenin indicated that
the inhibitor was able to bind with free enzyme (E) or with en-
zyme-substrate complex (ES). This non-competitive inhibition
may be attributed to the resorcinol subunit present in dalenin, as
was reported by Nerya et al>* for other anti-tyrosinase
compounds.

In view of the inhibitor constant (K;) values, the interaction be-
tween dalenin and tyrosinase exhibited different degrees of affinity
when using i-tyrosine or 1-DOPA as substrates (K;=1.98 and
160.26 1M, respectively, Table 2), with the binding capacity being
stronger for the former. These results are logical since dalenin ex-
erted greater inhibitory capacity when L-tyrosine was used as a
substrate. The K; value for dalenin was 15 times lower than that
observed for kojic acid (K; = 30 uM)*? for monophenolase activity,
indicating that the flavanone can bind more tightly to the enzyme
than the commercial compound for the hydroxylation of the mon-
ophenol. According to our in silico results and besides the limita-
tions of the docking approach, dalenin would be at least 52 times
more potent as inhibitor of the oxy form of tyrosinase than kojic
acid in terms of K; values (Table 3). This result is in very good
agreement with the experimental findings.

On the other hand, the K; of dalenin for the diphenolase activity
of the enzyme was 8 times the value obtained for kojic acid
(K =20 pm).42

Since Kis was almost four times greater than K; (see Table 2) for
the oxidation of L-tyrosine, dalenin was able to bind more strongly
to the free enzyme than to the enzyme-substrate complex.

The potent tyrosinase effectiveness exerted by dalenin may be
ascribed to resorcinol substituted ring B, especially with the OH
in position 2',4'. This fact was consistent with the molecular dock-
ing results. This substitution pattern was reported as responsible
for the anti-tyrosinase activity of many molecules through its
binding to the enzyme active site,2”*> particularly due to OH at
4-position.** In fact, substitutions of this OH-group substantially
decrease the tyrosinase inhibitory effect of stilbenes and flavanon-
es.144941 According to Khatib et al.,** chalcones with 2,4-dihydroxy
substitutions showed themselves more potent than those exhibit-
ing 3,5-dihydroxy derivatives. It should be noted that the potent
compound 2, which exhibits a 3,5 substitution pattern, is a weaker
inhibitor than dalenin with 2,4 hydroxyl substituents.

The contacts of the hydroxyl groups of dalenin with one bridg-
ing oxygen, Glu182 and Arg55 resemble the contacts of the hydro-
xyl groups of kojic acid, which showed weaker contacts due to the
larger separation between the OH substituents and the lack of the
hydrophobic contacts. The lowest energy docked conformation for
kojic acid was found to be clearly less stable than for dalenin as
summarized in Table 3. The lowest energy conformation of the
lowest cluster found in each case are superimposed (Supplemen-
tary data, Fig. S4). However, kojic acid has other poses of slightly
higher energy (Supplementary data Fig. S5), where its hydroxyl
groups are not in contact the Cu,0, moiety.

Besides, dalenin demonstrated chelating ability, which may
contribute to enhancing its inhibitory potency.

The free OH functions in ring B are not the only substitution
group responsible for the notable activity of dalenin. The presence
of the 2,2-dimethylchromene ring system attached at 6-7-position
may also be important for the inhibitory effect of dalenin, since the
flavanone steppogenin, which presents the same structure as dale-
nin but lacks the pyrane cycle, is 5 and 1 times less active than
dalenin for mono- and diphenolase activity, respectively (see
above for ICsq values).?® Besides, it is interesting to note that the
chromene cycle not only influences the level of inhibition exerted
by both flavanones but also the inhibition mode, since steppogenin
behaves as a competitive inhibitor on both oxidative reactions cat-
alyzed by tyrosinase.*°

The lack of the 2,3-unsaturation pattern seems to make dalenin
highly active, since the flavone cycloartocarpesin isolated from
Artocarpus heterophyllus, and exhibiting the same structure as dale-
nin but with the abovementioned chemical feature, did not show
inhibitory activity of the enzyme with L-tyrosine as substrate at
>1000 pM.*° The same was observed with the flavone cudraflavone
B, isolated from the same plant, which presented, in addition to the
double bond, an isoprenyl group at 3-position and did not show
inhibition even at 23.62 pM.**

As reported by Shimizu et al.*® those flavanones having 2’,4'-
dihydroxy ring B are highly effective monophenolase inhibitors
and even better than flavones, flavanonols or flavonols (in descend-
ing order of inhibitory activity) with the same ring B structure. This
phenomenon matches the notable activity exerted by the flava-
none dalenin.

In conclusion, a new 6-isoprenoid flavanone was successfully
isolated from D. elegans. This compound showed great effective-
ness at inhibiting both stages of tyrosinase activity. The new iso-
lated compound studied here has the potential to be further
developed as a promising therapeutic agent for treating abnormal
skin pigmentation.
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4. Materials and methods
4.1. Plant materials

D. elegans Hook. & Arn. (Fabaceae) was collected in the hills of
Cérdoba Province, Argentina, from November to December 2007-
2009. A voucher specimen (UCCOR 254), has been deposited in
the ‘Marcelino Sayago’ Herbarium of the School of Agricultural Sci-
ence, Catholic University of Cérdoba and was authenticated by the
botanist, Gustavo Ruiz.

Crushed aerial plant material was extracted by 48 h maceration
with 96% ethanol. The yield of extract, obtained after solvent re-
moval and expressed as percentage weight of air-dried crushed
plant material, was 11.8 g %.

4.2. Chemicals, equipment and reagents

L-Tyrosine, 3,4-dihydroxy-L-phenylalanine (.-DOPA) and lyoph-
ilized mushroom tyrosinase were purchased from Sigma-Aldrich
CO (St. Louis, USA). Kojic acid and hydroquinone were obtained
from Merck (Darmstadt, Germany). Silica gel (70-230 mesh) used
for column chromatography was purchased from Sigma-Aldrich
CO and all solvents were HPLC grade. Normal and reversed-phase
preparative TLC plates were purchased from Analtech (Newark,
DE). 'H and '>CNMR spectra were recorded with a Bruker AVANCE
I1 400 spectrometer (Bruker Corporation, Ettlingen, Germany). The
high resolution MS was determined in a Bruker MicroQTOFII mass
spectrometer (Bruker Daltonics, MA, USA), equipped with an ESI
source operated in negative mode at 180 °C with a capillary voltage
of 4500 V. Mass accuracy was verified by calibration with tunemix.
For quantifying the pure compound, HPLC was performed on a
Phenomenex Prodigy ODS (4.6 mm i.d. x 250 mm, 5p) reversed-
phase column eluting with 60% methanol in water as a mobile
phase and UV detection at 210 nm.

4.3. Isolation of the tyrosinase inhibitor from D. elegans

The ethanol extract from D. elegans was fractionated using vac-
uum liquid chromatography on silica gel with CHCI3/ACN gradient
to yield nine fractions (Fra;-Frag). Those fractions showing more
than 90% inhibition at 10 pg/ml using L-tyrosine as a substrate
(Frasz—Fra4) were further purified in a column chromatography with
the same solvent mixture at increasing polarity, to obtain seven
fractions (Frg;-Frg;). Of these, Frgs—Frps eluted with CHCl3/ACN
90:10-80:20 showed effectiveness (>90% inhibition at 2.5 pg/ml)
and were therefore subjected to radial preparative chromatogra-
phy. From this process, effective fractions (Frcy—Frcg) eluted with
hexane/diethyl ether 60:40, were submitted to normal and then
reversed-phase preparative TLC plates (MeOH/H,0 60:40) afford-
ing the compound as a yellow powder (yield 0.039g/100g of
crushed plant material, by HPLC).

This compound was identified as a new 2’,4’-dihydroxyflava-
none showing a 2, 2-dimethylchromene ring attached at position
6,7 which was named dalenin (1) (Fig. 1).

Dalenin (1): tg 46.8 min (by HPLC). [¢]2° 1.43 (c 0.14 in CH,Cl,).
TH NMR (400 MHz, CDCl3, 25 °C, TMS): § 12.09 (1H, s, OH-5), 7.18
(1H, d, J= 8.4 Hz, H-6"), 6.52 (1H, d, = 10.2 Hz, H-4"), 6.44 (1H, d,
J=8.4Hz, H-5), 6.41 (1H, br s, H-3'), 6.01 (1H, s, H-8), 5.61 (1H,
dd, J=12.8, 2.8 Hz, H-2), 5.48 (1H, d, J=10.2 Hz, H-3"), 3.09 (1H,
dd, J= 17.2, 13.0 Hz, H-3), 2.88 (1H, dd, J = 17.2, 2.8 Hz, H-3), 1.45
(3H, s, CH3-2"a), 1.43 (3H, s, CH3-2"b).">*C NMR (100 MHz, CDCls,
25 °C, TMS): 6 = 28.4 CH5-2"); 28.4 CH5-2"); 39.9 C-3); 76.6 C-2);
78.4 C-2"); 97.9 C-8); 102.3 C-6); 102.8 C-10); 102.8 C-3'); 107.8
C-5'); 113.9 C-4"); 116.9 C-1'); 124.9 C-3"); 126.9 C-6'); 147.9
C-5); 154.9 C-2"); 157.1 C-4’); 162.5 C-7); 163.7 C-9); 196.4 ppm

C-4); UV-vis (ethanol): /iqnax (=290 (14362), 276 (15750),
206 nm (34164); HR-TOF-MS (ESI negative) m/z: [M—H]~ calcd
for C;oH1706, 353.1031; found, 353.1044.

4.4. Tyrosinase inhibitory assay

Tyrosinase inhibitory activity was determined spectrophoto-
metrically.® First, 2 ul of mushroom tyrosinase (2500U/ml in
50 mM phosphate buffer, pH 6.5) was mixed with 148 pl of
50 mM phosphate buffer. Then, 10 pl of the tested fractions or of
the isolated compound previously dissolved in ethanol at the con-
centrations needed, or of ethanol (control), were added. Finally,
40 pl of 2.5 mM L-tyrosine or .-DOPA in phosphate buffer was
added and absorbance was immediately monitored (t=0) at
450 nm. The assay mixture was then incubated at 37°C for
15 min, or at ambient temperature for 5 min, with gentle agitation,
when L-tyrosine or .-DOPA were used, respectively, in order to
monitor dopachrome formation. Kojic acid or hydroquinone, dis-
solved in 50 mM phosphate buffer, were used as a positive
controls.

Differences in absorbance between each time measured and
time zero were calculated and the inhibition percentage was deter-
mined respect to control. The concentration necessary for 50% inhi-
bition (ICs0) was determined. Each measurement was made at least
in duplicate.

The inhibition kinetics of the enzyme by the isolated compound
was analyzed by the Lineweaver-Burk plots compared to data ob-
tained in the absence of inhibitor (control). Experiments were car-
ried out using the same protocol described above, except for
varying concentrations of L-tyrosine or .-DOPA. The inhibition con-
stants for inhibitor binding with free or enzyme-substrate complex,
K; or Kis, respectively with L-tyrosine as substrate, were obtained
from the second plots of the slopes of the straight lines or vertical
intercept (1/VP ), respectively, versus the concentration of dalenin.

max

K; or Kis and are represented by the Eqgs. 1 and 2, respectively:

Km K

1

Klvmax Vmax ( )
1 1

— ] + 2
KISVmax [ ] Vmax ( )
With regard to the diphenolase activity of the enzyme, K; and Kis are
the same in quantity and can be obtained from the secondary plot of
the intercept on the Y-axis versus the inhibitor concentration. K;
may be calculated from Eq. 3.

1
3
Vmax ( )

Slope = I+

Intercept =

Intercept = b 1+
KI Vmax

4.5. Chelating ability of the tyrosinase inhibitor from D. elegans

To check the chelation of the isolated compound by Cu?*, UV-
vis (220-600 nm) spectroscopy was carried out. The compound
dissolved in ethanol (84.66 M) was scanned with aqueous solu-
tion of CuSO,4 (200 uM) or water (control). A third spectrum after
the addition of EDTA (250 pM) was recorded. The resulting spectra
were then compared.

4.6. Molecular docking simulations of dalenin and a known
inhibitor

Since the novel flavanone dalenin exhibited a remarkable activ-
ity as monophenolase inhibitor, it was docked into the oxy form of
tyrosinase. As in other recent studies,*”~° the structure of the oxy
tyrosinase obtained from Streptomyces castaneoglobisporus was
used as the initial structure for docking simulations after removal
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of the caddie protein, the exogenous ions and water molecules
(pdb entry 1WX2).%° In order to address the actual charge distribu-
tion of the coordination site, first principles Quantum Mechanics
calculations were done at the B3LYP/6-31+G*>52 Jevel of theory
on reduced models of the site including: the two copper ions, the
bridging dioxygen as well as the six imidazoles mimicking the his-
tidines coordinated to the Cu(Il) ions. The RESP>* charges were ob-
tained from the Quantum results and the solvation parameters for
copper were similar to those used in Takahashi et al., 2010.#” For
the rest of the protein and for all inhibitors docked, two charge
schemes were used: Gasteiger charges (autopock 4.2 program de-
fault)>*>> and AMBER RESP>? charges. Only the former set will be
discussed, since it is expected to better reproduce experimental
inhibition constants, and both binding modes obtained and the rel-
ative order of energies were very similar.

The structures of the most stable conformers of the inhibitors
were obtained by full geometry optimization, using the same level
of theory as for the calculations of the coordination site of the en-
zyme. The nature of minimum of the stationary points was estab-
lished by means of the harmonic frequencies analysis, using the
caussiaN 03 package.>® The autopock 4.2 package®®>> was used for
the docking simulations, precomputing a grid inside a box of
26 x 24 x 20 A3, roughly centered at the dioxygen ligand, with a
grid spacing of 0.2 A. For each inhibitor, 2000 runs of a Lamarckian
genetic algorithm®*>> were done, each of them with a population
of 150 individuals, up to 100,000 generations, with 1 survivor per
generation, a limit of 5 x 10° energy evaluations and the remain-
der algorithm control parameters set to program defaults. The
standard autopock 4.2 estimation of inhibition constants and free
energy of binding are informed after performing a cluster analysis
with a 0.5 kcal/mol and 2.0A as criteria for energy and RMS,
respectively. The analysis and visualization of results were done
using MGLTools**>> and VMD 1.8.7.578

4.7. Statistical analysis

The results are expressed as mean + SD. The inhibitory concen-
tration (ICso) was calculated by log-Probit analysis.
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