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INTRODUCTION

Marine organisms are rich sources of structurally diverse bioactive compounds with various
biological activities and their importance as a source of novel bioactive substances is
growing rapidly. With marine species comprising approximately a half of the total global
biodiversity, the sea offers an enormous resource for novel compounds [1,2]. Among marine
organisms, marine algae are rich sources of bioactive compounds with various biological
activities [3-4]. Recently, their value as a source of novel bioactive substances has grown
rapidly and researchers have revealed that marine algal originated compounds exhibit
various biologica activities. Although seaweeds are exposed to the adverse environmental
conditions such as light and high oxygen concentrations that lead to the formation of free
radicals, and other strong oxidizing agents, they do not have any serious photodynamic
damage. Thus, it can be known that marine algae are able to generate the bioactive
compounds to protect themselves from external factors such as UV radiation, stress and
herbivores. Edible marine macro algae or seaweeds are classified into three divisions such as
Chorophyta (green agae), Phaeophyta (brown agae), and Rhodophyta (red algae) according
to their composition of pigments. For example, the presence of xanthophyll pigment,

fucoxanthin, is responsible for the color of brown seaweeds. Edible seaweeds have formed
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an important part of the diet of many Far Eastern countries for centuries and demand for
ingredients, such as “Kombu” from Laminaria species and “Nori” used in sushi from
Porphyra species, have been largely met from cultivation of the seaweeds [5]. Apart from
food uses, including their main industrial uses as thickeners and gelling agents, seaweeds are
widely used as ingredients in various industries such as cosmeceutica, pharmaceutical,
animal feed, and fertilizer industries. In recent years, the seaweeds serve as an important
source of bioactive natural substances [6,7]. Moreover, many metabolites, which isolated
from marine algae, have shown to possess bioactive effects [8]. Therefore, recently a new
trend has been arisen to isolate novel bioactive compounds and constituents from edible
seaweeds.

Polyphenols are one of the most common classes of secondary metabolitesin terrestrial and
marine plants. Although terrestrial and marine polyphenols are similar in some respects,
there are fundamental differences in their chemical structure [9]. In general, polyphenols or
phenolic compounds have a similar basic structural chemistry including an “aromatic” or
“phenalic” ring structure. Phenolic compounds have been associated wth antioxidative action
in biological systems, acting as scavengers of singlet oxygen and free radicals [10,11]. The
protective effects of plant polyphenolsin biological systems are ascribed to their capacity to

transfer eectrons to free radicals, chelate metal catalysts, activate antiodixant enzymes and
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inhibit oxidase. Polyphenols are classified broadly into two classes, condensed tannins,
which are polymeric flavonoids, and hydrolysable tannins, which are derivatives of gallic
acid [12]. Phlorotannins, known as marine aga polyphenol, are formed by the
polymerization of phloroglucinol (1,3,5-trihydroxybenzene) monomer units and
biosynthesized through the acetate-malonate pathway, also known as polyketide pathway.
The phlorotannins are highly hydrophilic components with a wide range of molecular sizes
ranging between 126 Da and 650 kDa [13]. Marine brown algae accumulate a variety of
phloroglucinol-based polyphenols, as phlorotannins of low, intermediate and high molecular
weight containing both phenyl and phenoxy units. Based on the means of linkage,
phlorotannins can be classified into four subclasses such as fuhalols and phlorethols
(phlorotannins with an ether linkage), fucols (with a phenyl linkage), fucophloroethols (with
an ether and phenyl linkage), and eckols (with a dibenzodioxin linkage). The isolated and
characterized phlorotannins from marine brown agae are compounds (Fig. 1), such as
phloroglucinol, eckol, triphlorehol A, dieckol, 2-phloroeckol, fucofuroeckol A, 7-
phloroeckal, 6,6'-bieckol, diphlorethohydroxycarmalol, and phlorofucofuroeckol A. Among
marine brown algae, E. cava is arich source of phenolic compounds as phlorotannins than
other brown algae [14]. However, other brown seaweeds also have been reported for various

types of phlorotannins. These phlorotannins help to protect agae from stress conditions and

@ jeju



herbivores. Due to the heath beneficial various biological activities of phlorotannins, marine

brown agae are known to be arich source of healthy food.
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Phloroglucinal

Eckol Triphlorethol A

Dieckol

7-Phloroeckol

2-Phloroeckol

Fucofuroeckol A

6,6'-bieckol Phlorofucofuroeckol A
Diphlorethohydroxycar malol

Fig. . Chemical structure of phlorotanninsfrom marine borwn algae.
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Melanin is one of the most widely distributed pigments and is found in bacteria, fungi,
plants and animals. It is a heterogeneous polyphenol-like biopolymer with a complex
structure and color varying from yellow to black [15]. The color of mammalian skin and hair
is determined by a number of factors, the most important of which is the degree and
digtribution of melanin pigmentation. Melanin is secreted by melanocyte cells distributed in
the basal layer of the dermis [16]. The role of melanin is to protect the skin from ultraviolet
(UV) damage by absorbing UV sunlight and removing reactive oxygen species (ROS).
Various dermatological disorders result in the accumulation of an excessive level of
epidermal pigmentation. These hyperpigmented lentigenes include melasma, age spots and
sites of actinic damage [17]. Great interest has been shown in the involvement of melaninsin
malignant melanoma, the most life-threatening skin tumors. The type and amount of melanin
synthesized by the melanocyte and its distribution in the surrounding keratinocytes
determine the actual color of the skin. The characteristic skin patterns of zebra, giraffes and
piebald animals in genera are due to this uneven distribution of melanocytes. Melanin is
formed through a series of oxidative reactions involving the amino acid tyrosine in the
presence of tyrosinase. Tyrosinase (EC 1.14.18.1) is a copper-containing enzyme that
catalyzes two distinct reactions of melanin synthesis: the hydroxylation of tyrosine by

monophenolase action and the oxidation of 3,4-dihydroxyphenylalanine (L-DOPA) to o-
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dopaguinone by diphenolase action. However, if L-DOPA is an active cofactor, its formation
as an intermediate during o-dopaquinone production is still controversial. o-Dopaquinone is
unstable in agueous solution and rapidly suffers a non-enzymatic cyclization to
leukodopachrome, which is further oxidized non enzymatically by another molecule of o-
dopaguinone to yield dopachrome and one molecule of regenerated L-DOPA [18-20].
Tyrosinase exists widely in plants and animals, and is involved in the formation of melanin
pigments [21-23]. In the food industry, tyrosinase is a very important enzyme in controlling
the quality and economics of fruits and vegetables [22-24]. Tyrosinase catalyzes the
oxidation of phenolic compounds to the corresponding quinones and is responsible for the
enzymatic browning of fruits and vegetables. In addition to the undesirable color and flavor,
the quinone compounds produced in the browning reaction may irreversibly react with the
amino and sulfhydryl groups of proteins. The quinone-protein reaction decreases the
digestibility of the protein and the bioavailability of essential amino acids, including lysine
and cysteine. Therefore, development of high-performance tyrosinase inhibitors is much
needed in the agricultural and food fields. Tyrosinase plays an important role in the
developmental and defensive functions of insects. Tyrosinase is involved in melanogenesis,
wound healing, parasite encapsulation and sclerotization in insects [25-27]. The

development of tyrosinase inhibitors has become an active dternative approach in
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controlling insect pests. In addition, tyrosinase inhibitors have become increasingly
important for medicinal and cosmetic products that may be used to prevent or treat

pigmentation disorders [28, 29].
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Diabetes mellitus is characterized by abnormal metabolism of glucose, due in part to
resistance to the action of insulin in peripheral tissue. The caharacteristic sysptoms are
polyuria, polydipsia, and polyuria. Diabetes mellitus is the most serious and chronic disease
that is development with an increasing obesity and aging in thhe genera population over the
world. Diabetes mellitus is a complex disorder that is characterized by hyperglycemia. It is
largly classified into insulin-dependent diabetes mellitus (Type | diabete) and non-insulin-
dependent diabetes mellitus (Type Il diabete). In particular, type Il diabetesis an increasing
worldwide health problem and is the most common type of diabetes [30]. Hyperglycemia
plays an important role in the development type Il diabetes and complications associated
with the disease such as micro-vascular and macro-vascular disease [31]. Therfore, the
effective control of blood glucose level is the key to prevent or reverse diabetic
complications and improve the quality of the life in diabetic patients [32]. Currently
available therapies for type Il diabetes include insulin and various ora antidiabetic drugs
such as sulfonylureas, metformin, a-glucosidase inhibitor, and thiazolidinediones. However,
these therapies have either limited efficacy or significant mechanism based side effects like
hypoglycemia, flatulence, body weight gain of enhancement of gastrointestinal problems.
The control of postprandial hyperglycemia has been shown to be important in the treatment

of diabetes and the prevention of cardiovascular complications. One of the therapeutic

_10_
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approaches adopted thus far to ameliorate postprandia hyperglycemia involves the
retardation of glucose absorption via the inhibition of carbohydrate-hydrolzyng enzymes
including a-glucosidase and a-amylase, in the digestive organs (Fig. I11) [33]. The powerful
synthetic a-glucosidase and aammylase inhibitors, such as acarbose, miglitol, and voglibose,
function directly in reducing the sharp increases in glucose levels that occur immediately
after food uptake [34-36]. However, the continuous use of those synthetic agents should be
limited because those agents may induce side effects such as flatulence, abdominal cramps,
vomiting, and diarrhea [37]. Additionally, there have been some reports describing an
increased incidence of renal tumors, serious hapatic injury, and acute hepatitis [38,39].
Therefore, a number of studies have been conducted in the search for naturally derived a-

glucosidase and a-amylase inhibitors that induce no deleterious side effects [40-42].

_11_
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Hypertension or high blood pressure is one of the major independent risk factors for
cardiovascular diseases [43,44] and it is amajor health issue, estimated to be affecting about
20% of the world's adult population [45]. Among processes related to hypertension,
angiotensin-I-converting enzyme (ACE) plays an important role in the regulation of blood
pressure (Fig. IV). ACE is a dipeptidyl carboxypeptidase (EC. 3.4.15.1) and was originaly
isolated from horse blood [46]. It plays a crucia role in the regulation of blood pressure as it
promotes the conversion of angiotensin-l to the potent vasoconstrictor angiotensin-11 as well
as inactivates the vasodilator bradykinin, which has a depressor action in the renin-
angiotensin system. This potent vasoconstrictor is aso involved in the release of a Na
retaining steroid, aldosterone from the adrena cortex, which has a tendency to increase
blood pressure [47]. Inhibition of ACE is considered to be a useful therapeutic approach in
the treatment of hypertension. Therefore, in the development of drugs to control high blood
pressure, ACE inhibition has become an important activity. Many studies have been
attempted in the synthesis of ACE inhibitors such as captopril, enaapril, alcacepril and
lisinopril, which are currently used in the treatment of essential hypertension and heart
failure in humans [48]. However, these synthetic drugs are believed to have certain side
effects such as cough, taste disturbances, skin rashes or angioneurotic edema all of which

might be intrinsically linked to synthetic ACE inhibitors [49]. Therefore, the research and
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development to find safer, innovative, and economical ACE inhibitors is necessary for the
prevention and remedy of hypertension [50,51]. Many research groups have combed for
novel ACE inhibitors from natural products [52], microbial sources [53] and food proteins

[54].
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The application of computational methods to study the formation of intermolecular
complexes has been the subject of intensive research during the last decade. It is widdly
accepted thet drug activity is obtained through the molecular binding of one molecule (the
ligand) to the pocket of another, usually lager, molecule (the receptor), which is commonly a
protein. A complex of a protein with atherapeutical drug is shown in Fig. V. In their binding
conformations, the molecules exhibit geometric and chemical complementrity, bonth of
which are essentidal for successful drug activity. The computational process of searching for
aligand that is able to fit both geometrically and energetically the binding site of a protein is
called molecular docking. Absorption, distribution, metabolism, and excretion (ADME)
properties of compounds are important in pharmaceutical research. New drug discovery and
development are time-consuming, expensive [55] and have a high attrition rate [56]. An
evaluation of the reasons for attrition showed that poor pharmacokinetic properties
accounted for nearly 40% of drug development failures [57]. Therefore, a substantial effort
has been focused on the early estimation of ADME properties. The predicted properties of
compounds have been increasingly considered in the design of combinatorial synthetic
routes and high-throughput screening experiments and thus, have improved the quality of

leading compounds that may enter the devel opment stages [58].
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Fig. V. Therapeutic drug molecule (small docked molecule towards the center of the
figure) bound to protein receptor (HIV-1 protease). The drug molecule fits

tightly in the binding stie and blocks the normal protein function.
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Computationally, ADME properties are most often estimated using a quantitative structure-
ativity relationship (QSAR) approach [59] that is based on the physic-chemical properties of
a compound. Since the 1960s, QSAR approaches have successfully produced many
classification and regression models that accurately predict a variety of ADME properties for
adiverse array of compound.

Recently, a number of studies have been focused on marine bio-resources. Marine naturl
products provide a rich source of chemical diversity that can be used to design and develop
new, potentially useful therapeutic agent. In this study, therefore, we tried to isolation and
idenfication of active copound from brown algae and examined biological activities of active
compounds using molecular docking program which can be developmed as possible

medicina and cosmetic agents for human.

_18_

@ jeju



Part .
Molecular docking of phlorotannins
Isolated from brown algae and their

effects on tyrosinase inhibitory activity
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Part I .
Molecular docking of phlorotanninsisolated from brown algae and their
effects on tyrosinaseinhibitory activity

1. ABSTRACT

In this study, the phlorotannins which were isolated from the brown algae, Ecklonia cava
and Ishige foliacea were examined for its inhibitory effects on melanin synthesis. Tyrosinase
inhibitors are important agents for cosmetic products. We therefore examined the inhibitory
effects of phlorotoannin isolated from brown algae on mushroom tyrosinase and melanin
synthesis, and analyzed its binding modes using the crystal structure of Bacillus megaterium
tyrosinase (PDB ID: 3NM8). The new tyrosinase inhibitor was identified as an
octaphlorethol A (OPA) by the MS data, *H and *C NMR. The four phlorotannins
(phloroglucinal, eckol, dieckol, and OPA) inhibited mushroom tyrosinase and were more
effective as a cdllular tyrosinase having melanin reducing activities than the commercial
inhibitor, arbutin, in B16F10 melanoma cells, and without apparent cytotoxicity. For further
insight, we predicted the 3D structure of tyrosinase and used a docking algorithm to simulate
binding between tyrosinase and phlorotannins. These results suggest that phlorotannins has
great potential to be further developed as a pharmaceutical and cosmetic agent for use in

dermatological disorders associated with melanin.
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2. INTRODUCTION
Tyrosinase (monophenol monooxygenase; EC 1. 14. 18. 1) is widely distributed in nature,
and is a metalloenzyme oxidase that catalyzes two distinct reactions of melanin synthesisin
which L-tyrosine is hydroxylated to 3,4-dihydroxyphenylalanine L-DOPA (monophenolase
activity), and the latter is subsequently oxidated to dopaguinone (diphenolase activity) [1].
Melanin helpsto protect skin from the damaging ultraviolet radiation of the sun. However,
high concentrations of melanin in the skin result in hypopigmentation such as freckles and
moles. Tyrosinase is the rate-limiting enzyme in melanin production, which occurs in
melanocytes that are located within the basal epidermis [2]. Therefore, the inhibition of
tyrosinase is one of the mgor strategies to treat hyperpigmentation [3]. Safe and effective
tyrosinase inhibitors that act to minimize skin pigmentation abnormalities are desired.
Despite a large number of tyrosinase inhibitors, only a few of these are used today, as many
of them show side effects [4,5]. Well-known tyrosinase inhibitors such as kojic acid,
hydroquinone, and 1-phenyl-2-thiourea (PTU) can cause adverse reactions such as dermatitis
and skin irritation [6], melanocyte destruction [7], and skin cancer [8]. As a result, it is
necessary to search for new candidates that show effective tyrosinase inhibition but are
devoid of side effects; thus, metabolites biosynthesized by plants have become promising

alternatives to synthetic analogues [9,10].
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Ecklonia cava and Ishige foliacea, kind of brown algae, were abundantly produced around
Jgiu Island, Korea, and are utilized as a food ingredient, animal feed, fertilizer, and medicine.
In addition, brown algae contain variety of compounds including carotenoids, fucoidan, and
phlorotannins, which show different biological activities [11-13]. Very recently, some
studies have explored the potential cosmetic activities of phlorotannins isolated from brown
algae [14]. In our continuing investigation of phlorotannins isolated from E. cava and I.
foliacea were chosen as atarget compound for its tyrosinase inhibition activity and reduction
of melanin synthesis.

The aim of this study was to evaluate the tyrosinase and melanin synthesis inhibitory
activity of phlorotannins isolated from brown algae to seeif it can be applied in the cosmetic

and pharmaceutical fields.

3. MATERIALSAND METHODS

3.1. Materials
Mushroom tyrosinase, L-tyrosine [3-(4-hydroxyphenol)]-L-alanine(S)-2-amino-3-(4-
hydroxyphenol) propionic acid], arbutin [2-hydroxymethyl-6-(4-hydroxyphenoxy)oxane-3, 4,

5-triol], and a-MSH (alpha-melanocyte stimulating hormone) were purchased from sigma
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Chemical Co. (S. Louis, MO, USA).

3.2. Extraction and isolation of phlorotanninsfrom Ecklonia cava

The brown aga, E. cava (Fig.1-1, A.) was collected along the coast of Jgu Island, Korea,
between February and April 2009. The sample was washed three times with tap water to
remove the salt, epiphytes, and sand attached to the surface, then carefully rinsed with fresh
water and maintained in a medical refrigerator at -20C. Thereafter, the frozen sample was
lyophilized and homogenized with a grinder prior to extraction. The powdered E. cava was
extracted with 80% aqueous EtOH, and was evaporated under vacuum. The EtOH extract
was then partitioned with EtOAc. The EtOAc extract was fractionated via silica column
chromatography with stepwise elution of a CHCls—MeOH mixture (100:1-1:1) to generate
separated active fractions. The combined active fraction was then further subjected to a
Sephadex LH-20 column (GE Healthcare, USA) saturated with 80% MeOH, and finaly
purified via reversed-phase HPLC (ThermoFisher Scientific, USA) using a Waters HPLC
system equipped with a Waters 996 photodiode array detector and C18 column (J sphere
ODS-H80, 150 x 20 mm, 4 um; YMC Co.) by stepwise elution with methanol-water
gradient (UV range: 230 nm, flow rate: 0.8 ml/min). The purified compounds

(phloroglucinol, eckol, and dieckol) were confirmed by comparing their LC/MS, 'H NMR
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datato the literature report [15].

Phloroglucinol : LC/MS data (M+, m/z: 126 Calcd. For CgHgOs). 'H NMR (400 MHz,

DMSO-d6) § 8.97 (3H, s, OH-1, 3, 5), 5.66 (3H, S, H-2, 4, 5).

Eckol : LC/MS data (M+, m/z: 372.0 Calcd. For CigH1,05). *H NMR (400 MHz, DM SO-d6)
8 9.54 (2H, s, OH-2, 7), 9.45 (1H, s, OH-4), 9.21 (2h, s, OH-2, 7) 9.16 (2H, s, OH-3', 5'),
6.14 (1H, s, H-3), 5.96 (1H, d, J= 2.8 Hz, H-6), 5.72 (2H, J= 1.7 Hz, H-4"), 5.78 (1H, d, J =

2.8 Hz, H-6),5.72 (2H, J= 1.7 Hz, H-2-, 6').

Dieckol : LC/MS data (M+, m/z: 742.0 Calcd. For CagH,015). *H NMR (400 MHz, DM SO-
d6) § 9.71(1H, s, OH-9), 9.61 (1H, s, OH-9'"), 9.51 (1H, s, OH-4’"), 9.46 (1H, s, OH-4), 9.36
(2H, s, OH-3", 5""), 9.28 (1H, s, OH-2"), 9.23 (1H, s, OH-2), 9.22 (1H, s, OH-7""), 9.15
(2H, s, OH-3, 5) 6.17 (1H, s, H-3"), 6.14 (1H, s, H-3), 6.02 (1H, d, J= 2.7 Hz, H-8), 5.98
(1H, d, J= 2.7 Hz, H-8"), 5.95 (1H, s, H-2""", 6""), 5.82 (1H, d, J = 2.7 Hz, H-6), 5.81 (1H,

d,J=2.7Hz H-6""),5.80 (1H,t,J=2.0Hz H-4'), 5.78 (2H, d, J= 2.0 Hz, H-2', €').

The purity of phlorotannins (Fig. 1-1, B.) were >95%, based on the peak area of all
components absorbed at each specific wavelength in HPLC analysis. Plorotannin were
dissolved in DM SO and used for experiments adjusting the final concentration of DMSO in

culture medium to <0.01%.
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Phloroglucinol

Eckol

Dieckol

Fig. 1-1. The photography of a brown alga, Ecklonia cava (A) and its phlorotannins (B).
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3.3. Extraction and isolation of phlorotanninsfrom Ishige foliacea

The brown alga, I. foliacea (Fig. 1-2, A.) was collected dong the coast of Jgju Idland,
Korea, between March and June 2010. The powdered, I. foliacea was extracted with 80%
agueous EtOH, and was evaporated under vacuum. The EtOH extract was then partitioned
with hexane, chloroform (CHCI3), ethyl acetate (EtOAc) and water. Since the EtOAcC
fraction contained the major compound than those of other fractions, the major compound
was extracted from EtOAc fraction using a silica column chromatography and finally
purified via reversed-phase HPLC (ThermoFisher Scientific, USA) using a Waters HPLC
system equipped with a Waters 996 photodiode array detector and C18 column (J sphere
ODS-H80, 150 x 20 mm, 4 um; YMC Co.) by stepwise elution with methanol-water

gradient (UV wavelength: 230 nm, flow rate: 0.8 ml/min) (Fig. 1-2, B.) .
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B Ishige foliacea

80% EtOH extract

n-Hexane fraction Aqueous fraction
Chloroform fraction Aqueous fraction
Ethyl acetate fraction Aqueous
fraction
Silica column chro.
IFE1 IFE2 IFE3 IFE4 IFE5 IFE6 IFES
IFE7

Major compound

Fig. 1-2. The photography of a brown alga, I shige foliacea (A) and isolation scheme (B)

of major compound.
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The structure of purified compound was determined by LC/MS data (Fig. 1-3.) and *H and
3C NMR analysis (Table 1-1. and Fig. 1-4, A and B.).

'H and **C DEPT and ESI-MS data revealed the molecular formula as CygH3,055 at m/z
992.19 [M-2H]?, the unsaturated degree is 32 from the 8 aromatic rings, respectively. The
H spectrum showed the two kinds of typical proton signals consisted of aromatic and phenol
protons, and according to the coupling constants of them, all of aromatic protons were
assigned as meta aromatic protons at 5.57 (1H, d, J =2.8 Hz , H-4), 5.58 (1H, d, J =2.8
Hz , H-6), 5.59 (1H, d, J =2.8 Hz , H-9), 5.59 (1H, d, J =2.8 Hz, H-11), 5.68 (1H, d, J =1.8
Hz, H-15), 5.68 (1H, d, J =1.8 Hz, H-17), 5.71 (1H, d, J =1.8 Hz, H-21), 5.72 (1H, d, J =1.8
Hz, H-23), 5.85 (1H, d, J =1.6 Hz, H-26), 5.84 (1H, d, J =1.8 Hz, H-30), 5.94 (1H, d, J =1.8
Hz, H-32), 5.94 (1H, d, J =1.8 Hz, H-36), 6.15 (1H, d, J =1.8 Hz, H-38), 6.15 (1H, d, J =1.8
Hz, H-42), 6.16 (1H, d, J =1.6 Hz, H-44), 6.01 (1H, d, J =1.6 Hz, H-46), and 6.16 (1H, d, J
=1.6 Hz, H-48), respectively. The other proton signals were elucidated as phenol ones based
on the chemical shifts at the lower filed shown as 9.02 (s, OH-1,3), 9.04 (s, OH-5, 27, 29,
33,35), 8.98 (s, OH-8,12), 8.93 (s, OH-14, 18), 8.92 (s, OH-20,24), 9.06 (s, OH-39,41), and
9.07 (s, OH-45, 47). The **C spectrum showed the 48 carbon atoms elucidated as aromatic
carbons including 24 sp® quaternary carbon atoms at 153.0 (s, C-1), 153.0 (s, C-3), 156.1 (s,

C-5), 152.9 (s, C-8), 151.1 (s, C-10), 152.9 (s, C-12), 151.1 (s, C-14), 154.5 (s, C-16), 151.1
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(s, C-18), 151.1 (s, C-20), 151.1 (s, C-24), 154.1 (s, C-25), 154.1 (s, C-22), 151.1 (s, C-27),
151.1 (s, C-29), 154.0(s, C-31), 150.8 (s, C-33), 150.8 (s, C-35), 156.2 (s, C-37), 152.7 (s, C-
39), 152.7 (s, C-41), 161.0 (s, C-43), 158.6 (s, C-45), 161.0 (s, C-47), and 8 unsubstitude
aromatic carbons at 122.0 (s, C-2), 122.0 (s, C-7), 122.0 (s, C-9), 122.0 (s, C-13), 123.4 (s,
C-19), 123.4 (s, C-28), 123.5 (s, C-34), 123.5 (s, C-40), and 16 phenol hydroxyl signals at
94.9 (d, C-6),94.9 (d, C-4), 94.7 (d, C-11), 94.7 (d, C-15), 94.7 (d, C-17), 94.7 (d, C-21),
94.7 (d, C-23), 94.7 (d, C-26), 94.7 (d, C-30), 94.1 (d, C-32), 94.2 (d, C-36), 94.1 (d, C-38),
94.1 (d, C-42), 94.7 (d, C-44), 94.0 (d, C-46), and 94.7 (d, C-47). The comprehensive
analyses reveaded the mgjor compound as poly-phenols mainly according to the chemical
shifts and coupling constants from*H and **C NMR data, the phenol hydroxyl signals were
assigned completely based on the 2D NMR (HMBC) data. In addition, the major compound
was el ucidated as a new compound after checking SCI finder database. On the basis of these
spectral data, the probable structure of the compound was deduced and tentatively reported
as Octaphlorethol A (OPA) (Fig. 1-5.)

The purity of OPA was >95%, based on the peak area of all components absorbed at each

specific wavelength in HPLC analysis.
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Table1-1. '"H NMR and **C NMR data of major compound in DM SO-d;

Position o, (mult, J) 6. (mult) Position 6, (mult, J) & (mult)

() (%)
1 153.0 (s) 30 5.84 (d, J =1.8 Hz) 94.7 (d)
2 122.0 (s) 31 154.0(s)
3 153.0 (s) 32 5.94 (d, J =1.8 Hz) 94.1 (d)
4 5.57 (d, J =2.8 Hz) 94.9 (d) 33 150.8 (s)
5 156.1 (s) 34 123.5(s)
6 5.58 (d, J =2.8 Hz) 94.9 (d) 35 150.8 (s)
7 122.0 (s) 36 5.94 (d, J =1.8 Hz) 94.2 (d)
8 152.9 (s) 37 156.2 (s)
9 559(d,J=2.8Hz) 122.0(s) 38 6.15 (d, J =1.8 Hz) 94.1 (d)
10 151.1 (s) 39 152.7 (s)
11 559(d,J=2.8Hz) 94.7 (d) 40 123.5(s)
12 152.9 (s) 41 152.7 (s)
13 122.0 (s) 42 6.15 (d, J =1.8 Hz) 94.1 (d)
14 151.1 (s) 43 161.0 (s)
15 5.68(d,J=1.8Hz) 94.7 (d) 44 6.16 (d, J =1.6 Hz) 94.7 (d)
16 154.5 (s) 45 158.6 (s)
17 5.68(d,J=1.8Hz) 94.7 (d) 46 6.01 (d, J =1.6 Hz) 94.0 (d)
18 151.1 (s) 47 161.0 (s)
19 123.4 (s) 48 6.16 (d, J =1.6 Hz) 94.7 (d)
20 151.1 (s) OH-1,3 9.02 (s)

21 5.71(d,J=1.8Hz) 94.7 (d) OH-5,27 9.04 (s)

22 154.1 (s) OH-29,33 9.04 (s)

23 5.72(d,J=1.8Hz) 94.7 (d) OH-35 9.04 (s)

24 151.1 (s) OH-8,12 8.98 (s)

25 154.1 (s) OH-14,18 8.93 (s)

26 5.85(d,J=1.6Hz) 94.7 (d) OH-20,24 8.92 (s)

27 151.1 (s) OH-39,41 9.06 (s)

28 123.4 (s) OH-45,47 9.07 (s)

29 151.1 (s)

*Recorded in DMSO-d4 at 400 MHz for *H NMR and 100 MHz for 3C NMR156.2 (s)

@ jeju
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Fig. 1-5. Chemical structure of octaphlorethol A (OPA) isolated from brown alga, I shige

foliacea.
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3.4. Cdll culture

B16F10 cells (obtained from the Korea Cell Line Bank) were grown on Dubecco's
Modified Eagle’'s Medium (DMEM; Gibco, Carlshas, CA, USA) supplemented with 10%
(v/Vv) heat-inactivated FBS, penicillin (100 U/mL) and streptomycin (100 pg/mL). Cultures
were maintained at 37°C in a 5% CO, incubator. B16F10 cells were cultured in 24-well

plates for melanin quantification and enzyme activity assays.

3.5. Céll viability

Cel survival was quantified through a colorimetric MTT assay that measured the
mitochondrial activity in viable cells. B16F10 cells were seeded (1 x 10° cells/mL) together
with various concentrations of phlorotannins and incubated for up to 72 h prior to MTT
treatment. MTT stock solution (50 puL; 2 mg/mL in PBS) was added to each well to achieve a
total reaction volume of 250 uL. After 4 h of incubation, the plates were centrifuged for 10
min at 2000 rpm and the supernatants were aspirated. The formazan crystals in each well
were dissolved in DMSO. The amount of purple formazan was assessed by measuring the

absorbance at 540 nm.
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3.6. Assay for the measurement of inhibitory effects on mushroom tyrosinase
Mushroom was used as the source of tyrosine for the entire study. To begin the assay [16],
a 20 pL of an agueous mushroom tyrosinase solution (1000 units) was added to a 96-well
microplate in a 200 pL assay mixture containing 1 mM L-tyrosinase solution and 50 mM
phosphate buffer (pH 6.5). the assay mixture was incubated at 25C for 30 min. Following
incubation, the amount of dopachrome produced in the reaction mixture was determined at

492 nm using microplate reader.

3.7. Assay on cdlular tyrosinase activity

Tyrsosinase activity was estimated by measuring the rate of L-DOPA oxidation[18].
Arbutin was used as a positive control. a-MSH, which is known to stimulate melanogenesis,
was used at 0.1 uM as the negative control, and its effect on melanogenesis was compared to
that of the test sample. Cells were placed in 24-well dishes a a density of 1 x 10°
cell/mL.B16F10 cells were incubated in the presence or absence of 0.1 uM a-MSH and they
were then treated for 72h with various concentrations of dieckol. The cells were washed and
lysed in 100 ul of 50 mM sodium phosphate buffer (pH 6.5) containing 1% Triton X-100 and
0.1 mM PMSF (phenyl methyl sulfonyl fluoride), and then frozen -80 C for 30 min. After

being thawed and mixed, the cellular extracts were placed in a 96-well plate, and the
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absorbance at 492 nm was recorded every 10 min for 1 h at 37°C using ELISA plate reader.

3.8. Determination of melanogenesisin B16F10 cells

The melanin contents were determined using a modification of the method to the literature
report[19]. In the present study, the amount of melanin was used as the index of
melanogenesis. B16F10 cells (1 x 10° cellgmL) were transferred to 24-well dishes and
incubated in the presence or absence of 0.1 uM a-MSH. The cells were then incubated for 72
h with various concentrations of dieckol. The samples were washed with PBS and then
dissolved in 100 uL of 1N NaOH. The samples were incubated at 60°C for 1h and mixed to
solubilize the melanin. The amount of melanin contents were assessed by measuring the

absorbance at 405 nm.

3.9. In silico docking of tyrosinase and new inhibitor candidate

Molecular docking is an application wherein molecular modeling techniques are used to
predict how a protein (enzyme) interacts with small molecules (ligands) [20-22]. The ability
of a protein to interact with small molecules plays a mgjor role in the dynamics of that
protein, which may enhance or inhibit its biologica function. In the present study, we

performed docking of phlorotannins into the active site of the mushroom tyrosinase. The
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crysta structure of tyrosinase (PDB: 3NM8) (Fig. 1-6) was obtained from the Protein Data

Bank (PDB, http://www.pdb.org). We performed the docking studies using CDOCKER in

Accelrys Discovery Studio 3.0 (Accelrys, Inc) (Fig. 1-7). We describe the ligand structure of
the tyrosinase inhibitor candidate in Fig. 1-1. To prepare for the docking procedure, we
performed the following steps. (1) conversion of the 2D structure into 3D structure; (2)
calculation of charges; and (3) addition of hydrogen atoms using the CDOCKER docking

program.
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Fig. 1-6. Tyrosinase was obtained from Protein Data Bank (PDB: 3NM8).
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Fig. 1-7. Crydstal structure of tyrosinase was obtained from Protein Data Bank (PDB:

3NM8).
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4. RESULTS

4.1. Inhibitory activity of phlorotannins against mushroom tyrosinase

The inhibitory effect of phlorotannins against mushroom tyrosinase activity was examined
by measuring the hydroxylaytion of L-tyrosine. Arbutin was selected as a positive control
compound since its inhibitory activity was aready reported [23]. As shown in Fig. 1-8,
phlorotannins inhibited tyrosinase activity in a dose-dependent manner (phlroglucinol: 0.5 to
2 mM; eckaol: 25 to 100 uM; Dieckol: 40 to 120 uM; octaphlorethol A: 12.5 to 50 uM).
Especialy, octaphlorethol A (OPA, 1Cse: 17.2 uM) exhibited strong inhibition against
mushroom tyrosinase when compared with phloroglucinol (PG, 1Csy: 1.43 mM), eckol (EK,
ICso: 47.9 uM), dikol (DK, 1Csq: 20.2 uM) and commercial whitening agent, arbutin (Table

1-2).
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1-8. Inhibitory effect of phlorotannins isolated from brown algae against
mushroom tyrosinase. L-tyrosine was used as substrate, and arbutin was as

positive control.
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Table 1-2 Tyrosinase inhibitory activities (I Csp) of phlorotanninsand ar butin.

Compounds |C, value
Arbutin > 350 uM
Phloroglucinol 1.767 mM % 0.39
Eckol 479 uM £ 0.12
Dieckol 20.2 pM £ 0.10
Octaphlorethol A 17.2uM % 0.09

* | Cso value was defined as the concentration of inhibitor required to inhibit 50% of the

tyrosinaseinhibitory activity. Valuesare + SD of three deter minations.
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3.3. Cytotoxicity of phlorotanninsin B16F10 melanoma cells

An MTT assay was used to investigate if the inhibitor would adversely induce B16F10
melanoma cell death. The samples were treated with various concentrations (phlroglucinol:
0.5to 2 mM; eckal: 25 to 100 uM; Dieckal: 40 to 120 uM; octaphlorethol A: 12.5to 50 pM).
Arbutin was used as a positive control (350 uM). a-MSH, which is known to stimulate
melanogenesis, was used at 0.1 uM as the negative control, and its effect on melanogenesis
was compared to that of the test sample. As shown in Fig. 1-9, cells treated with all testing
concentrations of phlorotannins exhibited more than 95% of cell viability for up to 72 h. In

addition, arbutin and a-M SH exhibited no cytotoxic effects on B16F10 melanoma cells[24].
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Fig. 1-9. B16F10 cell viability with various concentrations of dieckol. Arbutin was used

as melanin and tyrosinase inhibitor at 350 pM and a-MSH was a melanin

stimulator at 0.1 pM
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3.4. Tyrosinase inhibitory activity of phlorotanninsin B16F10 melanoma cells

We examined the effect of phlorotannins in reducing tyrosinase activity in o-MSH
stimulated B16F10 melanoma cells. As shown in Fig. 1-10, we found that PG and EK had a
similar inhibition effects on B16F10 melanoma cells as upon the mushroom tyrosinase.
Upon exposure to 0.1 uM o-MSH alone, the tyrosinase activity of B16F10 cells was
significantly increased compared to the controls. To determine the effect of PG and EK on
cellular tyrosinase activity, the cells were then exposed to 0.1 uM a-MSH in the presence of
PG (0.5to 2 mM), EK (25 to 100 uM), DK (40to 120 uM), and OPA (12.5 to 50 uM) or 350
uM arbutin, which are representative tyrosinase inhibitor. The cellular tyrsoinase activities of
the OPA, DK, and EK-treated cells were significantly reduced blow the levels of the
tyrosinase inhibitor, arbutin-treated cells, however, the PG-treated cells were similar or lower

levels reduced tyrosinase activity of arbutin in a same dose.
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Fig. 1-10. Effect on phlorotannins on cdlular tyrosinase activity in B16F10 cells. Cells
were exposed to 0.1 pM a-MSH in the presence of different concentration of
phlorotannins or 350 uM arbutin of tyrosinase inhibitor. Each percentage

valuefor thetreated cellsisreported relativeto that in the control cells.
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3.5. Méanin synthesis of phlorotanninsin B16F10 melanoma cells

Melanin formation is the most important factor to determine the mammalian skin color, the
inhibition of melanin formation may result in a reduction of skin darkness. To evaluate the
inhibitory potency of phlorotannins against melanin synthesisin melanoma B16F10 cells. As
shown in Fig. 1-11, the effect of smilar levels of phlorotannins and arbtin on melanin
production in a-MSH stimulated B16F10 cells. The cellular melanin content of the PG and
EK treated cells were significantly reduced below the levels of the arbutin-treated cells,
consistent with phlorotannins suppression of melanin synthesis by B16F10 cells on

inhibition of cellular tyrosinase activities.

_47_

@ jeju



300
250

200
151

Con  -MSH Arbutin 05mM 1mM 2mM 25uM  50puM 100pM 40pM  80pM 120 pM 125uM 25uM 50 pM
Phloroglucinol Eckol Dieckol Octaphlorethol A

o

1

o
o

Relative melanin contents (% of control)
]

Fig. 1-11. Effect on phlorotannins on cellular melanin synthesis in B16F10 cells. Cells
were exposed to 0.1 uM a-M SH in the presence of different concentration of
phlorotannins or 350 uM arbutin of melanin inhibitor. Each percentage value

for thetreated cdlsisreported relative to that in the control cells.
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3.6. In silico docking of tyrosinase

Tyrosinase is a copper-containing enzyme and is widely distributed in nature, and
tyrosinase inhibitors that chelate copper or change the shape of the active site of the enzyme
show competitive or non-competitive inhibition. Thus, the inhibition mechanism of
phlorotannins such as dieckol might involve binding to the active site of mushroom
tyrosinase.

We predicted the tertiary structure of tyrosinase and stimulated docking to phlorotannins
(PG, Ek, DK, and OPA). Using Discovery Studio 3.0 (DS), we searched for tyrosinase
residues that would bind to arbutin and phlorotannins. The docking of the tyrosinase-ligand
complexes were well-performed with arbutin and phlorotannins stably posed in the pocket of
the tyrosinase by DS 3.0 (Fig. 1-12, 13). Asfor arbutin and phlorotannins, the binding sites
predicted by the 2D program of DS 3.0 (Fig. 1-14) were formed by the following residues:

Arbutin: His208 (pi interaction bond), Gly216 (hydrogen bond), and Asn205 (hydrogen

bond).

Phloroglucinol: His208 (pi interaction bond), Gly216 (hydrogen bond), and Asn205

(hydrogen bond).
Eckol: His208 (pi interaction bond), Asn205 (hydrogen bond), and Arg209 (hydrogen

bond).
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Dieckol: His208 (pi interaction bond), Met215 (hydrogen bond), and Gly46 (hydrogen
bond).

Octaphlorethol A: His208 (pi interaction bond), Arg209 (pi interaction bond), Asn205
(hydrogen bond), Glu195 (hydrogen bond), Arg209 (hydrogen bond), Glul41(hydrogen
bond), and GIn142 (hydrogen bond).

Moreover, the docking analysis results indicated that the following highest docking binding
energy and lowest total binding energy confirmation of the most proposed complex had to be
taken into account when using the CDOCKER interaction energy program of DS 3.0:
arbutin: 44.01 kcal/mol, phloroglucinol: 15.46 kcal/mol, eckol: 38.26 kcal/mol, dieckol:
70.71 kcal/moal, and octaphlorethol A: 78.36 kcal/mol, and in the calculate program of DS
3.0: arbutin: -111.69 kcal/mol and phloroglucinol: -101.99 kcal/mol, eckol: -115.84 kcal/moal,
dieckol: -126.12 kcal/mol, and octaphlorethol A: 237.87 kcal/mol (Table 1-3). As shown in
Table 1-3, the tyrosinase binding energy value of eckol, dieckol and octaphlorethol A were

more stable and strong than that of phloroglucinol and positive control, arbutin.
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Fig. 1-12. Computational prediction of the structure for tyrosinase and docking
simulation with arbutin and phlorotannins. Predicted 3D structure of
mushroom tyrosinase 3NM 8. Surface model (tyrodinase-ligand complex): A:
arbutin, B: phloroglucinol, C: eckal, D: dieckol, E: octaphlorethol A.
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Fig. 1-13. Computational prediction of the structure for tyrosinase and docking
simulation with arbutin and phlorotannins. Predicted 3D structure of
mushroom tyrosinase 3NM8. Ribbon model (tyrodinase-ligand complex): A:

arbutin, B: phloroglucinal, C: eckal, D: dieckal, E: octaphlorethal A.
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Fig. 1-14. Computational prediction of the structure for tyrosinase and docking
simulation with arbutin and phlorotannins. Predicted 3D structure of
mushroom tyrosinase 3NM8. 2D program (tyrodinase-ligand complex): A:

arbutin, B: phloroglucinol, C: eckal, D: dieckol, E: octaphlorethol A.
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Table 1-3 Results of docking experiments of arbutin and phlorotannins with the

tyrosinase (PDB ID : 3NM8)

Ligand Binding Energy CDOCKER Interaction
(kcal/mal) Energy (kcal/mol)
Arbutin -111.69 44.01
Phloroglucinol -101.99 15.46
Eckol -115.84 38.26
Dieckol -126.12 70.71
Octaphlorethol A -237.87 78.36
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4. DISCUSSION

Melanin pigmentation protects tissues from absorption and dissipation of UV light [25].
And epiderma melanin that is synthesized by melanocytes, resulting from a cascade of
enzymatic reactions [26], is responsible for skin darkening. However, overproduction or
dysregulation of melanin pigments can cause skin hyperpigmentation disorders such as
freckles, melasma, senile lentigo, and age spots [27].

Tyrosinase has long been known to be essential for melanization. In vertebrates, tyrosinase,
the enzyme responsible for the initial steps of melanin synthesis, is closely associated with
specialized organelles called melanosomes that are found in melanocytes [28]. Although
melanin levels vary in the human population, the expression of tyrosinase does not vary
significantly among human skin colors, and levels of tyrosinase mRNA were found to be
similar in cultured melanocyte systems collected from black and white skin [29].

The inhibition of tyrosinase has been the subject of numerous studies [30, 31], and severa
inhibitors are used as cosmetic additives and medicinal products in the treatment of
hyperpigmentation. A recent ever-growing expansion of the global market demands more
new products for depigmentation, cosmeceutical, and skin lighting purposes [32]. The most
popular whitening agent is hydroquinone ever since its introduction in 1961, but its use has

been curtailed as a cosmetic ingredient because of adverse cutaneous toxicity [30].

_55_

@ jeju



Additionally, severa other phenolic compounds have been studied as depigmenting agents
since their chemical structures are related to tyrosinase inhibitory activity. It has been
suggested that the presence of a hydroxylic group and of an eectron donator group in the
phenol ring is a primary requirement for effective action as an alternative substrate of
tyrosinase [31]. In our search for potent tyrosianase inhibitors, we found that phlorotannins
has highly effective inhibitory activity against melanin synthesis, which is more potent than
the commercial agent, arbutin.

In the present study, we investigated the effect of phlorotannins on tyrosianse inhibition in
the anticipation of finding a new effective substance for skin whitening purposes and the
prevention of hyperpigmentation, and found that phlorotannins clearly reduced tyrosinase
activity in a dose-dependent manner.

To understand the mechanism underlying the interaction between tyrosinase and
phlorotannins and to explore their binding mode, a docking study was performed using the
CDOCKER function available in Discovery Studio 3.0. These docking studies yielded
crucia information concerning the operation of the inhibitor in the binding pocket of
tyrosinase. Ligand-enzyme interaction analysis found that the interaction binding residues of
Eckol (His208, Asn205, and Arg209), dieckol (His208, Met215 and Gly46), and

Octaphlorethol A (His208, Arg209, Asn205, Glul95, Arg209, Glul4l, and GInl42) were
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more important than those of arbutin (His208, Gly216 and Asn205) in the active site, and
were the main contributors to the receptor-ligand interaction. It was observed that for better
tyrosinase inhibitory activity, the three amino acid residues mentioned above are in close
vicinity to the molecule. The docking simulation supported the nhon-competitive inhibition
observed, as this type of inhibition is generally encountered when there are multiple possible
binding sites for an inhibitor.

In conclusion, phlorotannins were identified as a non-competitive inhibitor of mushroom
tyrosinase in molecular docking study. The lack of phlorotannins cytotoxicity indicates that
the suppression of melanogenesis by phlorotannins can be attributed to the inhibition of
murine tyrosinase. These results suggest that phlorotannins has strong de-pigmenting activity
without discernible cytotoxicity in B16F10 melanoma cells. Phlorotannins are therefore a
promising candidate for the development of safe pharmacological or cosmetic agents that

have potent inhibitory effects against tyrosinase activity and melanin synthesis.
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Part II.
Molecular docking of phlorotannins
Isolated from brown algae and their
effects on a-glucosidase inhibitory

activity
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Part II.
Molecular docking of phlorotaninsisolated from brown algae and

their effects on a-glucosidase inhibitory activity

1. ABSTRACT

Diabetes mellitusis amost serious and chronic disease whose incidence rates are increasing
with incidences of obesity and aging of the general population over the world. In this study,
the strong potentid a-glucosidase inhibitory effect of active compound isolated from brown
agae, Ecklonia cava and Ishige foliacea were investigated. The active compounds were
isolated by silica column chromatography and HPL C methods. New a-glucosidase inhibitors
were identified as phloroglucinol, eckol, dieckol, and octaphlorethol A (OPA) by these MS
data, 'H and *C NMR analysis. We analyzed structure-activity relationship of phlorotannins
using the crystal structure of human maltose-glucoamylase (PDB ID: 3CTT) by Discovery
Studio 3.0. Among the phlorotannins, OPA and dieckol showed to inhibit a-glucosidase were
more effective than commercial inhibitor, acarbose. These results suggest that phlorotannins

has great potential to be further devel oped as a pharmaceutical and medicinal food.
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2. INTRODUCTION

Diabetes mellitus (DM) is a metabolic disorder characterized by a congenita (DM1) or
acquired (DM?2) inability to transport glucose from the bloodstream into the cells. Currently,
an estimated 150 million people in the worldwide have diabetes and that this increase to 300
million by 2025 [1]. Globally, DM2 accounts for greater than 90% of the cases that prompts
every effort in exploring for drug therapeutic agents to stem its progress [2]. Although
several drugs for DM2 diabetes exist today, they have drawbacks such as liver toxicity and
adverse gastrointestinal symptoms, thereby raising the symptoms and risk factors of heart
disease[3].

One of the therapeutic approaches adopted thus far to ameliorate postprandial
hyperglycemia involves the retardation of glucose absorption via the inhibition of
carbohydrate-hydrolyzing enzymes, such as, a-glucosidase and a-amylase, in the digestive
organs [4]. a-Glucosidase (EC 3.2.1.20, a-D-glucoside glucohydrolase) plays an important
role in the control of blood glucose levels in the body and is the key enzyme catalyzing the
final step in the digestive process of carbohydrates [5]. The powerful synthetic a-glucosidase
inhibitors, such as acarbose, miglitol, and voglibose are used widely in clinics to regulate
blood glucose levels of patients, although those agents may induce side effects such as

flatulence, abdominal cramps, and diarrhea [6,7]. Therefore, a number of studies have been
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conducted in the search for naturaly derived a-glucosidase inhibitors that induce no
deleterious side effects [8,9].

Marine algae are known to generate an abundance of bioactive compound with great
potential in the pharmaceuticals, food, and biomedical industries. Ecklonia cava and Ishige
foliacea, are a kind of edible brown agae (Phaeophyta) that has been used as food and
medicine in South Korea. In addition, brown algae have a variety of compounds including
carotenoid and phlorotannins which showed different biological activities [10,11]. In our
continuing investigation of the phlorotannins isolated from Ecklonia cava and Ishige foliacea,
active compound were chosen as the target compound for o -glucosidase inhibition activity.

In this study, we measured phlorotannins isolated from Ecklonia cava and Ishige foliacea,

in an effort to identify a molecule that can inhibit in a -glucosidase activity.
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3. MATERIAL AND METHODS

3.1. Materials
p-Nitrophenyl-a-D-glucopyranoside, dimethylsulfoxide, a-glucosidase, bovine serum
abumin and sodium azide were purchased from sigma Chemical Co. (St. Louis, MO, USA).

All chemicals and reagents used were of analytical and obtained from commercial sources.

3.2. Extraction and isolation of phlorotanninsfrom Ecklonia cava

The brown aga, E. cava was collected along the coast of Jgju Island, Korea, between
February and April 2009. The sample was washed three times with tap water to remove the
salt, epiphytes, and sand attached to the surface, then carefully rinsed with fresh water and
maintained in a medical refrigerator at -20°C. Thereafter, the frozen sample was lyophilized
and homogenized with a grinder prior to extraction. The powdered E. cava was extracted
with 80% aqueous EtOH, and was evaporated under vacuum. The EtOH extract was then
partitioned with EtOAc. The EtOAc extract was fractionated via silica column
chromatography with stepwise elution of a CHCls—MeOH mixture (100:1-1:1) to generate
separated active fractions. The combined active fraction was then further subjected to a

Sephadex LH-20 column (GE Healthcare, USA) saturated with 80% MeOH, and finaly
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purified via reversed-phase HPLC (ThermoFisher Scientific, USA) using a Waters HPLC
system equipped with a Waters 996 photodiode array detector and C18 column (J sphere
ODS-H80, 150 x 20 mm, 4 um; YMC Co.) by stepwise elution with methanol-water
gradient (UV range: 230 nm, flow rate: 0.8 ml/min). The purified compounds
(phloroglucinol, eckol, and dieckol) were confirmed by comparing their LC/MS, 'H NMR

datato the literature report [12].

Phloroglucinol : LC/MS data (M+, m/z: 126 Calcd. For CgHgOs). 'H NMR (400 MHz,

DMSO-d6) § 8.97 (3H, s, OH-1, 3, 5), 5.66 (3H, S, H-2, 4, 5).

Eckol : LC/MS data (M+, m/z: 372.0 Calcd. For CigH1,05). *H NMR (400 MHz, DM SO-d6)
8 9.54 (2H, s, OH-2, 7), 9.45 (1H, s, OH-4), 9.21 (2h, s, OH-2, 7) 9.16 (2H, s, OH-3', 5'),
6.14 (1H, s, H-3), 5.96 (1H, d, J= 2.8 Hz, H-6), 5.72 (2H, J= 1.7 Hz, H-4'), 5.78 (1H, d, J =

2.8 Hz, H-6),5.72 (2H, J= 1.7 Hz, H-2-, 6').

Dieckol : LC/MS data (M+, m/z: 742.0 Calcd. For CagH,015). *H NMR (400 MHz, DM SO-
d6) & 9.71(1H, s, OH-9), 9.61 (1H, s, OH-9'"), 9.51 (1H, s, OH-4’"), 9.46 (1H, s, OH-4), 9.36
(2H, s, OH-3", 5""), 9.28 (1H, s, OH-2"), 9.23 (1H, s, OH-2), 9.22 (1H, s, OH-7""), 9.15
(2H, s, OH-3, 5) 6.17 (1H, s, H-3"), 6.14 (1H, s, H-3), 6.02 (1H, d, J= 2.7 Hz, H-8), 5.98

(AH,d, J=2.7Hz, H-8"),595(1H, s, H-2""", 6"""), 5.82 (1H, d, J = 2.7 Hz, H-6), 5.81 (1H,
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d, J=2.7Hz, H-6"), 5.80 (1H, t, J= 2.0 Hz, H-4"), 5.78 (2H, d, J= 2.0 Hz, H-2', 6').

The purity of phlorotannins (Fig. 2-1, A) were >95%, based on the peak area of all

components absorbed at each specific wavelength in HPLC analysis.

3.3. Extraction and isolation of phlorotanninsfrom Ishige foliacea

The brown aga, I. foliacea was collected along the coast of Jgu Island, Korea, between
March and June 2010. The powdered, I. foliacea was extracted with 80% agueous EtOH, and
was evaporated under vacuum. The EtOH extract was then partitioned with hexane,
chloroform (CHCI5), ethyl acetate (EtOAc) and water. Since the EtOAc fraction contained
the major compound than those of other fractions, the major compound was extracted from
EtOAc fraction using a silica column chromatography and finally purified via reversed-phase
HPLC (ThermoFisher Scientific, USA) using a Waters HPLC system equipped with a
Waters 996 photodiode array detector and C18 column (J sphere ODS-H80, 150 x 20 mm, 4
um; YMC Co.) by stepwise elution with methanol-water gradient (UV wavelength: 230 nm,
flow rate: 0.8 ml/min).

Octaphlorethol A: It was isolated as light yellowish powder. *H NMR (DMSO-ds, 400
MHz) 8y 557 (d, J =2.8 Hz , H-4), 5.58 (d, J =2.8 Hz , H-6), 5.59 (d, J =2.8 Hz , H-9),

559 (d, J =2.8 Hz, H-11), 5.68 (d, J =1.8 Hz, H-15), 5.68 (d, J =1.8 Hz, H-17), 5.71 (d, J
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=1.8 Hz, H-21), 5.72 (d, J =1.8 Hz, H-23), 5.85 (d, J =1.6 Hz, H-26), 5.84 (d, J =1.8 Hz, H-
30), 5.94 (d, J =1.8 Hz, H-32), 5.94 (d, J =1.8 Hz, H-36) , 6.15 (d, J =1.8 Hz, H-38) , 6.15
(d, J=1.8 Hz, H-42) , 6.16 (d, J =1.6 Hz, H-44) , 6.01 (d, J =1.6 Hz, H-46) , 6.16 (d, J =1.6
Hz, H-48) , 9.02 (s, OH-1,3) , 9.04 (s, OH-5, 27, 29, 33,35) , 8.98 (s, OH-8,12) , 8.93 (s,
OH-14, 18) , 8.92 (s, OH-20,24) , 9.06 (s, OH-39,41) , 9.07 (s, OH-45, 47) ; *C NMR
(DM SO-dg, 100 MHz) . 153.0 (s, C-1), 122.0 (s, C-2), 153.0 (s, C-3), 94.9 (d, C-4), 156.1 (s,
C-5), 94.9 (d, C-6), 122.0 (s, C-7), 152.9 (s, C-8), 122.0 (s, C-9), 151.1 (s, C-10), 94.7 (d, C-
11), 152.9 (s, C-12), 122.0 (s, C-13), 151.1 (s, C-14), 94.7 (d, C-15), 154.5 (s, C-16), 94.7 (d,
C-17), 151.1 (s, C-18), 123.4 (s, C-19), 151.1 (s, C-20), 94.7 (d, C-21), 154.1 (s, C-22), 94.7
(d, C-23), 151.1 (s, C-24), 154.1 (s, C-25), 94.7 (d, C-26), 151.1 (s, C-27), 123.4 (s, C-28),
151.1 (s, C-29), 94.7 (d, C-30), 154.0(s, C-31), 94.1 (d, C-32), 150.8 (s, C-33), 123.5 (s, C-
34), 150.8 (s, C-35), 94.2 (d, C-36), 156.2 (s, C-37), 94.1 (d, C-38), 152.7 (s, C-39), 123.5 (s,
C-40), 152.7 (s, C-41), 94.1 (d, C-42), 161.0 (s, C-43), 94.7 (d, C-44), 158.6 (s, C-45), 94.0
(d, C-46), 161.0 (s, C-47), 94.7 (d, C-47). ESI-MS showed the molecular formular as
CugH24055 at m/z 992.19 [M-2H]?.

The structure of octaphlorethol A (OPA) (Fig. 2-1, B) was determined by LC/MS data and
'H and **C NMR analysis (Part 1.). The purity of OPA was >95%, based on the peak area of

al components absorbed at each specific wavelength in HPLC analysis.

_65_

@ jeju



Dieckol

Octaphlorethol A

Eckol

Phloroglucinol

Fig. 2-1. Chemical structure of phlorotanninsisolated from Ecklonia cava and Ishige f

oliacea. (A): Phloroglucinol, Eckal, and Dieckol; (B): Octaphlorethol A.
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3.4. Inhibitory effect of phlorotannins on a —glucosidase

The a-glucosidase inhibitory assay was done by the chromogenic method described by
Watanabe et d., [13] using a readily available yeast enzyme. Briefly, yeast a-glucosidase
(0.7 U, sigma) was dissolved in 100 mM phosphate buffer (pH 7.0) containing 2 g/l bovine
serum albumin and 0.2 g/l NaN3; and used as an enzyme solution. 5 nM p-Nitrophenyl-a-D-
glucopyranoside in the same buffer (pH 7.0) was used as a substrate solution. The 50 pl of
enzyme solution and 10 pl of sample dissolved in dimethylsulfoxide were mixed in a micro
plate and measured absorbance at 405 nm at zero time. After incubation for 5 min, substrate
solution (50 ul) was added and incubated for another 5 min at room temperature. The
increase in the absorbance from zero time was measured. Percent inhibitory activity was
expressed as 100 minus relative absorbance difference (%) of test compounds to absorbance

change of the control where test solution was replaced by carrier solvent.

3.5. In silico docking of a-glucosidase and new inhibitor candidate

Molecular docking is an application wherein molecular modeling techniques are used to
predict how a protein (enzyme) interacts with small molecules (ligands) [14,15] The ability
of a protein to interact with small molecules plays a mgjor role in the dynamics of that

protein, which may enhance or inhibit its biological function. In the present study, we
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performed docking of phlorotannins into the active site of the a-glucosidase. The crysta

structure of a-glucosidase (PDB: 3CTT) was obtained from the Protein Data Bank (PDB,

http://www.pdb.org) (Fig. 2-2). We performed the docking studies using CDOCKER in

Accelrys Discovery Studio 3.0 (Accelrys, Inc) (Fig. 2-3). We describe the ligand structure of
the a-glucosidase inhibitor candidate in Fig. 3-1. To prepare for the docking procedure, we
performed the following steps. (1) conversion of the 2D structure into 3D structure; (2)
calculation of charges; and (3) addition of hydrogen atoms using the CDOCKER docking

program.
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PROTEIN DATA BANK

Crystal complex of N-terminal Human Maltase-Glucoamylase with 3CTT
Casuarine

Primary Citation

Total syntheses of casuarine and its 6-0-alpha-glucoside: complementary i
hydrolases of the GH21 and GH37 families.

Cardona, F.~, Parmeggiani, C..~, Faggi, E.”, Bonaccini, C.~, Gratteri, P.)
T.M. , Roberts, S.~, Davies, G.J./, Rose, D.R.~, Goti, A.~,

Journal: (2009) Chemistry 15: 1627-1636

PubMed: 19123216 &
DOI: 10.1002/chem.200801575 &
Search Related Articles in PubMed [

PubMed Abstract:

Total synthesis of naturally occurring casuarine (1) and the first total synthesi
(2) were achieved through complete stereoselective nitrone cycloaddition, Tarl
selective alpha-glucosylation as key steps. Biological assays of the two compe
[ Read More & Search PubMed Abstracts ]

Fig. 2-2. a-Glucosidase was obtained from Protein Data Bank (PDB ID: 3CTT).
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Active Site

Fig. 2-3. Crystal structure of a-glucosidase was obtained from Protein Data Bank (PDB

ID: 3CTT).
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4. RESULTS

4.1. Inhibitory activities of phlorotannins against a-glucosidase

The inhibitory effect of phlorotannins against o-glucosidase was determined using p-
Nitrophenyl-a-D-glucopyranoside (pNPG) as a substrate. As shown in Fig. 2-4,
phlorotannins inhibited a-glucosidase activity in a dose-dependent manner (phiroglucinol:
500 to 1,000 uM; eckal: 250 to 750 uM; Dieckol: 125 to 750 uM; octaphlorethol A: 62.5 to
250 uM). Moreover, the OPA and DK evidenced more effective than that of commercia
inhibitor, acarbose even at low concentration (750 uM). 1Cs, values of OPA and DK against
a-glucosidase were 110.9 uM and 240 uM, respectively, which was evidenced stronger

inhibitory effect than that of acarbose (Table 2-1).
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. 2-4. Inhibitory effect of phlorotannins isolated from brown algae against a-
glucosidase. Inhibitory effects were determined using pNPG and pNPM as

substrates, respectively, and acar bose was employed as a positive control.
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Table 2-1 a-Glucosidase inhibitory activities (I Csp) of phlorotannins and acarbose.

Compounds |C, value
Acarbose 290 uM + 0.31
Phloroglucinol >1mM
Eckol 540 uM £ 0.29
Dieckol 240 pM % 0.22
Octaphlorethol A 110 uM £ 0.26

* | Cso value was defined as the concentration of inhibitor required to inhibit 50% of the

a-glucosidase inhibitory activity. Values are + SD of three deter minations.
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4.2. In silico docking of a-glucosidase
Docking studies were performed to gain insight into the most probable binding
conformation of phlorotannins and to compare with the other known commercial inhibitor,
acarbose. a-Glucosidase inhibitors, phlorotannins and acarbose were used for the docking
experiments and then for the comparison. The docking of the a-glucosidase-ligand
complexes were well performed with acarbose and phlorotannins stably posed in the pocket
of the a-glucosidase by DS 3.0 (Fig. 2-5, 6). As for phlorotannins and acarbose, the binding
sites predicted by 2D program of DS 3.0 (Fig. 2-7) were formed by residues:
Acarbose: Asn207 (hydrogen bond), Thr205 (hydrogen bond), Asp203 (hydrogen bond),
Asp542 (hydrogen bond), Arg526 (hydrogen bond), and Asp443 (hydrogen bond).
Phloroglucinol: Arg526 (hydrogen bond), Asp542 (hydrogen bond), and Asp203 (hydrogen
bond).
Eckol: Tyr605 (hydrogen bond), Asp203 (hydrogen bond), Arg526 (hydrogen bond), and
Thr205 (hydrogen bond).
Dieckol: Asp443 (hydrogen bond), Arg526 (hydrogen bond), Asn209 (hydrogen bond), and
Asn207 (hydrogen bond).
Octaphlorethol A: Lys480 (pi interaction bond), Phed450 (pi interaction bond), Phe575 (pi

interaction bond), Arg202 (hydrogen bond), Asp203 (hydrogen bond), Ser448 (hydrogen
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bond), Tyr605 (hydrogen bond), Asp542 (hydrogen bond), Arg526 (hydrogen bond),
Met444 (hydrogen bond), and His600 (hydrogen bond).

The CDOCKER interaction and binding energy (kacl/mol) evaluated from Discovery
Studio 3.0 for phlorotannins and acarbose are CDOCERer interaction energy: Acarbose:
61.20 kcal/mol, phloroglucinol: 18.22 kcal/mol, eckol: 39.26 kcal/mol, dieckol: 54.25
kcal/mol, and octaphlorethol A: 80.97 kcal/mol, and binding energy: Acarbose: -137.29
kcal/mol, phloroglucinol: -64.3 kcal/mol, eckol: -85.4 kcal/mol, dieckol: -129.0 kcal/moal,
and octaphlorethol A: -140.98 kcal/mol, respectively (Table 2-2.). OPA showed a higher
CDOCKER interaction and binding energy, very likely due to the high number of hydroxyl
groups as well as hydrophilic interactions. As OPA resembles the substrate may bind
selectively with the active site residues. The binding mode analysis of the OPA with the

active site residues provided important information of catalytic site.
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Fig. 2-5. Computational prediction of the structure for a-glucosidase and docking
simulation with Acarbose and phlorotannins. Predicted 3D structure of a-
glucosidase 3CTT. Surface mode (a-glucosidase-ligand complex): A:

Acarbose, B: phloroglucinal, C: eckol, D: dieckal, E: octaphlorethol A.
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Fig. 2-6. Computational prediction of the structure for a-glucosidase and docking
simulation with Acarbose and phlorotannins. Predicted 3D structure of a-
glucosidase 3CTT. Ribbon model (a-glucosidase-ligand complex): A: Acarbose,

B: phloroglucinal, C: eckol, D: dieckal, E: octaphlorethol A.
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Fig. 2-7. Computational prediction of the structure for a-glucosidase and docking
simulation with Acarbose and phlorotannins. Predicted 3D structure of a-
glucosidase 3CTT. 2D program (e-glucosidase-ligand complex): A: Acarbose,

B: phloroglucinal, C: eckol, D: dieckal, E: octaphlorethol A.
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Table 2-2 Results of docking experiments of acarbose and phlorotannins with the a-

glucosidase (PDB ID : 3CTT).

Ligand Binding Energy = CDOCKER Interaction
(kcal/mal) Energy (kcal/mol)
Acarbose -137.29 61.20
Phloroglucinol -64.3 18.22
Eckol -85.4 39.26
Dieckol -129.0 54.25
Octaphlorethol A -140.98 80.97
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5. DISCUSSION

Postprandial hyperglycemiais a primary risk factor in the development of Type 2 diabetes.
a-Glucosidase inhibitors that reduce postprandial hyperglycemia has a key role in the
treatment of Type 2 pre-diabetic states and also have the potential to reduce the progression
of diabetes [16]. Severa o-glucosidase inhibitors, including acarbose, vogilbose, a miglitol,
are currently being used [17]. The inhibition of their activity in the human digestive tract is
regarded as an effective method for the control of diabetes by diminishing the absorption of
glucose decomposed from starch by these enzymes. However, a-glucosidase inhibitors
exhibit side effects such as abdominal discomfort, bloating, flatulence, and diarrhea. Thus,
several natural resources have been investigated with respect for suppression of glucose
production from carbohydrate in the gut or glucose absorption from the intestine [8].
Therefore, effective and nontoxic inhibitors of a-gucosidase have long been sought.

In this study, the active compounds, phloroglucinol, eckol, dieckol, and octaphlorethol A
(OPA) were isolated from Ecklonia cava and Ishige foliacea and evaluated the inhibitory
effects of phlortannin against a-glucosidase to elucidate the possible use of phlorotannins as
an anti-hyperglycemic agent. Among the phlorotannins, dieckol and octaphlorethol A

exhibited stronger inhibitory activity against a-gucosidase than that of the commercia
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carbohydrate digestive enzyme inhibitor, acarbose.

Since various phenolic compounds have been generally accepted as anti-oxidant agents, it
has been shown that the activity of a-glucosidase is effectively inhibited by flavonoids, such
as naringenin, kaempferol, Iuteolin, apigenin and epigallocatechin gallate [18], indicating
that polyphenolic compounds are able to inhibit the activities of carbohydrate digestive
enzymes, due to their ability to bind with proteins [19]. Moreover, the results of severa
studies have been demonstrated that the hydroxyl groups in polyphenolic compounds may,
therefore, have an important role in promoting inhibitory activity [20].

To understand the mechanism underlying the interaction between a-glucosidase and
phlorotannins, and to explore their binding mode, a docking study was performed using the
CDOCKER function available in Discoevery studio 3.0. These docking studies yielded
crucial information concerning the operation of the inhibitors in the binding pocket of a-
glucosidase. Ligand-enzyme interaction analysis shows that Asp542, Arg526, Aspd43,
Asp327, and His600 are the most important residue present at the active site and are the main
contributors to the receptor-ligand interaction. It has been observed that, for better o-
glucosidase inhibitory activity, three amino acid residues mentioned above are in close
vicinity to the molecule.

In conclusion, the a-glucosidase inhibitory compound isolated from brown algae has been

_81_

@ jeju



identified as dieckol and octaphlorethol A. Thisis the first report of a-glucosidase inhibitory
new compound, OPA isolated from 1. foliacea. Phlorotannins has prominent inhibitory effect
against this enzyme that may provide a way to regulate the carbon source, such as starch, in
the fermentation process. Phlorotannins aer promising candidates for the development of
safe pharmacological or functional food for diabetes, and also can be applied in other

therapeutic fields.
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Part

Molecular docking of phlorotannins
Isolatd from brown algae and their
effects on angiotensin-lI converting
enzyme (ACE) inhibitory activities
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Part III.

Molecular docking of phlorotanninsisolated from brown algae and

their effects on angiotensin-I converting enzyme inhibitory activities

1. ABSTRACT

Inhibition of angiotensin | converting enzyme (ACE) activity is the most common
mechanism underlying the lowering of blood pressure. In this study, the strong potential
angiotensin | converting enzyme (ACE) inhibitory effect of active compounds isolated from
brown agae, Ecklonia cava and Ishige foliacea were investigated. The active compounds
were isolated by silica column chromatography and HPLC methods. New ACE inhibitors
were identified as phloroglucinol, eckol, dieckol, and octaphlorethol A (OPA) by these MS
data, 'H and *C NMR analysis. We analyzed structure-activity relationship of phlorotannins
using the crystal structure of human maltose-glucoamylase (PDB ID: 1086) by Discovery
Studio 3.0. These results suggest that phlorotannins has great potentia to be further

devel oped as a pharmaceutical and medicinal food.
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2. INTRODUCTION

Hypertension is one of the mgjor risk factors for the devel opment of cardiovascular diseases,
including stroke, and may also play a role in the development of vascular cognitive
impairment and vascular dementia [1,2]. Angiotensin | converting enzyme (EC 3.4.15.1;
ACE), which plays an important role in the rennin-angiotensin system, is a carboxyl-terminal
dipeptidyl exopeptidase that catalyzes the conversion of angiotensin | to angiotensin 11 [3-6].
Specially, ACE converts an inactive form of angiotensin |, a decapeptide, to the potent
vasoconstrictor angiotensin |1, an octapeptide, to the potent. In addition, since ACE is a
multifunctional enzyme, it also catalyzes the degradation of bradykinin, which is a known
vasodilator [4,7]. Therefore, inhibition of ACE activity leads to a decrease in the
concentration of angiotensin |l and increase the level of bradykinin, resulting in reduced
blood pressure [8]. ACE inhibitor has been used extensively in therapeutic strategies for the
prevention and treatment of hypertension, and the literature regarding ACE inhibitory
compounds is aso rather extensive. Since the discovery of an ACE inhibitor in snake venom,
several synthetic ACE inhibitors have been developmed, including alacepril, captopril,
benazepril, fosinopril, ramipril, and zofenopril, all of which are currently extensively used in
the treatment of essentia hypertension and heart failure in humans. However, these synthetic

ACE inhibitors are belived to exert certain side effects, including cough, taste disturbances,
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and skin rashes. Therefore, the development of ACE inhibitors from natural products has
become a major area of research.

Marine organisms are a rich source of structurally novel and biologically active metabolites.
Secondary or primary metabolites produced by these organisms may potentially be bioactive
compounds of interest in the food and medicina industries. The worldwide demand is
growing for seaweeds as useful resource for food ingredients and processed foods. Therefore,
algae are a very interesting natural source of new compounds with biological activities that
could be used as functional ingredients. Ecklonia cava and Ishige foliacea, are a kind of
edible brown algae (Phaeophyta) that has been used as food and medicine in South Korea. In
addition, brown algae have a variety of compounds including carotenoid and phlorotannins
which showed different biological activities. In our continuing investigation of the
phlorotannins isolated from Ecklonia cava and Ishige foliacea, active compound were
chosen as the target compound for angiotensin | converting enzyme inhibition activity.

In this study, we measured phlorotannins isolated from Ecklonia cava and Ishige foliacea,

in an effort to identify a molecule that can inhibit in angiotensin | converting enzyme activity.
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3. MATERIAL AND METHODS

3.1. Materials
Angiotesin | converting enzyme (from rabbit lung) (ACE) and N-Hippuryl-His-Leu
tetrahydrate (HHL) were purchased from Sigma Chemical Co. (S. Louis, Mo, USA). All

chemicals and reagents used were of analytical and obtained from commercial sources.

3.2. Extraction and isolation of phlorotanninsfrom brown algae
Phlorotannins, phloroglucinol, eckol, dieckol, and octaphlorethol A isolated as previoudy
described (Part I, 11, and I11). Brieflym the dried algae were extracted three times with 80%
EtOH and filtered. The filterates were then evaporated at 40 C to obtain the EtOH extract,
which were suspended on digtilled water, and partitioned with ethyl acetate. The ethyl
acetate fraction was subjected to silica gel and sephadex LH-20 coumn chromatography.
The phlorotannins were finally purified by HPLC, and the structure of phlrotannin was

identified by comparing the NMR spectral data with those in existing literature.

Phloroglucinol : LC/MS data (M+, m/z: 126 Calcd. For CgHeOs). 'H NMR (400 MHz,

DMSO-d6) § 8.97 (3H, s, OH-1, 3, 5), 5.66 (3H, S, H-2, 4, 5).
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Eckol : LC/MS data (M+, m/z: 372.0 Calcd. For CigH1,0y). 'H NMR (400 MHz, DM SO-d6)
8 9.54 (2H, s, OH-2, 7), 9.45 (1H, s, OH-4), 9.21 (2h, s, OH-2, 7) 9.16 (2H, s, OH-3', 5"),
6.14 (1H, s, H-3), 5.96 (1H, d, J= 2.8 Hz, H-6), 5.72 (2H, J= 1.7 Hz, H-4"), 5.78 (1H, d, J =

2.8 Hz, H-6), 5.72 (2H, J= 1.7 Hz, H-2-, 6').

Dieckol : LC/MS data (M+, m/z: 742.0 Calcd. For CagH,015). *H NMR (400 MHz, DM SO-
d6) § 9.71(1H, s, OH-9), 9.61 (1H, s, OH-9'"), 9.51 (1H, s, OH-4’"), 9.46 (1H, s, OH-4), 9.36
(2H, s, OH-3", 5""), 9.28 (1H, s, OH-2"), 9.23 (1H, s, OH-2), 9.22 (1H, s, OH-7""), 9.15
(2H, s, OH-3, 5') 6.17 (1H, s, H-3"), 6.14 (1H, s, H-3), 6.02 (1H, d, J= 2.7 Hz, H-8), 5.98
(1H, d, J= 2.7 Hz, H-8"), 5.95 (1H, s, H-2""", 6""), 5.82 (1H, d, J = 2.7 Hz, H-6), 5.81 (1H,

d,J=2.7Hz H-6""),5.80 (1H,t,J=2.0Hz H-4'), 5.78 (2H, d, J= 2.0 Hz, H-2', €').

Octaphlorethol A: LC/MS data (M+, m/z: 944.0 Calcd. For CagHauOss). *H NMR (DM SO-
de, 400 MHZ) 8y 5.57 (d, J =2.8 Hz , H-4), 5.58 (d, J =2.8 Hz , H-6), 5.59 (d, J =2.8 Hz ,
H-9), 5.59 (d, J =2.8 Hz, H-11), 5.68 (d, J =1.8 Hz, H-15), 5.68 (d, J =1.8 Hz, H-17), 5.71 (d,
J =1.8 Hz, H-21), 5.72 (d, J =1.8 Hz, H-23), 5.85 (d, J =1.6 Hz, H-26), 5.84 (d, J =1.8 Hz,
H-30), 5.94 (d, J =1.8 Hz, H-32), 5.94 (d, J =1.8 Hz, H-36) , 6.15 (d, J =1.8 Hz, H-38)
6.15 (d, J =1.8 Hz, H-42) , 6.16 (d, J =1.6 Hz, H-44) , 6.01 (d, J =1.6 Hz, H-46) , 6.16 (d, J
=1.6 Hz, H-48) , 9.02 (s, OH-1,3) , 9.04 (s, OH-5, 27, 29, 33,35) , 8.98 (s, OH-8,12) , 8.93

(s, OH-14, 18) , 8.92 (s, OH-20,24) , 9.06 (s, OH-39,41) , 9.07 (s, OH-45, 47).
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The purity of phlorotannins (Fig. 4-1) were >95%, based on the peak area of dl

components absorbed at each specific wavelength in HPLC analysis.
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Dieckol

Eckol

Phloroglucinol

Fig. 3-1. Chemical structure of phlorotanninsisolated from brown algae
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3.4. Inhibitory effect of phlorotannins on angiotensin | converting enzyme (ACE)

ACE inhibitory activity was determined according to the methods of Cushman and
Cheung with dight modifications. For each assay, 50 ul of sample solution with 50 ul of
ACE solution (25mU/ml) were pre-incubated at 37°C for 10 min, after which the mixture
was subsequently incubated with 100 pl of substrate (25 mM N-Hippuryl-His-Leu
tetrahydrate in 50 mM sodium borate buffer containing 500 mM NaCl at pH 8.3) at the same
temperature for 60 min. The reaction was terminated by adding 250 ul of 1M HCI. After that,
the resulting hippuric acid was extracted with 500 ul of ethyl acetate. After centrifugation at
4,000 rpm for 10 min, 200 ul of the supernatant was transferred into a glass tube and dried in
adry oven at 80°C for 1h. The residue was dissolved in 1 ml of distilled water, and the
absorbance was measured at 228 nm using an UV-spectrophotometer (Biochrom Ltd.,
Cambridge, CB4, OFJ, England). The extent of inhibition was cal culated as follows.

% inhibition = [(Ac-As)/(Ac-Ab)] X 100
Ac - Absorbance of control solution
As— Absorbance of sample solution
Ab —Absorbance of blank solution
The I1Cs, value was defined as the concentration of inhibitor required to inhibit 50% of ACE

inhibitory activity.
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3.5. In silico docking of ACE and new inhibitor candidate

Molecular docking is an application wherein molecular modeling techniques are used to

predict how a protein (enzyme) interacts with small molecules (ligands). The ability of a

protein to interact with small molecules plays a major role in the dynamics of that protein,

which may enhance or inhibit its biological function. In the present study, we performed

docking of phlorotannins into the active site of the angiotensin | converting enzyme (ACE).

The crystal structure of angiotensin | converting enzyme (ACE) (PDB: 1086) was obtained

from the Protein Data Bank (PDB, http://www.pdb.org) (Fig. 3-2). We performed the

docking studies using CDOCKER in Accelrys Discovery Studio 3.0 (Accelrys, Inc) (Fig. 3-
3). We describe the ligand structure of the angiotensin | converting enzyme inhibitor
candidate in Fig. 3-1. To prepare for the docking procedure, we performed the following
steps: (1) conversion of the 2D structure into 3D structure; (2) calculation of charges; and (3)

addition of hydrogen atoms using the CDOCK ER docking program.
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CRYSTAL STRUCTURE OF HUMAN ANGIOTENSIN CONVERTING ENzYME . 1 086
IN COMPLEX WITH LISINOPRIL.

Primary Citation

Crystal structure of the human angiotensin-converting enzyme-lisinopril complex.
Natesh, R.~, Schwager, S.L.U.~, Sturrock, E.D.~, Acharya, K.R.,

Journal: (2003) Nature 421: 551

pubMed: 12540854 {7
DOI: 10.1038/natureD1370 7
Search Related Articles in PubMed

PubMed Abstract:

Angiotensin-converting enzyme (ACE) has a critical role in cardiovascular function by cleavini
terminal His-Leu dipeptide from angiotensin I to produce a potent vasopressor octapeptide,
Inhibitors of ACE are a first line of therapy for hypertension, heart... [ Read More & Search

Fig. 3-2. Angiotensin-I converting enzyme (ACE) was obtained from Protein Data Bank

(PDB 1D: 1086).

_93_

Collection @ jeju



Fig. 3-3. Crystal structure of angiotensin-I converting enzyme (ACE) was obtained

from Protein Data Bank (PDB ID: 1086).
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4. RESULTS

4.1. Inhibitory activity of phlorotannins against angiotensin | convertin enzyme (ACE)
The inhibitory effect of phlorotannins against angiotensin | converting enzyme (ACE)
activity was examined using N-Hippuryl-His-Leu tetrahydrate (HHL) as a substrate. As
shown in Fig. 3-4, among the phlorotannins, eckol, dieckol, and octaphlorethol A inhibited
ACE activity in a dose-dependent manner (eckol: 0.65 to 2.6 mM; dieckol: 150 to 600 uM;
octaphlorethol A: 125 to 375 uM). Especialy, octaphlorethol A (OPA, ICs: 220 uM)
exhibited strong inhibition against ACE when compared with phlorotannins, phloroglucinol

(PG, 1Csp: >5 mM), eckal (EK, 1Csy: 1.3 mM), and dikol (DK, I1Csy: 315 uM) (Table 3-1.).

_95_

@ jeju



100

| ‘ | |‘
oIII'I I '

125mM 25mM  5mM  065mM 13mM 26mM 150puM 300pM 600 pM 125pM 250 pM 375 puM

(S

Inhibitory effect of ACE (%)
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Fig. 3-4. Inhibitory effect of phlorotanninsisolated from brown algae on angiotensin |

converting enzyme. Inhibitory effects were determined using N-Hippuryl-His-
Leu tetrahydrate (HHL) as a substrate. Values are expressed as means + SE.

in triplicate experiments.
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Table 3-1 ACE inhibitory activities (1Cs) of phlorotannins.

Phlorotannin |C, value
Phloroglucinol >5mM
Eckol 1.3mM * 0.32
Dieckol 315uM + 0.21
Octaphlorethol A 220 pM * 0.25

* | Cso value was defined as the concentration of inhibitor required to inhibit 50% of the

ACE inhibitory activity. Valuesare £ SD of three determinations.
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4.2. In silico docking of angiotensin | converting enzyme (ACE)

In this work, we attempt to elucidate how phlorotannins exert theit antihupertensive effects.
This was accomplished by automated molecular docking of the phlorotannins at the ACE
catalytic site in the presence of amio acid residues, and by analyzing the position, type and
energy of the interactions. The three-dimentional structure of native-human ACE was
imported from the Protein Data Bank (PDB: 1086). The structures of ligands (phlrotannin)
were generated with Accelrys Discovery Studio 3.0 software and energy minimized with the
CHARMmM program using steepst descent and conjugate gradient techniques. Before the
docking procedure, water mol ecules were removed from the protein-crystal structure.

Automated molecular docking studies of the phlorotannins at the ACE-binding site were
performed with the CDOCKER tool of DS3.0 software, in the presence of amino acid
residures. The software Accelrys Discovery Studio 3.0 was used to identify the hydrogen
bonds, and the hydrophilic, hydrophobic and electrostatic interactions between residues at
the ACE active site and the phlorotannnin poses. Based on ACE's three-dimentional
structure, the possible ACE active sites were obtained via a binding site procedure.
According to ACEs catalytic mechanism and relevant experimental reports, ACE's active
site was identified. The site contains 12 amino acid residues. Tyr520, His513, Tyr523,

Lysb11, GIn281, Glu4ll, His353, Glul62, Ala354, His383, Glu384, and His387. The
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docking study of the phlorotannins at the ACE catalytic site in the presence of the amio acid
residues showed a best pose with abinding energy value in Table 3-2.

ACE inhibitors, phlorotannins were used for the docking experiments and then for the
comparison. The docking of the ACE-ligand complexes was well performed with
phlorotannins stably posed in the pocket of the ACE by DS 3.0 (Fig. 3-5). As for
phlorotannins, the binding sites predicted by 2D program of DS 3.0 (Fig. 3-6) were formed
by residues:

Phloroglucinol: His513 (hydrogen bond), Tyr523 (hydrogen bond), and Glu384 (hydrogen

bond).

Eckol: His513 (hydrogen bond), Glu384 (hydrogen bond), Ala354 (hydrogen bond),
Asp377 (hydrogen bond), and GIn281 (hydrogen bond).

Dieckol: Lys511 (pi interaction bond), Glu376 (hydrogen bond), Glul62 (hydrogen bond),
Asp377 (hydrogen bond), His513 (hydrogen bond), Glu41l (hydrogen bond), Asp358
(hydrogen bond), Tyr360 (hydrogen bond), and Glu384 (hydrogen bond).

Octaphlorethol A: His387 (pi interaction bond), Agr522 (pi interaction bond), His383 (pi
interaction bond), Lys511 (pi interaction bond), Tyr523 (pi interaction bond), Glu376
(hydrogen bond), Glu162 (hydrogen bond), Cys370 (hydrogen bond), Asp377 (hydrogen

bond), Tyr520 (hydrogen bond), Glu411 (hydrogen bond), Glu403 (hydrogen bond), and
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Arg522 (hydrogen bond).

The CDOCKER interaction and binding energy (kacl/mol) evaluated from Discovery
Studio 3.0 for phlorotannins are CDOCERer interaction energy: phloroglucinol: 28.02
kcal/mol, eckol: 51.84 kcal/mol, dieckol: 94.08 kcal/mol, and octaphlorethol A: 124.55
kcal/mol, and binding energy: phloroglucinol: -106.17 kcal/mol, eckol: -110.48 kcal/moal,
dieckol: -206.75 kcal/mol, and octaphlorethol A: -362.16 kcal/mol, respectively (Table 3-2.).
OPA showed a higher CDOCKER interaction and binding energy, very likely due to the high
number of hydroxyl groups as well as hydrophilic interactions. As OPA resembles the
substrate may bind selectively with the active site residues. The binding mode analysis of the

OPA with the active site residues provided important information of catalytic site.
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Fig. 3-5. Computational prediction of the structure for ACE and docking simulation
with phlorotannins. Predicted 3D structure of ACE 1086. Ribbon model
(ACE-ligand complex): A: phloroglucinol, B: eckol, C: dieckol, D:

octaphlorethal A.
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Fig. 3-6. Computational prediction of the structure for ACE and docking simulation
with phlorotannins. Predicted 3D structure of ACE 1086. 2D program (ACE-

ligand complex): A: phloroglucinol, B: eckol, C: dieckol, D: octaphlorethol A.
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Table 3-2 Results of docking experiments of phlorotannins with the angiotensin |

converting enzyme (PDB ID : 1086).

Ligand Binding Energy CDOCK Interaction
(kcal/mal) Energy (kcal/mal)
Phloroglucinol -106.17 28.02
Eckol -110.48 51.84
Dieckol -206.75 94.08
Octaphlorethol A -362.16 124.55
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5. DISCUSSION

Polyphenols are secondary metabolites very widely distributed in plants [9]. It is well
known that solvents with different polarities can extract different classes of compounds [10].
Extractable polyphenols can be extracted from plants by using solvents such as water,
methanol ethanol, acetone, ether, or their mixtures. Naturally occurring polyphenols are
known to have numerous biological activities [11]. Further, various extractants can be used
to release soluble pholyphenols from plant materials. According to previous experiments, it
was also reported that water extract of E. cava has considerable ACE inhibitory activity
(around 36%) at a concentration of 1 mg/ml [12]. Based on the results of the current study,
we found that ethanol extract of E. cava enhanced ACE inhibition and was superior
compared to water extract. It could have been that ethanol increased the TPC by inhibiting
interactions between tannins and proteins during extraction [13] or even by breaking
hydrogen bonds between tannin-protein complexes [14]. It is well established that brown
algae contain polyphenolic compounds. Polyphenols have become the focus of intense
research due to their perceived beneficid effects on hedth [15,16]. Phlorotannins are
systematically grouped according to the bond type between the phloroglucinol units
(diphenyl ethers or biphenyls) as well as the presence of additional hydroxyl groups [17].

They are secondary metabolites with a wide range of molecular sizes and an astringent taste,
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and they are able to bind to metal ions and precipitate proteins [18]. Based on the increasing
evidence of the importance of phlorotannins, this is the first study to demonstrate ACE
inhibitory activity of phlorotannins of brown algae. Marine algae produce a great variety of
secondary metabolites possessing different skeletal types and biological activities [19,20].
Accordingly, brown algae contains a variety of compounds, including carotenoids, fucoidans,
and phloratannins, showing different biological activities [21,16]. Furthermore, Ahn et al.
[22] reported that phenolic secondary metabolites from brown algae have many biological
activities. ACE is a carboxyl-terminal dipeptidyl exopeptidase that catalyzes the conversion
of angiotensin | to angiotensin Il in the rennin angiotensin system [23]. Since all enzymes
are proteins, inhibition of ACE may be closely associated with the protein-binding abilities
of phlorotannins, which are characteristic of all tannins. Furthermore, it has been well
described that tannins have the ability to form strong complexes with proteins, either
reversibly by hydrogen bonding through peptide or amide linkages or irreversibly by
covalent condensations [24]. Therefore, we can suggest that the inhibition was due to the

reduced efficiency of ACE after binding with phlorotannins from brown algae.
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Part |V.

Molecular docking of phlorotannins
Isolatd from brown algae and their
effects on digestive enzyme effects
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Part I'V.

Molecular docking of phlorotanninsisolated from brown algae and

their effects on digestive enzyme effects

1. ABSTRACT

Marine polyphenol, phlorotannins possess many beneficia properties, such reducing the
risk of cancer and heart disease, and acting s natural antioxidants for the food industry. At the
same time, polyphenol might inhibit digestive enzymes and reduced food digestibility. To
explore this possible antinutritional property, the effects of phlorotannins on the inhibitor
activity of two typicl digestive enzymes were investigated. The phlorotannins, such as
phloroglucinol, eckol, dieckol, and octaphlorethol A were isolated by silica column
chromatography and HPLC methods. We anayzed structure-activity relationship of
phlorotannins using the crystal structure of trypsin (PDB ID: 1XVO) and pepsin (PDB ID:
1QRP) by Discovery Studio 3.0. These results suggest that phlorotannins has great potential

to be further developed as a pharmaceutical and medicinal food.
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2. INTRODUCTION

Polyphenols are one of the most common classes of secondary metabolitesin terrestrial and
marine plants. Although terrestrial and marine polyphenols are similar in some respects,
there are fundamental differences in their chemical structure [1]. In general, polyphenols or
phenolic compounds have a similar basic structura chemistry including an “aromatic” or
“phenalic” ring structure. Phenolic compounds have been associated wth antioxidative action
in biological systems, acting as scavengers of singlet oxygen and free radicals [2,3]. The
protective effects of plant polyphenolsin biological systems are ascribed to their capacity to
transfer eectrons to free radicals, chelate metal catalysts, activate antiodixant enzymes and
inhibit oxidase. Polyphenols are classified broadly into two classes, condensed tannins,
which are polymeric flavonoids, and hydrolysable tannins, which are derivatives of gallic
acid [4]. Phlorotannins, known as marine algal polyphenol, are formed by the polymerization
of phloroglucinol (1,3,5-trihydroxybenzene) monomer units and biosynthesized through the
acetate-malonate pathway, also known as polyketide pathway. The phlorotannins are highly
hydrophilic components with a wide range of molecular sizes ranging between 126 Da and
650 kDa [5]. Marine brown algae accumul ate a variety of phloroglucinol-based polyphenals,
as phlorotannins of low, intermediate and high molecular weight containing both phenyl and

phenoxy units. Based on the means of linkage, phlorotannins can be classified into four
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subclasses such as fuhalols and phlorethols (phlorotannins with an ether linkage), fucols
(with a phenyl linkage), fucophloroethols (with an ether and phenyl linkage), and eckols
(with a dibenzodioxin linkage). The isolated and characterized phlorotannins from marine
brown algae are compounds, such as phloroglucinol, eckol, triphlorehol A, dieckol, 2-
phloroeckol, fucofuroeckol A, 7-phloroeckol, 6,6 -bieckol, diphlorethohydroxycarmalol, and
phlorofucofuroeckol A.. These phlorotannins help to protect algae from stress conditions and
herbivores. Due to the heath beneficial various biological activities of phlorotannins, marine
brown algae are known to be arich source of healthy food.

On thither hand, phlorotannins an important role in protein precipitation and enzyme
inhibition, through forming various complexes[6,7]. It is known that most polyphenols, such
as tannic acid, gallotannin, catechin and proanthocyanidin, can react with proteins, which
should result in the formation of sediment and haze. In food industry this phenomenon
occurs frequently in the production of beverages, such as beer, fruit and vegetable juices,
leading to low uality products. Phlorotannins should inevitably result in the change of
enzyme molecular configuration and lead to the loss of catalytic activity. Many enzymes,
such as tyrosianse, peroxidase, trypsin [8], decarboxylase [9], squalene epoxidase [10] and
ribonuclease [11], were found to be denatured by tea polyphenols. So it colud be speculated

that phlorotannins should bind digestive enzymes and therby reduce food digestibility, when
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excessively. Usually, marine products were considered to be a safe natural product. However,
it might atc as an antinutritional factor, in terms of the inhibition of enzymes, when ingested
in excess. To minimize the antinutritional effects and make full use of marine products,
phlorotannins in food industry, knowledge of the interaction between phlorotannins and
digestive enzymes is desirable. In this study, phlorotannins were isolated from brown algae
and their inhibitory effects on two typica digestieve enzymes were investigated. Although
the effects were assayed in vitro, the results of this work should be relevant to the human

body.

3. MATERIAL AND METHODS

3.1. Materials

Protein protease such as pepsin and trypsin and Abumin were purchased from Sigma
Chemical Co. (S. Louis, Mo, USA). 30% Acrylamide/Bis solution (29:1) were purchased
from bio-rad Laboratories, Inc. (USA). Ammonium persulfate (APS) and TEMED were
purchase from Amresco Inc. (USA). All chemicals and reagents used were of analytical and

obtained from commercia sources.
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3.2. Extraction and isolation of phlorotanninsfrom brown algae
Phlorotannins, phloroglucinol, eckol, dieckol, and octaphlorethol A isolated as previoudy
described (Part I, 11, and I11). Brieflym the dried algae were extracted three times with 80%
EtOH and filtered. The filterates were then evaporated at 40 C to obtain the EtOH extract,
which were suspended on digtilled water, and partitioned with ethyl acetate. The ethyl
acetate fraction was subjected to silica gel and sephadex LH-20 coumn chromatography.
The phlorotannins were finally purified by HPLC, and the structure of phlrotannin was

identified by comparing the NMR spectral datawith those in existing literature [12, Part 1].

Phloroglucinol : LC/MS data (M+, m/z: 126 Calcd. For CgHgOs). 'H NMR (400 MHz,

DMSO-d6) § 8.97 (3H, s, OH-1, 3, 5), 5.66 (3H, S, H-2, 4, 5).

Eckol : LC/MS data (M+, m/z: 372.0 Calcd. For CigH1,05). *H NMR (400 MHz, DM SO-d6)
8 9.54 (2H, s, OH-2, 7), 9.45 (1H, s, OH-4), 9.21 (2h, s, OH-2, 7) 9.16 (2H, s, OH-3', 5'),
6.14 (1H, s, H-3), 5.96 (1H, d, J= 2.8 Hz, H-6), 5.72 (2H, J= 1.7 Hz, H-4'), 5.78 (1H, d, J =

2.8 Hz, H-6),5.72 (2H, J= 1.7 Hz, H-2-, 6').

Dieckol : LC/MS data (M+, m/z: 742.0 Calcd. For CagH,016). 'H NMR (400 MHz, DM SO-
d6) 8 9.71(1H, s, OH-9), 9.61 (1H, s, OH-9'"), 9.51 (1H, s, OH-4""), 9.46 (1H, s, OH-4), 9.36

(2H, s, OH-3", 5"), 9.28 (1H, s, OH-2""), 9.23 (1H, s, OH-2), 9.22 (1H, s, OH-7""), 9.15
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(2H, s, OH-3', 5') 6.17 (1H, s, H-3"), 6.14 (1H, s, H-3), 6.02 (1H, d, J = 2.7 Hz, H-8), 5.98
(1H, d, J= 2.7 Hz, H-8"), 5.95 (1H, s, H-2""*, 6), 5.82 (1H, d, J = 2.7 Hz, H-6), 5.81 (1H,

d, J=2.7Hz, H-6"), 5.80 (1H, t, J= 2.0 Hz, H-4"), 5.78 (2H, d, J= 2.0 Hz, H-2', 6').

Octaphlorethol A: LC/MS data (M+, m/z: 944.0 Calcd. For CugH34055). 'H NMR (DM SO-
ds, 400 MHz) dy 5.57 (d, J =2.8 Hz , H-4), 5.58 (d, J =2.8 Hz , H-6), 5.59 (d, J =2.8 Hz ,
H-9), 5.59 (d, J =2.8 Hz, H-11), 5.68 (d, J =1.8 Hz, H-15), 5.68 (d, J =1.8 Hz, H-17), 5.71 (d,
J =1.8 Hz, H-21), 5.72 (d, J =1.8 Hz, H-23), 5.85 (d, J =1.6 Hz, H-26), 5.84 (d, J =1.8 Hz,
H-30), 5.94 (d, J =1.8 Hz, H-32), 5.94 (d, J =1.8 Hz, H-36) , 6.15 (d, J =1.8 Hz, H-38) ,
6.15 (d, J =1.8 Hz, H-42) , 6.16 (d, J =1.6 Hz, H-44) , 6.01 (d, J =1.6 Hz, H-46) , 6.16 (d, J
=1.6 Hz, H-48) , 9.02 (s, OH-1,3) , 9.04 (s, OH-5, 27, 29, 33,35) , 8.98 (s, OH-8,12) , 8.93

(s, OH-14, 18) , 8.92 (s, OH-20,24) , 9.06 (s, OH-39,41) , 9.07 (s, OH-45, 47).

The purity of phlorotannins (Fig. 4-1) were >95%, based on the peak area of al

components absorbed at each specific wavelength in HPLC analysis.
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Dieckol

Eckol

Phloroglucinol

Fig. 4-1. Chemical structure of phlorotanninsisolated from brown algae
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3.3. Inhibitory effects of Phlorotannins on digestive enzyme, pepsin and trypsin

Activity of enzymes was determined using the colormetric method based on the reaction of
the albumin degradation product complexed with the Folin-Ciocaltue phenol reagent
(Merck) [13]. The reagent corresponds in its composition to molybdate-tung-stenate reagent
and to phenol reagent stock solution for the determination of pspsin activity. The reaction
solutions were composed of the following reagents added to the test tubes in the following
sequence: 1ml of sunstrate (1% of albumin in redistilled water), 1 ml of restilled water, and 1
ml of test sample, and 1ml of enzyme (pepsin solution in 1 N HCI or trypsin solution in
0.001 N HCl). The mixtures were incubated at 40 for 5 min, and then the reaction was
discontinued through the addition of 2 ml of 5% (w/v) trichloroactiv acid (TCA).
Subsequntly the soltion were centrifuged to separate precipate from supernatant. Then 1 ml
of the supernatant was incubated with 5 ml of 0.2 mol Na,CO4/l of agueous solution, and 1
ml of the Folin-Ciocalteu phenol reagent (diluted with redistilled water in the proportion 1:5.
v/v) at 40 for 20 min. Successively the absorbance was measured at 625 nm with the use of

spectrometer.

3.3. Preparation of phlorotannins by protease hydrolysatesfor SDS-PAGE

2 mg of the albumin dissolved in water 10ml and was adjusted pH of protease opmimum
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condition (Table 4-1.). And then protease of substrat to enzymeratio 10:1 was added. Protein
hydrolysis enzyme used two proteinases such as pepsin and trypsisn. Hydrolysis was carried
out at protease optimum temperature (Table 4-1.). And then 20 ug of phlorotannins from
brown algae were added in albumin-enzyme mixture. At the end of the reaction, the
hydrolysates were heating at 100 C for 10 min in order to inactivate the enzyme. The
hydrolysates were centrifuged at 10,000 rpm for 5 min to spate insoluble and soluble

fractions. The soluble phase was used further experiments.
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Table 4-1. Optimal hydrolysation conditions of digestive enzyme

Optimal condition

Enzyme Sources . Reaction Time (h)
pH Temperature (C)
Pepsin Porcinegastric 2.0 37 3
mucosa
Trypsin  Bovine Pancreases 7.6 37 6
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3.4. SDS-PAGE dectrophoresis

Sodium dodecyl sulphatepolyacrylamide gel electrophoresis (SDS-PAGE) was performed

on the protein hydrolysates using a 12% Tri/HCI gel to characterize the hydrlysates based on

their molecular weights (MW). The MW of the hydrlysates was calculated with reference to

the migration of SDS-PAGE wide range molecular weight standard. Sample were heated at

100 C for 5 min prior to the electrophoresis run. After electrophoresis, the gels were

stained with Bio-Rad Commassie Blue R-250. The bands in the samples were compared with

known bands of protein standards.

3.5. In silico docking of digestive enzyme and phlorotannins and tea polyphenol

In the present study, we performed docking of phlorotannins into the active site of the

trypsin and pepsin. The crystal structure of trypsin (PDB: 1XVO) and pepsin (PDB: 1QRP)

were obtained from the Protein Data Bank (PDB, http://www.pdb.org). We performed the

docking studies using CDOCKER in Accelrys Discovery Studio 3.0 (Accdrys, Inc) (Fig. 4-2,
3). We describe the ligand structure of the digestive enzyme inhibitor candidate in Fig. 4-4.
To prepare for the docking procedure, we performed the following steps: (1) conversion of
the 2D structure into 3D structure; (2) calculation of charges; and (3) addition of hydrogen

atoms using the CDOCKER docking program.
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Fig. 4-2. Crystal structure of trypsin was obtained from Protein Data Bank (PDB |D:

1XVO).
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Fig. 4-3. Crystal structure of pepsin was obtained from Protein Data Bank (PDB ID:

1QRP).
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Phloroglucinol

Catechin

Fig. 4-4. Chemical structure of phlorotannins and tea polyphenol of digestive enzyme

inhibitor candidates
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4. RESULTS

4.1. Inhibitory effects of phlorotannins on digestive enzyme, trypsin and pepsin

Two typical digestive enzymes including pepsin and trypsin were used to investigate the
phlrotoannin-enzye interaction and to explore the potential antinutritional property of
phloratannins. In experiment, phlorotnnin showed different binding ability in vitro with the
digestive enzymes employed. As shown in Table 2, the inhibition ratio of pepsin by
phlorotnnin was 10.4 (PG), 15.7 (EK), 19.8 (DK), 16.9 (OPA), and trypsin was 7.1 (PG),
10.6 (EK), 13.2 (DK), 19.2 (OPA). Moreover, the phlorotannins evidenced less inhibitory

effect than that of tea polyphenal even at the same concentration [14].
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Table 4-2. Inhibitory effect of digestive enzymes by phlorotannins.

I nhibition (%) Trypsin Pepsin
Phloroglucinol (PG) 10.4 7.1
Eckol (EK) 15.7 10.6
Dieckol (DK) 19.8 13.2
Octaphlorethol A (OPA) 16.9 19.2
Tea polyphenol* (TP) 38 32

* Tea polyphenal : Reference[14]. Qiang, H., Yuanping, L., Kai, Y .2006.
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4.2. Characterization of trypsin digests SDS-PAGE

Pepsin digests according to differents phlorotannins such as PG, EK, DK, and OPA were
characterized using SDS-PAGE €electrophoresis (Fig. 4-5). In the results, negative control
group, non-treated trypsin group showed one major band of albumin (M.W. 67 kDa). On the
other hand, trypsin digest group without phlorotannins showed various band patterns. Also,
trypsin digest group with phlorotannins such as PG EK, DK, and OPA showed various band
patterns like negative control. Therefore, phirotannins don't influenced on digest enzyme,

trypsin.
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* Albumin molecular weight : 67 kD

Fig. 4-5. Hydrolysis patterns of trypsin digest of albumin with phlorotannins on 12%

SDS-PAGE. M: Marker.
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4.3. Characterization of pepsin digests SDS-PAGE

Pepsin digests according to differents phlorotannins were characterized using SDS-PAGE
electrophoresis (Fig. 4-6). In the results, negative control group, non-treated pepsin group
showed two major band of albumin (M.W. 67 kDa) by acidic hydrolysis (pH 2.0). On the
other hand, pepsin digest group without phlorotannins showed number of band patterns of
below 10 kDa. Also, pepsin digest group with phlorotannins such as PG EK, DK, and OPA
showed band patterns of below 10 kDa like negative control. Therefore, phlrotannins don’t

influenced on digest enzyme, pepsin.
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Fig. 4-6. Hydrolysis patterns of pepsin digest of albumin with phlorotannins on 12%

SDS-PAGE. M: Marker.
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4.4. In silico docking of digest enzymes, trypsin and pepsin

Docking studies were performed to gain insight into the most probable binding
conformation of phlorotannins and to compare with phlorotannins. Digestive enzyme
inhibitors, phlorotannins were used for the docking experiments and then for the comparison.

Automated molecular docking studies of the phlorotannins at the digestive enzyme-binding
site were performed with the CDOCKER tool of Discovery Studio 3.0 software, in the
presence of amino acid residures. The software Accelrys Discovery Studio 3.0 was used to
identify the hydrogen bonds and the hydrophilic, hydrophobic and electrostatic interactions
between residues at the digestive enzyme active site and the phlorotannnins poses. Based on
digestive enzyme's three-dimentiona structure, the possible digestive enzyme active sites
were obtained via a binding site procedure. According to digestiv enzymes catalytic
mechanism and relevant experimental reports, digestive enzyme's active site was identified.
The digestive enzyme, trypsin active site contains 4 amino acid residues. GIn192, Gly193,
Ser195, and His56; and pepsin active stie contains 16 amino acid residues: Tyr189, 11e213,
Asp215, Gly34, Asp32, Ser35, Gly217, Thr218, Ser219, Metl2, Glul3, Gly76, Thr77, Tyr75,
Thr74, Phell. The docking study of the phlorotannins at the digestive enzyme catalytic site
in the presence of the amio acid residues showed a best pose with a binding energy value in

Table 4-3 (trypsin) and Table 4-4 (pepsin).

- 127 -

@ jeju



Table 4-3 Results of docking experiments of phlorotannins from brown algae with

trypsin (PDB ID : 1XVO).

Binding Energy CDOCK Interaction

Docking Mode Ligand (kcal/mol) Energy (kcal/mol)

Catechin -45.68 36.03

EC -26.86 32.08

CDOCKER EGC -36.94 32.37

EGCG -148.76 53.40

Phloroglucinol -5.78 18.96

Eckol -67.57 42.85

Octaphlorethol A -23.05 37.24

Flexible Dieckol -58.48 51.07
CDOCKER
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Table 4-4 Results of docking experiments of phlorotannins from brown algae with

pepsin (PDB ID : 1QRP).

Docking Ligand Binding Energy CDOCK Interaction
Mode (kcal/mal) Energy (kcal/mol)
Catechin -127.88 44.07
EC -120.24 45.08
EGC -86.11 45.11
EGCG -100.9 51.25
CDOCKER Phloroglucinol -60.78 28.01
Eckol -77.71 50.44
Dieckol -88.02 74.10
Octaphlorethol A -119.11 96.04
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5. DISCUSSION

Two typtical digestive enzymes such as trypsin and pepsin were used to investigate the
phlorotoannins-enzyme interaction and to explore the potential antinutritional property of
phlorotannins. In experiments, phlorotannins showed different bonding ability in silico with
the digestive enzymes employed. As shown in Table 4-2, the digestive enzumes inhibition
ratios of phlorotannins were under 20%, which inhibitory activities were lower than tea
polyphenol, when the phlorotannin concentration was 0.05 mg/ml. There could be a
reduction of the digetibilities of proteins, whose hydrolyzation reactions in the gut are
enzyme mediated. Phlorotannins might little act as an antinutritional factor, in terms of its
potential to inhibit the activities of digestive enzymes.

The main mechanism of phlorotannins-enzymes bonding is considered to be non-covlaent
interactions. Phlorotannins contain hydroxyl groups and phenolic groups in their molecular
structure. The phenolic groups can form hydroge honds with the polar groups (amide,
guanidine, peptide, amino and carboxyl groups) of protein. In other words, the composition
and quantity of the polar groups in the enzyme protein will affect the formation and stability
of hydrogen bonds between phlorotannins and the enzyme. On the other hand, the phenolic

groups in phlorotannins exhibit cetain hydrophabicity, which was well discussed in the
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report. With the recognition that there are many hydrophobic amino acids present in enzyme
protein, such as proline, phenylalanine and tyrosine, it could be considered that
phlorotannins should strongly bind enzymes through hydrophobic association. The
occurrence of hydrogen bond and hydrophobic association will change the enzyme
molecular configuration, resulting in an impact of the enzyme activities. So, it could be
conclused that phlorotannin might little act as an antinutritional factor, in terms of their
inhibitory effects on digestive enzymes, which may be due to the cooperative effects of
hydrophobic association and hydrogen bond formation between phlorotannin and the

enzyme.
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