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ABSTRACT

Although sulfite is widely used to counteract enzymatic browning, its mechanism has
remained largely unknown. We describe a double inhibitory mechanism of sulfite on
enzymatic browning, affecting both the enzymatic oxidation of phenols into o-quinones, as
well as the non-enzymatic reactions of these o-quinones into brown pigments. The
non-enzymatic step is inhibited by formation of addition products of sulfite and o-quinones,
sulfophenolics. Sulfonated derivatives of chlorogenic acid were found in sulfite-treated
potato juice, and their structure was confirmed by mass spectrometry and nuclear magnetic
resonance spectroscopy. Sulfonation of chlorogenic acid was demonstrated to occur via
tyrosinase-catalyzed o-quinone formation. Tyrosinase activity was also irreversibly
inactivated, in a relative slow time-dependent way. Simultaneous treatment of tyrosinase
with sulfite and competitive inhibitors of tyrosinase did not result in irreversible
inactivation, indicating that sulfite acts in the active site of tyrosinase. LC-MS analysis of
protease digests of sulfite-treated tyrosinase indicated that inactivation occurred via
covalent modification of a single amino acid residue in the active site, most likely a
copper-coordinating histidine residue, which is conserved in all PPOs.

As the use of sulfite is controversial, we investigated the effect of potential natural
inhibitors of enzymatic browning. Two different polyphenol oxidases (PPOs) were used to
screen 60 plant extracts for potential inhibitors. PPOs were found to respond differently to
these extracts: an extract that inhibited one PPO could activate the other. This suggests that
natural alternatives to replace more generic anti-browning agents, such as sulfite, are PPO
specific.
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Chapter 1

Enzymatic browning in foods occurs through the oxidation of phenolic compounds by
polyphenol oxidases. Brown discoloration is a major quality issue in the processing of
foods, mainly fruits and vegetables (e.g. apples (/), potatoes (2)), but also shrimps (3) and
mushrooms (4), and accounts for large economic losses in food industry (5). Besides its
general detrimental effect, enzymatic browning is a desired effect in some other food
processes, for example the enzymatic fermentation of tea (6) and cocoa (7).

CHARACTERISTICS OF POLYPHENOL OXIDASE

The nomenclature of different polyphenol oxidases (PPOs) is diffuse. Depending on the
reactions catalyzed, they are categorized as cresolase, tyrosinase or monophenolase (PPOs
that catalyze both o-hydroxylation and subsequent oxidation of monophenols and oxidation
of o-diphenols) or as catecholase, catechol oxidase or diphenolase (PPOs that catalyze only
oxidation of o-diphenols) (8, 9) (Figure 1). Although there are separate EC numbers for the
o-hydroxylation and subsequent oxidation of monophenols (EC 1.14.18.1) and the
oxidation of o-diphenols (EC 1.10.3.1), they are not consequently used. Tyrosinase, for
instance, is sometimes indicated with EC 1.14.18.1 (10), and sometimes with EC 1.10.3.1
(11). Moreover, laccases (EC 1.10.3.2), enzymes that are capable of catalyzing the
oxidation of both o-diphenols and p-diphenols, are considered to be PPOs by some, while
others restrict the term PPO to enzymes having monophenolase or o-diphenolase activity
(12). Structurally, laccases are different from other PPOs: laccases have two copper centers,
one type-1 copper center and a combined type-2/type-3 copper center, while other PPOs
have a single dinuclear type-3 copper center (/3) (Figure 2). In this thesis, when the term
PPO is used, it refers to type-3 copper proteins catalyzing the o-hydroxylation and
subsequent oxidation of monophenols or the oxidation of o-diphenols.

OH OH 0]
©/ — @[ — <:E — brown pigments
OH 0O

o-hydroxylation oxidation non-enzymatic reactions

Figure 1. Schematic representation of enzymatic browning. o-Hydroxylation and oxidation are catalyzed
by PPO. The o-quinones obtained participate in non-enzymatic reactions, resulting in formation of
brown pigments.

PPOs are distributed widely in nature, and their function varies depending on species (/4).
For instance in plants PPO-catalyzed oxidation is thought to play a role in defense response
against herbivores and pathogens (/5), while in mammals it is responsible for initiating
pigment formation (/6), and in insects it is involved in sclerotization (/7). The dinuclear
type-3 copper center of PPO is highly conserved (/8) and is also present in hemocyanins,
oxygen carrier proteins in molluscs and arthropods (/9). Under specific conditions,



General introduction

hemocyanins also display phenol oxidase activity, suggesting that the protein structure
around the copper center and the accessibility of the copper center can be modulated to
facilitate oxidase activity (20-22). The two copper ions, Cu-A and Cu-B, in the type-3
copper center of PPO are each coordinated by three histidine residues. For several PPOs, a
thioether has been found in the Cu-A binding site, a covalent bond between the thiol group
of a cysteine and Cél of the imidazole ring of one of the histidine residues coordinating
Cu-A (Figure 2). This thioether is found in PPOs from different species, for instance grape
(Vitis vinifera) (23), sweet potato (Ipomoea batatas) (24), mushroom (Agaricus bisporus)
(25) and the fungus Neurospora crassa (26). A similar thioether has been found in several
hemocyanins (27). It has been proposed that the formation of the thioether is catalyzed by
presence of copper in the active site (23). The thioether is not essential for activity of PPOs
in general, active PPOs without thioether bond in the Cu-A site have been described as
well, for instance from the bacteria Streptomyces castaneoglobisporus (28) and Bacillus
megaterium (29).

.
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Figure 2. Schematic representation of type-1, type-2 and type-3 copper centers (adapted from (78)). In
the type-3 copper center the His-Cys thioether that is found in some PPOs and hemocyanins is
indicated in grey.

Catalytic mechanism of PPO

Depending on the oxidation states of the copper ions and the binding of oxygen to the
copper ions, the active site of PPO is present in the met, oxy or deoxy state (Figure 3) (9).
When present in the met state, the copper ions are in the Cu(II) oxidation state, with
hydroxyl ligands bridging the two copper ions. In this state, an o-diphenol can bind. The
o-diphenol is oxidized to an o-quinone, leaving the copper site in the reduced deoxy state,
in which the copper ions are in the Cu(I) oxidation state. When present in the deoxy state,
the copper ions can be oxidized by binding molecular oxygen, resulting in oxy PPO. When
present in the oxy state, either an o-diphenol or a monophenol can bind. When an
o-diphenol binds, it is oxidized, resulting in formation of an o-quinone and met PPO, after
which the diphenolase cycle can start again. If a monophenol binds to oxy PPO, it is
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o-hydroxylated and subsequently oxidized, resulting in an o-quinone and deoxy PPO.
Deoxy PPO can be oxidized by molecular oxygen, resulting in oxy PPO, and either the
mono or diphenolase cycle can be repeated. In the resting state, PPO is present
predominantly in the met state, which causes the typical lag phase observed when assaying
PPO activity on a monophenolic substrate. Whether a PPO has monophenolase or only
diphenolase activity has been related to the amino acid residues surrounding the Cu-A
binding site. It has been speculated that a phenylalanine shielding the Cu-A binding site
prevents binding of monophenols to Cu-A, in this way blocking monophenolase activity
(21,30).
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Figure 3. Schematic representation of the catalytic cycles of PPO for oxidation of o-diphenols and
hydroxylation and subsequent oxidation of monophenols (adapted from (9)).

Quaternary structures of PPOs

To date, the crystal structures of several PPOs have been published. Although the type-3
copper center is conserved in all PPOs, the structure of the protein differs between PPOs
from different sources. Some PPOs are monomers, e.g. grape and sweet potato PPO
(23,24), while others are oligomeric, e.g. mushroom tyrosinase and Streptomyces
castaneoglobisporus tyrosinase (28). Owing to its commercial availability, mushroom
tyrosinase is one of the most studied PPOs. In solution, mushroom tyrosinase is a
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heterotetramer, composed of two catalytically active subunits of 43 kDa (so-called heavy or
H-chain), each containing a dinuclear type-3 copper center, and two smaller 14 kDa
subunits (so-called light or L-chain), resulting in the quaternary structure H,L, (37). In
mushroom, six genes encoding the H-chain have been found, while only one gene encoding
the L-chain has been identified (32-34). It is assumed that the L-chain can form the active
tyrosinase tetramer with H-chains resulting from different genes. The function of the light
chain, however, remains unknown (35-37).

FORMATION OF BROWN PIGMENTS

While referred to as enzymatic browning, the formation of brown pigments actually occurs
through non-enzymatic reactions of the o-quinones resulting from PPO-catalyzed oxidation
(Figure 1). The o-quinones are more reactive than their o-diphenolic precursors, and can
polymerize with phenolics (38,39) or react with other compounds, for instance proteins or
amino acids (40,41). These reactions result in a wide variety of dark colored products,
which are often not well characterized. An exception to this is the formation of the
mammalian pigment melanin, the metabolic pathway of which has been well described
(Figure 4) (16,42). Tyrosinase hydroxylates tyrosine to 3,4-dihydroxyphenyl alanine
(DOPA), which is subsequently oxidized to DOPAquinone. DOPAquinone can react
further in two pathways, forming either pheomelanin or eumelanin. Addition of cysteine to
DOPAquinone results in formation of pheomelanin, while ring closure with the amino
group results in the formation of dopachrome, which can further react to eumelanin. The
concentration and distribution of these two types of melanin determine the color of human
skin, hair and eyes. The intermediate dopachrome is relatively stable, and has a
characteristic red color (43), the accumulation of which can be easily monitored. Because
of this, the conversion of tyrosine or DOPA to dopachrome is often used to assay PPO
activity in vitro.

An example in which a much wider variety of reaction products is obtained is the
fermentation of green tea to black tea. The relatively simple phenolic profile of green tea
(44) is, via oxidation by PPO and laccase, converted to a variety of dark colored reaction
products. It is estimated that several thousands of different products are formed (6), the
characterization and classification of which is an ongoing endeavor (45-47). Reaction
products are mainly classified as theaflavins which have relatively low molecular masses
(up to 1000 g/mol) and thearubigens, polymeric polyphenols with higher molecular mass
(6). PPO and laccase-catalyzed browning in tea is considered a positive effect, as it
contributes to the formation of color and flavor of black tea. Similarly, during the
fermentation of cocoa beans, PPO-catalyzed oxidation of phenolics contributes to color and
flavor of the final cocoa products (7,48,49).
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Figure 4. Formation of the mammalian pigments eumelanin and pheomelanin is initiated by the
tyrosinase catalyzed hydroxylation and subsequent oxidation of L-tyrosine (adapted from (8, 16, 42).

For most other food products, enzymatic browning is considered a negative effect of
processing. An example is the browning of potatoes, which is especially relevant for the
large scale industrial processing of potatoes, in which starch and protein are extracted to
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serve as food ingredients. Browning of the protein fraction can occur if PPO is not
sufficiently inhibited. It was found that browning of potato protein occurred through
covalent interactions with chlorogenic acid (50). Using model systems, covalent addition of
chlorogenic acid to proteins has been demonstrated to proceed through PPO-catalyzed
oxidation (41,51). Other examples include mushrooms, browning of which occurs as a
result of bruising sustained during harvesting and post-harvest handling (52), and shrimps,
which show discoloration as a result of PPO catalyzed oxidation of tyrosine during chilled
storage (3,53).

INHIBITION OF ENZYMATIC BROWNING

The fact that enzymatic browning in fact involves both enzymatic and non-enzymatic steps
means that two main strategies can be applied to inhibit brown discoloration. First, the
enzymatic action can be prevented by inhibiting or inactivating PPO, so that no reactive
o-quinones are formed. A second approach is to prevent the o-quinones from reacting into
brown pigments by using reducing compounds, that either reduce o-quinones back to their
o-diphenolic precursors or form colorless addition products with o-quinones. For
illustration, some examples of different inhibitors of browning are listed in Table 1.

The most common example of a reducing compound used to prevent enzymatic
browning is ascorbic acid, which reduces o-quinones back to their o-diphenolic precursors
(54). The o-diphenols can be oxidized again by PPO, illustrating the disadvantage of this
method: the oxidation and subsequent reduction can only continue if ascorbic acid is still
present. After depletion of ascorbic acid browning will still occur. Alternatively, reducing
compounds that react with o-quinones to form phenolic addition products can be used to
trap o-quinones. An example of the latter is cysteine, which reacts with o-quinones to form
colorless addition products, which cannot be oxidized by PPO anymore (55). Interestingly,
addition of cysteine to DOPAquinone also occurs in mammalian pigmentation, eventually
leading to the formation of pheomelanin (Figure 4), which indicates that cysteine addition
to o-quinones not necessarily prevents color formation in all cases.

Inhibiting the enzymatic formation of o-quinones can be accomplished by rendering
PPO inactive by changing temperature or pH. However, this will not only affect PPO, also
other properties of a product will be modified. Therefore, this approach is only useful in a
limited number of cases. A more specific way of prevention of browning is inhibition of
PPO with reversible or irreversible inhibitors. Numerous reversible inhibitors of PPO have
been reported (56-59), which can inhibit PPO through competitive, non-competitive,
uncompetitive or mixed type inhibition. For illustration, the structures, reported ICs, values
and type of inhibition of some inhibitors of mushroom tyrosinase are given (Table 1). As
can be seen from the examples given, reported ICs, values widely differ, and multiple
mechanisms of inhibition have been proposed for some inhibitors. This indicates that it is
difficult to compare different inhibitor studies with each other, and that probably the
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Table 1. A selection of some common inhibitors of enzymatic browning. ICs, values reported were
determined using mushroom tyrosinase and L-tyrosine or L-DOPA as substrate.

Inhibitor (references) 1Cso (UM) Type of inhibition

OH - Reduction of o-quinones

HOIS_(;OH
o” © OH

Ascorbic acid (54)
(0] - Ad(dition to o-quinones

L-cysteine (55)

H
o o S H (0]
NH, H oo
Glutathione (54)

OH 351 Irreversible inactivation
o)

p-hydroxybenzyl alcohol (89)

9 - Reduction of o-quinones

S Addition to o-quinones

HO, o Inactivation of tyrosinase
Sulfites (62,66,67)

HO 0 4.0-230 Competitive
j/i\)\/ OH Noncompetitive
(0] Mixed
Kojic acid (79,80)
HO 0.4-2.1 Mixed
Q Competitive
o}
Tropolone (81,82)
(0}
HOIJ\I/\HJ\OH
o ¥ NH,
L-Mimosine (83,84)

40-1113 Competitive
O-Glc

Arbutin (85, 86

- Addition to o-quinones

3.7-340 Competitive

700-2100  Mixed

©/\)‘\ Competitive

Cinnamic acid (87,88)
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method of assessing the PPO inhibitory potential of a compound is important for the
outcome. A common structural feature of all inhibitors in Table 1 seems to be a more or
less planar ring, which is often substituted with a hydroxyl or a hydroxyl and adjacent
carbonyl group. This planar structure might suggest that these compounds could act as
substrate analogs, targeting the active site of PPO, which would fit with the reported
competitive mode of inhibition proposed for all of these compounds. Off course structural
prerequisites cannot be determined based on only a few structures. More promising in that
respect are computational studies, in which the potential inhibitory effect of compounds is
predicted based on their structure (60,67). Another possibility of inactivating PPO is by
chelation of the copper ions from the active site. EDTA and citric acid have been reported
to inhibit PPO in this way (62).

SULFITE AS AN INHIBITOR OF ENZYMATIC BROWNING

One of the most commonly used inhibitors of enzymatic browning is sulfite. Already in
ancient times, sulfur was burned in wine barrels, resulting in deposition of sulfur dioxide on
the wall of the barrel. Once filled with wine, the sulfur dioxide would dissolve, and give
sulfite in solution (63). Nowadays, different sulfite salts are used as food additive, which
when dissolved all result in a pH dependent mixture of SO5;> and HSO5, with the bisulfite
ion (HSO5’) being the major contributor in the pH range 3-7 (64,65). Remarkably, despite
its longstanding use, the inhibitory mechanism of sulfite on enzymatic browning has not
been fully explained yet. Different explanations have been suggested over the years,
including irreversible inactivation of PPO (66), reduction of o-quinones to o-diphenols (62),
and formation of addition products between sulfite and o-quinones (67).

o
N S0,
)l\/j\/\

o H so? o N~ NH,
® HSO, ) HSO,
N/Y\N N\ — N NN — .
/m Pz \\\S OH )l\ Pz \\\S OH
N~ NH, N” >NH, 1\\1\\\
OH
S
+
S)
HSO,

Figure 5. Proposed reaction of thiamine with sulfite (adapted from (74)).

The use of sulfites as a food additive is becoming increasingly controversial due to
presumed health risks, such as allergies, resulting in skin rash (68) or even anaphylaxis
(69), and adverse pulmonary reactions in asthmatic patients (70). These negative health
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effects are doubted by others. For instance, some studies in which the often reported
response of sulfite-sensitive individuals to wine was investigated did not find a correlation
between sulfite and reported symptoms of sulfite-sensitivity (77,72). Another negative side
effect of sulfite is its reaction with vitamin B1 (thiamine), the methylene bridge (between
the pyrimidine and thiazole moiety) of which is cleaved by sulfite (Figure 5) (73-75).
Because of these adverse effects of sulfite, its use is strictly regulated by European and US
food laws. The use of sulfite is only permitted in selected food products, and maximum
levels of sulfite are set for different product categories (76,77). For instance, in the
European Union, sulfite can be used in red and white wine (up to 160 mg/L and 210 mg/L,
respectively) and in dried fruits, such as apricots (2000 mg/kg) (77).

AIM AND OUTLINE OF THE THESIS

The use of sulfite as a food additive is controversial, and bound to strict regulations, and
much research has been dedicated to finding new inhibitors of enzymatic browning.
Surprisingly enough, despite its established use, the mechanism of browning inhibition by
sulfite remains largely unknown, with different possible explanations proposed in literature.
The aim of this thesis is to explain the inhibitory mechanism of sulfite on enzymatic
browning in more detail, by investigating its effects on reaction products of enzymatic
browning and tyrosinase activity. Furthermore, the possible influence of the source of PPO
on the outcome of screening studies for PPO inhibitors is investigated by screening plant
extracts using two different PPOs.

In Chapter 2, the effect of the enzymatic browning inhibitors ascorbic acid and
sodium hydrogen sulfite on the phenolic composition of potato juice is compared. Using
RP-UHPLC-PDA-MS sulfophenolics were found in sulfite-treated potato juice. Applying a
model system, it was demonstrated that sulfonation occurred via tyrosinase-catalyzed
o-quinone formation. The effect of sulfite in this model browning system was further
investigated in Chapter 3. The effect of sulfite was compared to the effect of other
sulfur-containing inhibitors of enzymatic browning. Besides tyrosinase-mediated formation
of sulfophenolics, a time-dependent inhibition of tyrosinase activity was observed. This
time-dependent inhibition was investigated in more detail in Chapter 4, where the
irreversible inactivation of mushroom tyrosinase through covalent modification of a single
amino acid residue in the active site is described. In Chapter 5 potato PPO and mushroom
tyrosinase were compared with respect to inhibition by plant extracts. The screening of a
collection of plant extracts for inhibitory activities on both PPOs is described. Large
differences in the effects of plant extracts on the different PPOs were found. In Chapter 6
the implications of our findings are discussed. Additional experimental data on the possible
formation of sulfophenolics in wine and a competition experiment for the addition of
sulfite, cysteine and glutathione to enzymatically formed o-quinones is provided.

10
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Furthermore, the possible extrapolation of the results found for the inhibition of
tyrosinase-catalyzed browning by sulfite to other PPOs and laccases is discussed.
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Chapter 2

New insights into an ancient anti-browning
agent: formation of sulfo-phenolics
in sodium hydrogen sulfite
treated potato extracts

The effect of sodium hydrogen sulfite (NaHSO;), used as anti-browning agent, on the
phenolic profile of potato extracts was investigated. This extract was compared to one
obtained in the presence of ascorbic acid. In the presence of ascorbic acid, two major
compounds were obtained: 5-O-caffeoyl quinic acid (ChA) and 4-O-caffeoyl quinic acid.
With NaHSO;, their 2’-sulfo-adducts were found instead, the structures of which were
confirmed by nuclear magnetic resonance spectroscopy and mass spectrometry. Also, for
minor caffeoyl derivatives and quercetin glycosides, the corresponding sulfo-adducts were
observed. Feruloyl and sinapoyl derivatives were not chemically affected by the presence of
NaHSO;. Polyphenol oxidase (PPO) was thought to be responsible for the formation of the
sulfo-adducts. This was confirmed by preparing 2’-sulfo-5-O-caffeoyl quinic acid in a
model system using ChA, sodium hydrogen sulfite and PPO. This sulfo-adduct exhibited a
small bathochromic shift (Ay. 329 nm) compared to ChA (Ap. 325 nm), and a strong
hypochromic shift with an extinction coefficient of 9,357+395 M'cm” compared to
18,494+196 M'cm’, respectively. The results suggest that whenever NaHSOj is used as
anti-browning agent, the o-quinone formed with PPO reacts with NaHSO; to produce
sulfo-o-diphenol, which does not participate in browning reactions.

Based on: Narvdez-Cuenca, C.-E.; Kuijpers, T.F.M.; Vincken, J.-P.; de Waard, P.; Gruppen, H. J.
Agric. Food Chem. 2011, 59, 10247-10255.



Chapter 2

INTRODUCTION

Prevention of enzymatic browning is a major concern during starch production and retrieval
of other valuable components from potato. Phenolic compounds are considered to be the
main precursors of the brown pigments. They constitute an abundant group of secondary
metabolites in potato. Caffeic acid, 5-O-caffeoyl quinic acid (chlorogenic acid, ChA), its
isomers and rutin are representatives of hydroxycinamic acids (HCAs), HCA conjugates
(HCAcs), and flavonols, commonly found in potato, respectively (/-3). The content of
phenolic compounds varies over a wide range depending on several factors, e.g. variety.
ChA and its isomers have been found in potato tubers to commonly range from 23 to 350
mg/100 g DW, caffeic acid from trace to 48 mg/100 g DW, and rutin from O to 19 mg/100 g
DW (I-3).

The compounds mentioned can be oxidized by polyphenol oxidase (PPO) to produce
o-quinones, which subsequently polymerize into brown-colored melanins (4,5). This
oxidation can be prevented by the addition of ascorbic acid or sulfites/hydrogen sulfites.
Although the FDA prohibits the use of sulfites on fruits and vegetables for the fresh market,
they are allowed in minimally processed potatoes (6). Furthermore, they are commonly
used in the potato starch industry, which, for example, in The Netherlands amounts to about
2.5 x 10° tons of starch potatoes annually (7).

The anti-browning effect of ascorbic acid has been associated with its ability to reduce
quinones to their precursor phenolics and by lowering the pH with a concomitant inhibition
of PPO activity (8). The sulfur-containing agents seem to control the browning reaction by
irreversible inactivation of PPO, by reduction of the quinones to the original phenolic
compounds (9), as well as by reacting with quinones to produce colorless compounds (/0).
The latter mechanism has been proposed based on UV-vis data only, without structural
elucidation or quantification of the end products (/0). Hence, information on the
modification of the individual phenolic compounds is lacking to date.

Recently, we have reported a method for the identification of HCAs/HCAcs/DHCAcs
in potato by reverse-phase ultrahigh performance liquid chromatography-diode array
detection-mass spectrometry (RP-UHPLC-DAD-MS") (/1), which is a useful tool for
structural elucidation of a complex extract. In the present study, this method was employed
to investigate how addition of sodium hydrogen sulfite upon extraction of potato affects the
composition of phenolics in the extract. Extraction in the presence of ascorbic acid was
used as reference to quantify the phenolic compounds in their unmodified state, as it
inhibits enzymatic oxidation of phenolics that would otherwise occur.

18



Formation of sulfo-phenolics in potato extracts

MATERIALS AND METHODS

Chemicals

Caffeic acid, ferulic acid, sinapic acid, chlorogenic acid (ChA), ascorbic acid, sodium
hydrogen sulfite (NaHSOj3), and mushroom tyrosinase were purchased from Sigma-Aldrich
Chemie GmbH (Steinheim, Germany). Neo-ChA (3-O-caffeoyl quinic acid) and crypto-
ChA (4-O-caffeoyl quinic acid) were from Phytolab (Vestenbergsgreuth, Germany). Rutin
(quercetin-3-O-rutinoside) was from Merck (Darmstadt, Germany). UHPLC/MS grade
acetonitrile (ACN) was purchased from Biosolve BV (Valkenswaard, The Netherlands).
Water was obtained using a Milli-Q water purification system (Millipore, Billerica, MA,
USA). All other chemicals were from Merck (Darmstadt, Germany).

Plant material
Potato tubers (Nicola variety) were purchased from a local supermarket in Wageningen,
The Netherlands. Tubers were washed under tap water and then processed further.

Extraction of phenolic compounds
Two hundred grams of fresh potato was diced (0.3-0.5 cm thickness) and immediately
homogenized in a household blender with the addition of 200 mL of aqueous solutions of
20,000 ppm ascorbic acid (extractant A) or 400 ppm NaHSO; (extractant S). Subsequently,
the mixture was stirred for 10 min at 4 °C. Starch and fibers were allowed to settle for 20
min at 4 °C. After it was decanted, the solution was centrifuged (18,000 x g; 20 min; 4 °C).
The precipitated material and the pellet from centrifugation were collected, combined, and
re-extracted with 100 mL extractants A or S. When analyzed with RP-UHPLC-DAD-MS"
(see later), the fifth extraction yielded less than 1% of the 5-O-caffeoyl quinic acid and its
derivatives, when compared to the summed up amount of the five extractions. Therefore,
only the material from the first four extractions was combined. The extracts will be referred
to as extracts A and S. The pH values of extracts A and S were 3.9 and 6.0, respectively. To
remove proteins, the pH of extract S was adjusted to 4.0 by adding 100% acetic acid and
left overnight at 4 °C. Extract A was kept overnight at 4 °C without addition of acetic acid.
The resulting materials were centrifuged (18,000 x g; 20 min; 4 °C), and the supernatants
were subsequently filtered through a 0.45 pm filter (Whatman, Scheicher & Schuell,
Dassel, Germany). Aliquots (500 pL) of the extracts were ultrafiltrated using regenerated
cellulose centrifugal filter units (Amicon ultra 0.5 mL, cut-off 10 kDa, Millipore) according
to the instructions of the manufacturer. Filtrates were stored at -20 °C until further analysis.
All extractions were done in triplicate.

Large-scale extraction was performed by processing 2 kg of fresh potato with 2 L of
extractant S using identical conditions as with the 200 g fresh potato samples. After the
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filtration step (0.45 pm filter), the protocol was modified as follows. The supernatant
obtained after precipitation of proteins (pH 4.0) and centrifugation was ultrafiltrated at 4 °C
using a 2.5 L Amicon ultrafiltration cell (Millipore) with a regenerated cellulose membrane
(cut-off 10 kDa; Millipore). The system had a magnetic stirrer to minimize concentration
polarization at the membrane and was pressurized (4 atm) with nitrogen. Low molecular
weight polar compounds were removed from the ultrafiltrated liquid using solid-phase
extraction with C18 35 mL/10 g Sep-Pak cartridges, according to the instructions of the
manufacturer (Waters, Milford, MA, USA). The methanolic fraction was evaporated under
reduced pressure, and the remaining water was removed by freeze-drying, yielding 768 mg
powder. A quantity of 200 mg of powder was suspended in MQ water to 5 mg/mL, stirred
for 10 min, and centrifuged (12,000 x g; 5 min, 4 °C). Subsequently, the resolubilised
powder was fractionated by semipreparative RP-HPLC. Extraction for preparative purposes
was performed once.

Semipreparative RP-HPLC

The resolubilized powder obtained from the large scale extraction from potato was
fractionated by a Waters preparative HPLC system, using a semipreparative XTerra RP18
column (150 mm x 19 mm; particle size 5 um; Waters) with an XTerra RP18 guard column
(19 x 10 mm i.d.; particle size 5 um; Waters). The solvents used were water/ACN/acetic
acid (99:1:0.5, v/v/v) (eluent A) and ACN/acetic acid (100:0.5, v/v) (eluent B). The
following elution program was used: 0-5 min, 0% B; 5-35 min, 0 to 26% B; 35-37 min, 26
to 100% B; 37-42 min, 100% B; 42-44 min, 100 to 0% B; 44-54 min, 0% B. Volumes of 10
mL of 5 mg/mL sample were injected. The flow rate was 12 mL/min. The eluate was
monitored at 325 nm and fractions (3.4 mL) were obtained during the time span of 15-25
min of each run. On the basis of RP-UHPLC-DAD-ESI-MS", two pools (I and II) were
made. ACN was removed by evaporation under vacuum and the remaining water was
removed by freeze-drying. Two hundred milligrams of powder yielded 4.3 and 20.4 mg of
pools I and II, respectively. RP-UHPLC-DAD-ESI-MS" analysis revealed that pool I
comprised 22 (purity 45%, w/w), with impurities of tryptophan (45%, w/w), and 23 (10%,
w/w). In pool II, 23 was the major compound, with a purity of approximately 71% w/w,
with tryptophan (28%, w/w) and 22 (1%, w/w) as the main impurities.

PPO-catalyzed preparation of 2’-sulfo-5-O-caffeoyl quinic acid in a model
system and its purification

To establish whether PPO is essential to the formation of sulfo-phenolics, 5-O-caffeoyl
quinic acid and sodium hydrogen sulfite were incubated with and without commercial PPO.
Only in the presence of PPO, 2’-sulfo-5-O-caffeoyl quinic acid was found as the major
reaction product (data not shown). Five hundred mL of an aqueous solution of 5-O-caffeoyl
quinic acid (1 mM) were fully converted after incubation with NaHSO; (2 mM) and
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mushroom tyrosinase (140 units/mL; PPO units according to supplier) at 20 °C during 2 h.
The initial pH was adjusted to 6.5 by adding 0.1 M NaOH. The resulting material was
purified by semi-preparative RP-HPLC, similarly as described above. One hundred
seventy-seven milligrams of 5-O-caffeoyl quinic acid yielded 77 mg of
2’-sulfo-5-0-caffeoyl quinic acid as the major reaction product, with a purity of 97% (after
peak area integration at 325 nm), having identical retention time, UV and MS" data as 23.
An isomer of the major reaction product was the major impurity.

Determination of the molar extinction coefficient

On the basis of stock solutions of 10 mg/mL of 5-O-caffeoyl quinic acid and
2’-sulfo-5-0-caffeoyl quinic acid (obtained by PPO-catalyzed preparation), dilution series
in MQ water were made. The absorbances at 325 nm of these dilutions were measured
against MQ water in a 1 mL quartz cuvet. Temperature of the solutions was maintained at
20 °C. The molar extinction coefficients (¢) were calculated using Abs = ¢ * 1 * ¢, in which
Abs = absorbance at 325 nm, 1 = light path = 1 cm, ¢ = concentration (M). Furthermore,
wavelength scans were made from 200 to 600 nm. Measurements were performed with six
independently prepared replications.

RP-UHPLC-DAD-ESI-MS" analysis

Potato extracts, undiluted and 10x diluted, and reaction products synthesized in a model
system with commercial PPO were analyzed using an Accela UHPLC system (Thermo
Scientific, San Jose, CA, USA) equipped with a pump, an autosampler, cooled at 7 °C, and
a photo-diode array detector (DAD), using a Hypersil gold RP column (150 mm x 2.1 mm
i.d.; particle size 1.9 pm; Thermo Scientific) at 30 °C. The eluents used were
water/ACN/acetic acid (99:1:0.2, v/v/v) (eluent A) and ACN/acetic acid (100:0.2, v/v)
(eluent B). The elution program was 0-5 min, 0% B; 5-23 min, 0 to 60% B; 23-24 min, 60
to 100% B; 24-27 min, 100% B; 27-28 min, 100 to 0% B; 28-35 min, 0% B. The flow rate
was 400 uL/min. Sample volumes of 5 puLL were injected. MS" analysis was performed on a
LTQ-XL (Thermo Scientific) using electrospray ionization (ESI). Detection was in the
negative ion mode with a source voltage of 3.5 kV and an ion transfer tube temperature of
350 °C. The instrument was auto-tuned using ChA. A full-scan mass spectrum over a m/z
range of 150-1500 was recorded. MS” spectra of extracts A and S were collected with a
collision energy of 30% with the use of wideband activation, which ensures that both the
parent ion and the subsequent water loss ion undergo fragmentation. The control of the
instrument and data processing were done using Xcalibur 2.07 (Thermo Scientific).
Annotation of HCAcs was done according to previous work (/7). Furthermore, retention
times and spectroscopic data of 3-O-, 4-O-, and 5-O-caffeoyl quinic acid isomers, caffeic
acid, and rutin were compared to standards. 5-O-Caffeoyl quinic acid was adopted as
standard for the quantification of caffeoyl quinic acid isomers. 2’-Sulfo-5-O-caffeoyl quinic
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acid, obtained with the commercial PPO, was used as standard for the quantification of
sulfo-caffeoyl quinic acid isomers. Other minor caffeoyl derivatives, different to (sulfo-)
caffeoyl quinic acid isomers, were quantified using caffeic acid, with application of a MW
correction factor. Ferulic acid and sinapic acid were used as standards for the quantification
of ferulic acid and sinapic acid containing compounds, respectively, with the use of MW
correction factors MWycaod/MW external standard)s @ssuming that the response of the HCAcs is
determined by the HCA moiety. All HCAs/HCAcs were quantified at 325 nm. Quercetin
glycosides were quantified based on calibration curves with rutin at 360 nm, and MW
correction factors were used when necessary. In all cases calibration curves were done at
concentrations ranging from 0.05 to 30 pg/mL. Calibration curves with tryptophan (1 to 30
pg/mL) were carried out at 280 nm to calculate its content in pools I and II from the large
scale potato extraction.

Nuclear magnetic resonance (NMR) spectroscopy

Samples were dissolved in 0.35 mL D,0 (99.9 atom%, Aldrich) and approximately 1 pL
acetone was added to each sample as internal standard. NMR spectra were recorded at a
probe temperature of 300 K on a Bruker Avance-III-600 spectrometer, equipped with a
cryo-probe located at Biqualys (Wageningen, The Netherlands). 'H Chemical shifts were
expressed in ppm relative to internal acetone at 2.220 ppm. C chemical shifts were
expressed in ppm relative to internal acetone at 30.89 ppm. One- and two-dimensional
correlation spectroscopy (COSY), total correlation spectroscopy (TOCSY), heteronuclear
multiple bond correlation (HMBC), and heteronuclear multiple quantum coherence
(HMQC) spectra were acquired using standard pulse sequences delivered by Bruker. For
the "H-COSY and 'H-TOCSY spectra, 400 experiments of four scans and 400 experiments
of eight scans were recorded, resulting in measuring times of 1 h and 2 h, respectively. The
mixing time for the TOCSY spectra was 100 ms. For the ['H,"*C]-HMBC and
['H,"C]-HMQC spectra, 1024 experiments of 16 scans and 512 experiments of four scans,
were recorded, resulting in measuring times of 8 h and 1.2 h, respectively.

Statistical analysis

Data are reported as the mean with their standard deviation. Quantities of phenolics
obtained in extracts A and S were compared by means of the Student’s #-test (P<0.05).

RESULTS

Altered composition of potato phenolics upon use of NaHSO;
When ascorbic acid or NaHSO; was used in the potato extract preparation, no visual
browning was observed. In contrast, the omission of either ascorbic acid or NaHSO; led to
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rapid browning of the suspension (no further data shown). Interestingly, different
chromatographic profiles were observed when the extracts were obtained in the presence of
ascorbic acid (Figure 1A) or NaHSO; (Figure 1B).

Ascorbic acid as anti-browning agent

The chromatogram was dominated by HCAcs with 5-O-caffeoyl quinic acid (3) as the most
abundant phenolic compound, followed by 4-O-caffeoyl quinic acid (4). From 12 identified
compounds, 10 were HCA-containing compounds (caffeic acid-, ferulic acid- and sinapic
acid-derivatives), including caffeic acid in the free form, and two quercetin glycosides. The
retention times, spectroscopic data, and mass spectrometric data of 1-12 are given in Table
1. The spectroscopic and mass spectrometric data of the 10 HCAs/HCAcs were in
agreement with previous work (/7). Moreover, the retention times of 3-O-, 4-O-,
5-O-caffeoyl quinic acid isomers and that of caffeic acid matched with those of authentic
standards.
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Figure 1. UHPLC chromatogram recorded at 325 nm of the potato extract prepared with the

addition of (A) 20,000 ppm ascorbic acid or (B) 400 ppm NaHSOs;. The inserts are a zoom
between 11.6 and 15.0 min.
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Table 1. Retention times, MS, and UV data of HCAs/HCAcs and flavonols in potato.

# RT MS ms= UV Amax Tentative identification
(min) (m/2) (m/z) (nm)
1 9.15 353 191, 179 (45), 173 (3), 161 (1), 135 223, 240sh,  3-O-Caffeoyl quinic acid®
@) 300sh, 324
2 9.35 249 249, 207 (7), 161 (<1) 135 (23) 223, 293sh, 317  Caffeoyl putrescine
3 10.82 353 191, 179 (3), 173 (<1), 161 (<1), 223, 240sh,  5-O-Caffeoyl quinic acid®
135 (<1) 305sh, 325
4 11.10 353 191 (21), 179 (59), 173, 135 (8) 223, 240sh,  4-O-Caffeoyl quinic acid®
305sh, 326
5 11.35 179 179 (86), 135, 161 (<1) 224, 305sh, 323 Caffeic acid®
6 11.77 353 191,179 (4), 173 (<1), 161 (<1), 229, 240sh,  Caffeoyl quinic acid isomer
135(1) 305sh, 325
12.18 445 385, 223 (5), 205 (4), 179 (4) 225, 300sh, 330  Sinapoyl hexoside
8 12.37 367  193(9), 191,173 (37), 134 (<1) 214,301sh, 324  5-O-Feruloyl quinic acid
9 1250 625 505 (9), 463 (11), 445 (31), 301 260, 300sh, 353  Quercetin-3-O-diglycoside
(49), 300, 271 (22), 255 (11), 179
(3), 151 (4)
MS® 300 (28), 271, 255 (46), 179
(2), 151 (4)
10 13.15 309 193, 178 (<1), 149 (<1), 134 (<1), 225, 300sh, 326 Feruloyl malate®
115 (<1)
11 13.22 609 301, 300 (44), 271 (9), 255 (6), 179 259, 300sh, 351  Rutin>°
3
MS® (74), 179, 151 (92)
12 14.82 429 385 (25), 249, 223 (<1), 205(44), 224, 311 Sinapoyl conjugate

179 (21)

“Bold numbers represent a relative abundance of 100%. In parentheses, the relative abundance is indicated. Values
underlined are those that were diagnostic for the classification of compounds containing HCAs. In the case of quercetin
glycosides MS?® of the 100% ion from MS? was included to provide extra information.

Similar retention times, MS and UV data compared to authentic standards.

°Coelution with other compounds. Peaks were resolved when the gradient was modified as follows: 0-5 min, 0% B; 5-
23 min, 0 to 50% B; 23-24 min, 50 to 100% B; 24-27 min, 100% B; 27-28 min, 100 to 0% B; 28-35 min, 0% B at 40 °C,
performed with eluents containing 0.1 instead of 0.2% HAc (Retention times of 10 and 11 were 12.98 and 13.20 min,
respectively).

Two compounds were annotated as quercetin glycosides: Quercetin 3-O-diglucoside
(9) and rutin (11). After MS fragmentation both compounds yielded the predominant ions
m/z 300 ([M-2H-324]"*) and 301 ([M-H-324]), which originated from homolytic and
heterolytic cleavage of the glycosidic bond, respectively (3,/2). Retention time and
spectroscopic data of rutin were in accordance with those of the authentic compound. The
C-3 substitution of quercetin with glucose in compound 9 has been previously described in
potato (3). Furthermore, the presence of the ions m/z 505 and 445 during MS fragmentation
was diagnostic for quercetin-O-dihexosides substituted at the C-3 position (/2).
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Table 2. Retention times, MS, and UV data of sulfo-HCAs/sulfo-HCAcs/sulfo-flavonols in potato.

# RT MS ms* UV Amax Tentative identification
(min) (m/2) (m/z) (nm)

13 2.73 433 433(1), 415 (<1), 387 (3), 353 (80), 228, 246, 305sh,  O-Sulfate-caffeoyl quinic acid
301 (2), 259 (13), 241 (44), 215 (3), 327 or sulfo-caffeoyl quinic acid
191,179 (6), 161 (34), 135 (1)

14 4.29 259 259, 241(<1), 215 (13), 179 (47), 230, 250sh, 289,  Sulfo-caffeic acid isomer 1
135 (13) 323

15 4.39 433 433 (2), 415 (3), 387 (9), 353 (<1), 227,245, 305sh,  Sulfo-caffeoyl quinic acid

301 (2), 259, 241( 2), 215(38), 327 isomer 1

179 (1), 161(9), 135(3)

16 5.21 433 433 (3), 415 (3) 387 (18), 353 (<1), 229, 250, 296, Sulfo-caffeoyl quinic acid
301 (2), 259 (36), 241, 215(2),179 324 isomer 2
(1), 161 (1), 135 (<1)

17 7.87 433 433 (1), 415 (<1), 387 (9), 353 (<1), 229, 245, 295, Sulfo-caffeoyl quinic acid
301, 259 (3), 241 (6), 215 (<1), 179 324 isomer 3
(<1), 161 (<1), 135 (<1)

18 8.26 433 433 (1), 415 (2), 387 (3), 353 (<1), 229, 291sh, 313 Sulfo-caffeoyl quinic acid
301, 259 (4), 241 (3), 215(2), 179 isomer 4
(<1),161(2), 135 (1)

19 8.48 329 329 (98), 249, 241(80), 215 (6), 161 229, 291, 321 Sulfo-caffeoyl putrescine
(34), 135 (4)

20 8.83 433 433 (6), 415 (9), 387 (31) 353 (3), 228, 280sh, 315 Sulfo-caffeoyl quinic acid
301 (9), 259, 241 (29), 215 (37), isomer 5
191 (12), 179 (3), 161 (34) 135(@3)

21 9.08 259 259 (6), 241(<1), 215,179 (1), 135 228, 281, 327 Sulfo-caffeic acid isomer 2
)

22 9.53 433 433 (<1), 415 (<1), 387 (2), 353 228, 240sh, 2'-Sulfo-4-O-caffeoyl quinic
(<1), 301, 259 (<1), 241 (2), 215 305sh, 329 acid
(1), 161 (1)

23 9.88 433 433 (9), 415 (9), 387 (38), 353 (<1), 224, 240sh, 2-Sulfo-5-O-caffeoyl quinic
301 (11), 259, 241 (37), 215 (45), 305sh, 329 acid
191 (<1), 179 (<2), 161 (47), 135
@)

24 11.04 705 543 (4), 525 (1), 381, 301 (47), 271 229, 291sh, Sulfo-quercetin-3-O-
() 318° diglucoside

25 11.96 689 381, 301 (53), 271 (1) 229, 259, 312° Sulfo-rutin

®Bold numbers represent a relative abundance of 100%. In brackets, the relative abundance is indicated. Values
underlined are those that were diagnostic for the precursor compounds. Values in italic are those that were diagnostic
for the assignment of SO; attached to the aromatic ring of caffeic acid or quercetin.
"UV maxima data does agree with neither sulfo-quercetin nor with quercetin O-sulfate (13,14), probably due to co-

elution.

NaHSOj; as anti-browning agent

Compounds that were identified in extract A (1-12) were found in extract S as well,

although in different relative quantities.

Particularly 5-O-caffeoyl quinic acid and

4-O-caffeoyl quinic acid (Figure 1A,B) were much lower in extract S than in extract A.
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Furthermore, about 18 new peaks were observed in extract S, of which 13 were tentatively
identified (retention times, spectroscopic, and mass spectrometric data in Table 2).
Compound 23 was the most abundant, followed by 22.

The mass of the parent ions of the new compounds (13-25) revealed an increase of 80
a.m.u. (Table 2) when compared to the caffeoyl- and quercetin-containing compounds
labeled 1-12 (Table 1), referred to in the text as precursor compounds. Eight isomers (13,
15-18, 20, 22 and 23) with MW of 434 were found, which represented the MW of caffeoyl
quinic acid isomers plus 80 a.m.u. Similarly, MS analysis revealed that the MW of 19
matched with that of caffeoyl putrescine plus 80 a.m.u., 14 and 21 with a MW of caffeic
acid plus 80 a.m.u., 24 with a MW of quercetin-3-O-diglucoside plus 80 a.m.u., and 25 with
a MW of rutin plus 80 a.m.u. The extra 80 a.m.u. indicated that a SO; substituent is present
in the molecules.

MS fragmentation and NMR spectroscopy of the two main SO;H-caffeoyl
quinic acids

Table 2 shows that 22 and 23 yielded, although in very low abundance, the ions m/z 353,
191, 179, 161 and 135, which are diagnostic for caffeoyl quinic acid isomers (1, 3, 4 and 6;
Table 1). Moreover, MS fragmentation data (Table 2) revealed ions that indicate a SO;H
moiety linked to the caffeic acid moiety. The ions m/z 259 (SO;H caffeic acid), m/z 241
(dehydrated SO;H caffeic acid) and m/z 215 (decarboxylated SO;H caffeic acid) were used
as diagnostic tool for the linkage of the SO;H group to the caffeic acid moiety and not to
the quinic acid moiety. Other ions found for 22 and 23, but not for caffeoyl quinic acid
isomers, were: m/z 415 [M-H,O-HJ, 387 [M-H,0-CO-H] and 301 [M-CsH¢O;-H,O-H]J".
Interestingly, the ion m/z 259 was the most abundant for 23, whereas for 22 the most
abundant ion was m/z 301.

NMR spectroscopy was used to establish the position of the sulfite group on the
caffeic acid moiety and the position of the ester linkage between caffeic acid and quinic
acid. Interpretation of the 2D NMR spectra resulted in full assignment of both 'H and C
spectra for 22 and 23 (Table 3). In the caffeoyl ring the H-2’ was missing when compared
to 4-0O- and 5-O-caffeoyl quinic acid, indicating that the SO;H group must be attached to
position C-2’°. The carbon chemical shift of 125 ppm for C-2’, assigned by a crosspeak in
the HMBC between H-6" and C-2°, was in accordance with a SO;H group linked at position
2. In the HMBC of each compound, a crosspeak was assigned between a proton of quinic
acid and C-9’ of caffeic acid, indicating the linkage position of quinic acid. For 22 this was
position 4. When compared to unsubstituted quinic acid, the downfield shift of 2.7 ppm for
C-4, and upfield shifts of 2.4 and 2.0 ppm for C-3 and C-5, respectively, confirmed the
linkage at position C-4 (/5). For 23 a crosspeak between H-5 of quinic acid and C-9’ of
caffeic acid indicated C-5 as linkage position. This was also confirmed by a crosspeak in
the HMBC between H-5 and C-1, which was not present in case of linkage at position C-4,
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and by a downfield shift of 4.5 ppm for C-5 and upfield shifts of 3.4 and 3.6 ppm for C-4
and C-6, respectively, compared to unsubstituted quinic acid (/5). Therefore, 22 was
identified as 2’-SO;H-4-O-caffeoyl quinic acid, and compound 23 as 2’-SO;H-5-O-caffeoyl
quinic acid.

Table 3. 'H and "*C-NMR data of 22 and 23.

Atomno  'Hshift multiplicity 2 J- ®Cshift  'H shift multiplicity23 J- °C shift
coupling coupling
1 - - - 76.00 - - - 75.63
2 2.27 m 37.49 2.22 m 37.12
2.11 m 2.10 m
3 4.38 m 68.34 4.26 m 70.01
4 4.938 dd 9.1;2.8 78.18 3.900 dd 8.5;25 7211
5 4.36 m 64.98 5.299 m 71.49
6 2.26 m 40.80 2.26 m 37.34
212 m 2.14 m

7 178.50 - - - 177.82
1 125.24 - - - 125.11
2 125.80 - - - 125.88
3 143.21 - - - 143.14
4 147.66 - - - 147.63
5 7.027 d 8.4 118.35 6.974 d 8.4 118.21
6’ 7.266 d 8.4 120.95 7.159 d 8.4 120.85
7 8.493 d 15.7 144.66 8.436 d 15.7 144.45
8 6.437 d 15.7 118.52 6.283 d 15.7 118.40
9 168.90 - - 168.77

Identification of minor SO;H-phenolics based on MS fragmentation

Table 2 shows that the six minor SO;H-caffeoyl quinic acid isomers yielded ions similar to
those that were found for the two major SO;H-caffeoyl quinic acid isomers (22 and 23),
that is, the ions m/z 259 (SO;H caffeic acid), 241 (dehydrated SO;H caffeic acid) and 215
(decarboxylated SO;H caffeic acid). The differences observed in the relative abundances of
the ions among the six molecules suggest a distinctive effect of the position of the ester
linkage between caffeic acid and quinic acid (/6), as well as of the position of the SO;H
moiety. In the UV spectra there was a small bathochromic shift (maximum shift 5 nm) for
13, 15, 19, 21, 22 and 23, if compared to the precursor compounds (those without the SO;H
group). On the contrary, there was a hypsochromic effect (maximum shift 10 nm) for 18
and 20, if compared to precursor compounds. In literature, both bathochromic and
hypsochromic spectral shifts have been reported upon nucleophilic attack of glutathione to
caffeoyl-containing compounds (17, 18).
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In our study the ion m/z 381, observed with both 24 and 25 (Table 2), demonstrated
that the SO;H was attached to the flavonoid skeleton and not to the saccharide moiety. The
ions m/z 179 and 151, representing the A-ring moiety after C-ring cleavage of quercetin
(19), were observed in 9 and 11 (Table 1) as well as in 24 and 25 (Table 2). The lack of
ions m/z 179+80 and 151480 in MS" spectra of 24 and 25 suggested that the SO;H group
should be linked to ring B.

Extinction coefficient of sulfo-ChA and quantification of phenolics and sulfo-
phenolics in potato extracts

The presence of the SO;H moiety in 5-O-caffeoyl quinic acid caused a small bathocromic
(Amax shift from 325 to 329 nm) and a large hypochromic shift (Figure 2). The
hypochromic shift effect was reflected in the extinction coefficient of 2’-sulfo-5-O-caffeoyl
quinic acid (9,3574#395 M'cm'), which was half that of 5-O-caffeoyl quinic acid
(18,494+196 M'cm™). The extinction coefficient of 5-O-caffeoyl quinic acid was
comparable to that reported in the literature (18,130+242 M'lcm'l) (20).

Quantification of the (modified) HCAs/HCAcs/flavonols obtained in the presence of
NaHSO; revealed that most chlorogenic acid isomers were modified (less than 1%, w/w, of
total chlorogenic acid isomers were found as such), accounting for 95% (w/w) of all
phenolic compounds. The content of sulfo-chlorogenic acid isomers obtained in the
presence of NaHSO; was 113+25 mg/100 g potato DW, which corresponds to 102+20 mg
total chlorogenic acid isomers/100 g potato DW, a quantity that is well within the range of
total chlorogenic acid isomers found in potato (/,2,17). Surprisingly, the total amount of
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Figure 2. UV spectra of 0.05 mM 2’-sulfo-5-O-caffeoyl quinic acid
(solid line) and 0.05 mM 5-O-caffeoyl quinic acid (dotted line).
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chlorogenic acid isomers obtained in the presence of ascorbic acid was lower (60+6 mg/100
g potato DW, P<(.05) than that obtained in the presence of NaHSO;. Although the amount
of ascorbic acid was nonlimiting, as judged by UHPLC-DAD-ESI-MS" (data not shown), it
might be that ascorbic acid competes with proteins in reacting with ChA quinone, by which
ChA and ChA-protein complexes are formed, respectively. The latter are not analyzed by
our method.

DISCUSSION

For the first time, molecular evidence of reaction products upon addition of NaHSO; as
antibrowning agent against PPO during food processing is provided. Two new major
compounds were identified as 2’-sulfo-5-O-caffeoyl quinic acid and 2’-sulfo-4-O-caffeoyl
quinic acid, whereas several other minor compounds were tentatively assigned as positional
isomers of sulfo-caffeoyl quinic acid, sulfo-caffeoyl putrescine, sulfo-caffeic acid isomers
and sulfo-quercetin-3-O-glycosides. Our results suggest that whenever sodium hydrogen
sulfite is used as antibrowning agent during fruit and vegetable processing, one can expect
o-diphenolics to react into sulfo-o-diphenolics, which might change their nutritional and
sensory properties.

Structural elucidation of the SO;H-containing phenolics

In this study, we have found a series of phenolics with a molecular mass of 80 a.m.u. extra
compared to the common compounds found in ascorbic acid-treated potato juice, which is
diagnostic for the attachment of a sulfite group. With 'H and ?C NMR spectroscopy, it was
possible to establish that the SO;H moiety was attached to the C-2 position on the caffeic
acid moiety as well as the position of the ester linkage between caffeic acid moiety and
quinic acid moiety. Nevertheless, it could not be established whether the SO;H group is
attached to the aromatic ring through the sulfur or oxygen atom. Others have reported
sulfated adducts of caffeic acid, 3-O- and 4-O-caffeoyl quinic acid isomers in urine and
plasma, also with 80 a.m.u. extra (2/). Interestingly, the MS” fragmentation pattern of those
sulfated adducts differs from those of 22 and 23 (Figure 3). This suggests that in that study
the sulphur-containing groups are differently attached to the aromatic ring compared to 22
and 23. The MS” fragmentation of 22 and 23 yielded m/z 353 in very low abundance,
whereas m/z 259, 241 and 215 were quite abundant. In contrast, 5-O-caffeoyl quinic
acid-O-sulfate yielded the ion [M-SOs-H]™ with m/z 353 as base peak after MS? (21), and
further fragmentation followed that of the precursor compound. No m/z 415, 387, 301, 259,
241, and 215 ions were reported in MS?, as in that study they were present in very low
intensities (22). Hence, it is hypothesized that 22 and 23 are sulfo-adducts, in which the
sulfur atom is attached directly to the aromatic ring. This is also consistent with the
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proposed mechanism underlying the formation of 22 and 23 (see further). In wine model
solutions, double-linked sulfate adducts have been reported (23), but these have only 64
a.m.u. extra, instead of 80.
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Figure 3. Distinctive MS fragmentation pattern of (A) 5-O-caffeoyl quinic acid (3) (B) 2’-sulfo-5-O-
caffeoyl quinic acid (23) (C) 5-O-caffeoyl quinic aC|d sulfate, and (D) 5-O-caffeoyl quinic acid-double
linked-O-sulfate. Part C was based on published results for 3-O- and 4-O-caffeoyl quinic acid-O-sulfate
(21). Part D was based on results for adducts between catechin and sulfite (23). In part C, the hydroxyl
group to which SOs is attached is arbitrary. P denotes the molecular mass of the precursor compound,
354 a.m.u. In each case, the thickest dotted line represents the most abundant fragment in MS?.
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Following the MS fragmentation data, as presented in Figure 3, 14-18, 20 and 21 are,
analogous to 22 and 23, annotated as sulfo-phenolics. More specifically, 15-18 and 20 as
sulfo-caffeoyl quinic acid isomers and 14 and 21 as sulfo-caffeic acid isomers. Isomer 13,
with parent ion of m/z 433, gave the ion m/z 353 with relatively high intensity (80%) after
MS fragmentation, which indicated that 13 might be a sulfated compound. Nevertheless,
the presence of ions m/z 259, 241, and 215 in lower intensity suggested that it cannot be
excluded that 13 is a sulfo-compound. MS* fragmentation of 19, identified as sulfo-caffeoyl
putrescine, gave the ion m/z 249 [caffeoyl putrescine-H] as base peak and m/z 241
[sulfocaffeic acid-H,O-H] in high abundance.

Similar to sulfo-caffeoyl adducts, two modified flavonols were found and assigned as
sulfo-quercetin glycosides. Fragmentation of the two modified quercetin glycosides (24 and
25) yielded the ion m/z 381 [sulfoquercetin-H]" as base peak (Table 2). Its further
fragmentation produced the aglycone m/z 301 [quercetin-H] . In contrast, MS fragmentation
of a glycosylated sulfate-flavonol has been shown to result in the glycosylated flavonol ion
[M-80-H] (24), and its further fragmentation yielded the aglycone as base peak. It seems
that the glycosidic linkage in quercetin glycoside sulfates is stronger than the bond
attaching the sulfates, whereas in sulfo-quercetin glycosides this is the opposite.

Mechanism and position of sulfonation

With the commercial PPO it was shown that PPO is involved in the reaction between
5-O-caffeoyl quinic acid and NaHSOj; to produce the sulfo-derivative. PPO catalyzes the
oxidation of the o-diphenol in 5-O-caffeoyl quinic acid to its respective o-quinone (Figure
4A), which is prone to nucleophilic attack by HSO;". After this attack, the resulting ketone
tautomerizes to the thermodynamically more stable enol form, which can exist in
equilibrium with 2’-sulfo-5-O-caffeoyl quinic acid depending on the pH. This final
compound is less reactive than the o-quinone and, therefore, the browning process is
stopped.

For caffeic acid-containing compounds the addition might occur at positions C-2’,
C-5’ and C-6’. As shown in Figure 4B, the C-2’ position is preferred due to the conjugative
delocalization of an electron to the side chain carbonyl, as well as to an oxygen on the
aromatic ring (/7). For the C-5’or C-6’ position, only a single activation by electron
migration to the oxygens attached to the aromatic ring is possible (/7). On the other hand,
from a steric perspective, the preferred substitution should follow the order
C-5">C-6’>C-2’, with C-2’ as the least accessible carbon (/8). We postulate that the double
activation overrules the steric hindrance effect. Our data are in agreement with the PPO
catalyzed reaction between glutathione or cysteine and different caffeic acid derivatives,
resulting in C-2’ reaction products as the most abundant ones (/7, 18, 25). The importance
of the double activation is evident if compared to the reactivity of dihydrocaffeic acid o-
quinone (/8). In the latter case, no conjugative delocalization of an electron to the side
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chain carbonyl is possible. Hence, the C-5’ position is the most reactive, followed by
C-6’and C-2’, with the steric hindrance effect playing a major role.
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Figure 4. (A) Reaction between 5-O-caffeoyl quinic acid and HSOg3, after enzymatic activation of the
aromatic ring to produce 2’-sulfo-5-O-caffeoyl quinic acid. (B) Double activation of the C-2’ position of
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Reaction of other phenolics with NaHSO;

The lack of reactivity of ferulic acid- and sinapic acid-containing compounds with NaHSOj;
supports that PPO is involved in the reaction, as ferulic acid cannot be oxidized by PPO
extracted from potato (26). In the case of sinapic acid no o-hydroxylation by PPO, and thus
no further o-quinone formation, is possible.

The C-5° preferred nucleophilic attack has been shown for adducts of
epicatechin/catechin and cysteine (25), and for adducts of catechin and glutathione (/8). In
these reactions, the initial enzymatic oxidation is crucial for the activation of the B ring.
With no enzyme present, no adduct formation was observed. The C-5° is the most
electrophilic and the least sterically hindered position and; therefore, a nucleophilic attack
is more probable at this position (/8). Hence, we postulate that 24 and 25 correspond to
5’-sulfo-quercetin-3-O-diglucoside and 5’-sulfo-rutin, respectively.

32



Formation of sulfo-phenolics in potato extracts

ACKNOWLEDGEMENTS

The authors are grateful to COLCIENCIAS and Universidad Nacional de Colombia for
providing a fellowship to Carlos-Eduardo Narvédez-Cuenca supporting this work. Part of
this work was supported by the Commission of the European Communities within the
Seventh Framework Programme for research and technological development (FP7), Grant
Agreement No. 226930, title “Replacement of sulphur dioxide (SO,) in food keeping the
same quality and shelf-life of the products”, acronym SO2SAY. We thank Prof. Ricaurte
Rodriguez-Angulo from Universidad Nacional de Colombia for his advice on the reactivity
of o-quinones with HSO; (Figure 4). Information about fragmentation of sulfated
hydroxycinnamic acids by Dr. Angélique Stalmach, Prof. Alan Crozier (both University of
Glasgow), and Prof. Gary Williamson (University of Leeds) is greatly appreciated by the
authors.

REFERENCES

1. Andre, C. M.; Oufir, M.; Guignard, C.; Hoffmann, L.; Hausman, J. F.; Evers, D.; Larondelle,
Y., Antioxidant profiling of native Andean potato tubers (Solanum tuberosum L.) reveals
cultivars with high levels of B-carotene, a-tocopherol, chlorogenic acid, and petanin. J. Agric.
Food Chem. 2007, 55, 10839-10849.

2. Shakya, R.; Navarre, D. A., Rapid screening of ascorbic acid, glycoalkaloids, and phenolics in
potato using high-performance liquid chromatography. J. Agric. Food Chem. 2006, 54, 5253-
5260.

3. Tudela, J. A.; Cantos, E.; Espin, J. C.; Tomas-Barberan, F. A.; Gil, M. 1., Induction of
antioxidant flavonol biosynthesis in fresh-cut potatoes. Effect of domestic cooking. J. Agric.
Food Chem. 2002, 50, 5925-5931.

4.  Gomez-Lépez, V. M., Some biochemical properties of polyphenol oxidase from two varieties of
avocado. Food Chem. 2002, 77, 163-169.

5. Makris, D. P.; Rossiter, J. T., An investigation on structural aspects influencing product
formation in enzymic and chemical oxidation of quercetin and related flavonols. Food Chem.
2002, 77, 177-185.

6. Timbo, B.; Koehler, K. M.; Wolyniak, C.; Klontz, K. C., Sulfites - A food and drug
administration review of recalls and reported adverse events. J. Food Prot. 2004, 67, 1806-
1811.

7. Brunt, K.; Drost, W. C., Design, construction, and testing of an automated NIR in-line analysis
system for potatoes. Part I: Off-line NIR feasibility study for the characterization of potato
composition. Potato Res. 2010, 53, 25-39.

8. Guerrero-Beltran, J. A.; Swanson, B. G.; Barbosa-Canovas, G. V., Inhibition of
polyphenoloxidase in mango puree with 4-hexylresorcinol, cysteine and ascorbic acid. LWT -
Food Sci. Tech. 2005, 38, 625-630.

9.  Sayavedra-Soto, L. A.; Montgomery, M. W., Inhibition of polyphenoloxidase by sulfite. J.
Food Sci. 1986, 51, 1531-1536.

10. Ferrer, J. O.; Otwell, W. S.; Marshall, M. R., Effect of bisulfite on lobster shell phenoloxidase.
J. Food Sci. 1989, 54, 478-480.

33



Chapter 2

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

34

Narvdez-Cuenca, C. E.; Vincken, J.-P.; Gruppen, H., Identification and quantification of
(dihydro) hydroxycinnamic acids and their conjugates in potato by UHPLC-DAD-ESI-MS".
Food Chem. 2012, 130, 467-475.

Ferreres, F.; Llorach, R.; Gil-Izquierdo, A., Characterization of the interglycosidic linkage in di-
, tri-, tetra- and pentaglycosylated flavonoids and differentiation of positional isomers by liquid
chromatography/electrospray ionization tandem mass spectrometry. J. Mass Spectrom. 2004,
39, 312-321.

Balcerzak, M.; Kopacz, M.; Kosiorek, A.; Swiecicka, E.; Kus, S., Spectrophotometric studies of
the interaction of noble metals with quercetin and quercetin-5'-sulfonic acid. Anal. Sci. 2004,
20, 1333-1337.

Justino, G. C.; Santos, M. R.; Candrio, S.; Borges, C.; Floréncio, M. H.; Mira, L., Plasma
quercetin metabolites: Structure-antioxidant activity relationships. Arch. Biochem. Biophys.
2004, 432, 109-121.

Scholz-Bottcher B.M., E. L., Maier HG, New stereoisomers of quinic acid and their lactones.
Liebigs Ann. Chem. 1991, 1029-1036.

Clifford, M. N.; Johnston, K. L.; Knight, S.; Kuhnert, N., Hierarchical scheme for LC-MS"
identification of chlorogenic acids. J. Agric. Food Chem. 2003, 51, 2900-2911.

Cheynier, V. F.; Trousdale, E. K.; Singleton, V. L.; Salgues, M. J.; Wylde, R., Characterization
of 2-S-glutathionylcaftaric acid and its hydrolysis in relation to grape wines. J. Agric. Food
Chem. 1986, 34, 217-221.

Moridani, M. Y.; Scobie, H.; Jamshidzadeh, A.; Salehi, P.; O'Brien, P. J., Caffeic acid,
chlorogenic acid, and dihydrocaffeic acid metabolism: Glutathione conjugate formation. Drug
Metab. Dispos. 2001, 29, 1432-1439.

Chen, M.; Song, F.; Guo, M.; Liu, Z.; Liu, S., Analysis of flavonoid constituents from leaves of
Acanthopanax senticosus Harms by electrospray tandem mass spectrometry. Rapid Commun.
Mass Spec. 2002, 16, 264-271.

Dao L., F. M., Chlorogenic acid content of fresh and processed potatoes determined by
ultraviolet spectrophotometry. J. Agric. Food Chem. 1992, 40, 2152-2156.

Stalmach, A.; Mullen, W.; Barron, D.; Uchida, K.; Yokota, T.; Cavin, C.; Steiling, H.;
Williamson, G.; Crozier, A., Metabolite profiling of hydroxycinnamate derivatives in plasma
and urine after the ingestion of coffee by humans: Identification of biomarkers of coffee
consumption. Drug Metab. Dispos. 2009, 37, 1749-1758.

Stalmach, A. W., G.; Crozier, A., Personal comunication. In 2011.

Nonier, M. F.; Vivas, N.; Gaulejac, N. V. d.; Absalon, C.; Vitry, C., Study by LC/ESI/MS" and
ESI/HR/MS of SO, interactions in flavanols-aldehydes nucleophilic reactions. Food Chem.
2010, 122, 488-494.

Ferreres, F.; Fernandes, F.; Oliveira, J. M. A.; Valentao, P.; Pereira, J. A.; Andrade, P. B.,
Metabolic profiling and biological capacity of Pieris brassicae fed with kale (Brassica oleracea
L. var. acephala). Food Chem. Toxicol. 2009, 47, 1209-1220.

Richard, F. C.; Goupy, P. M.; Nicolas, J. J.; Lacombe, J. M.; Pavia, A. A., Cysteine as an
inhibitor of enzymatic browning. 1. Isolation and characterization of addition compounds
formed during oxidation of phenolics by apple polyphenol oxidase. J. Agric. Food Chem. 1991,
39, 841-847.

Ni Eidhin, D.; Degn, P.; O'Beirne, D., Characterization of polyphenol oxidase from rooster
potato (Solanum tuberosum cv Rooster). J. Food Biochem. 2010, 34, 13-30.



Chapter 3

Inhibition of enzymatic browning of chlorogenic
acid by sulfur-containing compounds

The anti-browning activity of sodium hydrogen sulfite (NaHSO;) was compared to that of
other sulfur-containing compounds. Inhibition of enzymatic browning was investigated
using a model browning system consisting of mushroom tyrosinase and chlorogenic acid
(ChA). Development of brown color (spectral analysis), oxygen consumption, and reaction
product formation (RP-UHPLC-DAD-MS) were monitored in time. It was found that the
compounds showing anti-browning activity either prevented browning by forming colorless
addition products with o-quinones of ChA (NaHSO;, cysteine, glutathione) or by inhibiting
the enzymatic activity of tyrosinase (NaHSO;, dithiothreitol). NaHSO; was different from
the other sulfur-containing compounds investigated, as it showed a dual inhibitory effect on
browning. Initial browning was prevented by trapping the o-quinones formed in colorless
addition products (sulfo-ChA), while at the same time tyrosinase activity was inhibited in a
time-dependent way, as was shown by pre-incubation experiments of tyrosinase with
NaHSOs;. Furthermore, it was demonstrated that sulfo-ChA and cysteinyl-ChA were not
inhibitors of mushroom tyrosinase.

Based on: Kuijpers, T.F.M.; Narvaez-Cuenca, C.-E.; Vincken, J.-P.; Verloop, A.J.W.; van Berkel,
W.J.H.; Gruppen, H. J. Agric. Food Chem. 2012, 60, 3507-3514.



Chapter 3

INTRODUCTION

Enzymatic browning is a major quality problem in the processing of fruits and vegetables.
The enzymes responsible for enzymatic browning are polyphenol oxidases (PPOs), which,
depending on their source, can either catalyze the o-hydroxylation and subsequent
oxidation of a wide range of phenolic substrates (tyrosinase, cresolase or monophenolase
activity), or only the oxidation of o-diphenols (catecholase or diphenolase activity) (/,2).
The oxidation of o-diphenols results in o-quinones, which in turn react with each other and
other compounds present, resulting in dark colored pigments (3). Additives widely used to
inhibit enzymatic browning include sulfites and ascorbic acid (2,4).

Different sulfites used as food additives are sodium sulfite (Na,SO;), sodium
metabisulfite (Na,S,0s), and sodium hydrogen sulfite (NaHSOj, also referred to as sodium
bisulfite). When dissolved, these salts yield a mixture of SO32' and HSO; (5) Three
possible mechanisms for browning inhibition by sulfite have been suggested: (i) irreversible
inhibition of PPO (6), (ii) reduction of o-quinones, thereby reversing the enzymatic reaction
(4), and (iii) formation of addition products between sulfite and o-quinones, preventing
them to react further into brown pigments (7).

Using sulfites in food products is controversial because of related health risks (§). An
alternative anti-browning agent is ascorbic acid. The mechanism by which ascorbic acid
inhibits browning is well known: o-quinones formed by PPO are reduced to their
precursors, o-diphenols, which subsequently can be oxidized again (9). This redox cycling
continues until all ascorbic acid is consumed, after which the brown colored pigments are
still formed. Therefore, ascorbic acid can delay browning, but it does not inhibit enzymatic
activity. Hence, much effort has been put in finding natural sulfite alternatives. Many PPO
inhibitors have been identified and often their mode of inhibition has been determined (/0).
Surprisingly, the mechanism by which sulfite inhibits browning is still unclear, despite its
common use for a long time.

Recently, it was found that, when extracting phenolic compounds from potato in the
presence of sulfite, the expected phenolic compounds, mainly chlorogenic acid, were absent
in the extracted material (/7). Sulfonated derivatives were found instead. It was proposed
that PPO-catalyzed o-quinone formation was a prerequisite for the formation of these
sulfophenolics, and that formation of these compounds might be responsible for inhibition
of browning.

In the present study, the effect of sulfite on PPO-catalyzed browning was further
investigated. In contrast to the previous research (/7), a model browning system was used,
consisting of chlorogenic acid (Figure 1) and a commercially available mushroom PPO
(tyrosinase; EC 1.14.18.1). The mechanism of action of NaHSO; is compared to that of
other sulfur-containing compounds (Figure 1). Cysteine and glutathione (GSH) were
selected, as these compounds are known to form adducts with o-quinones (/2-15). Besides
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formation of adducts with o-quinones, the anti-browning activity of cysteine has also been
proposed to be due to irreversible inhibition of PPO (/6). Dithiothreitol (DTT) was chosen
because it was reported to be an inhibitor of tyrosinase-catalyzed browning. However,
different explanations have been given: DTT was found to form addition products with
o-quinones, it was found to reversibly inhibit tyrosinase, and it was found to reduce the
copper in the active site of tyrosinase (/7, 18). It should be noted that the results for the
sulfur-containing compounds mentioned above were obtained in different studies, under a
variety of conditions. For example, type of substrate, substrate concentration, inhibitor
concentration, and enzyme source varied over the different studies.

(0]
chlorogenic acid (5-CQA)

H
9 (0] (0] S H (0]
Ho 5o Na HOWH N\)J\OH
NH, (0]
NaHSO3 glutathione (GSH)
(0] OH
HS/\)J\OH S\\C P Hs/\é/\/SH
NH, NN OH

cysteine allyl isothiocyanate  dithiothreitol (DTT)
Figure 1. Structures of substrate and different sulfur-containing compounds used in this study.

Here, we compared the anti-browning properties of the different sulfur-containing
compounds under similar conditions. To investigate whether other natural sulfur-containing
compounds might have the potential to function as a sulfite alternative, allyl isothiocyanate
was selected. Isothiocyanates result from the hydrolysis and subsequent rearrangements of
their precursors, glucosinolates, which widely occur in for instance the Brassicaceae plant
family (/9).
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MATERIALS AND METHODS

Materials

Mushroom tyrosinase, chlorogenic acid (5-O-caffeoylquinic acid, ChA), sodium hydrogen
sulphite (NaHSO3), L-ascorbic acid, L-cysteine, L-glutathione (GSH), dithiothreitol (DTT)
and allyl isothiocyanate were purchased from Sigma Aldrich (St. Louis, MO, USA).
Ultra-high-performance liquid chromatography/mass spectrometry (UHPLC/MS) grade
acetonitrile (ACN) was obtained from Biosolve BV (Valkenswaard, The Netherlands).
Water was prepared using a Milli-Q water purification system (Millipore, Billerica, MA,
USA).

Purification of mushroom tyrosinase

Commercial mushroom tyrosinase was purified by a single gel filtration step (20). A
Hil.oad 26/60 Superdex 200 column connected to an Akta Explorer system (GE Healthcare,
Uppsala, Sweden) was used. A total of 50 mg of the commercial enzyme [dissolved in 50
mM N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) buffer pH 6.8] was
loaded and eluted with 50 mM HEPES buffer at pH 6.8 at 4 mL/min. Fractions (5 mL) were
collected, and activity was assayed by a spectrophotometric assay: 50 uL of each fraction
was combined with 100 uL 0.8 mM tyrosine in a 96-well plate, and absorbance at 520 nm
was monitored in time. Active fractions were pooled and stored at -20 °C until use.
Tyrosinase activity was expressed in units, according to the suppliers definition (1 unit
increases the A,go by 0.001 min"' with L-tyrosine as substrate, at pH 6.5 and 25 °C).

Incubation of ChA and tyrosinase with browning inhibitors

ChA (0.1 mM), sulfur-containing compounds (0.2 mM) or ascorbic acid (0.2 mM), and
tyrosinase (7 units/mL) were mixed in 10 mM HEPES buffer pH 6.5. Samples were
incubated at room temperature for 1 h, centrifuged (10,000 x g; 5 min; room temperature),
and analyzed by RP-UHPLC. For spectrophotometric analysis, the same reaction mixtures
were incubated in quartz cuvettes in a UV-1601 spectrophotometer (Shimadzu, Kyoto,
Japan). Wavelength scans were made from 200 to 600 nm. A scan was made every min, for
a total of 60 min.

RP-UHPLC analysis

Samples were analysed on an Accela UHPLC system (Thermo Scientific, San Jose, CA,
USA) equipped with a pump, an autosampler and a diode array detector (DAD). Samples (5
pL) were injected onto a Hypersil Gold column (2.1 x 150 mm, particle size 1.9 um;
Thermo Scientific). Water acidified with 0.1% (v/v) acetic acid, eluent A, and ACN
acidified with 0.1% (v/v) acetic acid, eluent B, were used as eluents. The flow rate was 400
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pL/min, and the column oven temperature was controlled at 30 °C. The DAD was set to
measure the range 200-600 nm. The following elution profile was used: 0-1 min, isocratic
on 0% (v/v) B; 1-6 min, linear gradient from 0% to 35% (v/v) B; 6-7 min, linear gradient
from 35% to 100% (v/v) B; 7-9 min, isocratic on 100% (v/v) B; 9-10 min, linear gradient
from 100% to 0% (v/v) B; and 10-12 min, isocratic on 0% (v/v) B.

Electrospray ionization-mass spectrometry (ESI-MS)

Mass spectrometric data were obtained by analyzing samples on a LTQ-XL (Thermo
Scientific) equipped with an ESI probe coupled to the RP-UHPLC system. Nitrogen was
used as sheath gas and auxiliary gas. Data were collected over the m/z range 150-1,500.
Data-dependent MS" analysis was performed with a normalized collision energy of 35%.
The MS" fragmentation was performed on the most intense product ion in the MS™'
spectrum. Most settings were optimized via automatic tuning using ‘Tune Plus’ (Xcalibur
2.07, Thermo Scientific). The system was auto-tuned with ChA in negative ionization (NI)
mode. The transfer tube temperature was 350 °C, and the source voltage 3.5 kV. Data
acquisition and reprocessing were done with Xcalibur 2.07 (Thermo Scientific).

Preparative HPLC purification of sulfoChA

Samples of ChA (1 mM) incubated with NaHSO; (2 mM) and tyrosinase (70 units/mL)
were fractionated on a preparative HPLC system (Waters, Milford, MA, USA), using a
semi-preparative Hypersil Gold column (20 x 150 mm, particle size 5 um; Thermo
Scientific) with a Hypersil guard column (20 x 20 mm, particle size 5 um; Thermo
Scientific). Water acidified with 0.2% (v/v) acetic acid (eluent A) and ACN acidified with
0.2% (v/v) acetic acid (eluent B) were used as eluents. The flow rate was 30 mL/min. The
following elution profile was used: 0-2 min, isocratic on 2% (v/v) B; 2-17 min, linear
gradient from 2 to10% (v/v) B; 17-20 min, linear gradient from 10 to100% (v/v) B; 20-25
min, isocratic on 100% (v/v) B; 25-27 min, linear gradient from 100 to 2% (v/v) B; and 27-
37 min, isocratic on 2% (v/v) B. Fractions (14 mL) were collected and pooled based on UV
response at 320 nm. The major reaction product was found to be 2’-SO;H-ChA (17), with a
purity of 94% (based on peak integration at 320 nm), which was in accordance with the MS
base peak chromatogram.

Preparative purification of cysteinyl-ChA using flash chromatography

Samples of ChA (1 mM) incubated with cysteine (2 mM) and tyrosinase (70 units/mL)
were fractionated on a flash chromatography system (Grace, Deerfield, IL, USA) using a
Reveleris C18 flash cartridge (Grace). Water acidified with 0.1% (v/v) acetic acid (eluent
A) and ACN acidified with 0.1% (v/v) acetic acid (eluent B) were used as eluents. The
cartridge was equilibrated with 5 column volumes of B, followed by 5 column volumes of
A. The following elution profile was used: 0-10 min, linear gradient from 0 to 40% (v/v) B;
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10-14 min, linear gradient from 40 to100% (v/v) B; and 14-16 min, isocratic on 100% (v/v)
B. Fractions (25 mL) were collected and pooled based on UV response at 320 nm. The
major reaction product was found to be 2’-S-cysteinyl-ChA (72), with a purity of 95% (on
the basis of peak integration at 320 nm), which was in accordance with the MS base peak
chromatogram.

Oxygen consumption measurements
Oxygen consumption of tyrosinase was measured using an Oxytherm System (Hansatech,
Kings Lynn, UK). Incubations with ChA (0.5 mM) and tyrosinase (35 U/mL) with or
without sulfur-containing compound (1 mM) or ascorbic acid (I mM) were done in a total
volume of 1 mL 10 mM HEPES buffer at pH 6.5 and 25 °C. Data acquisition and analysis
were performed using Oxygraph Plus software (Hansatech).

In case of pre-incubation experiments, tyrosinase (35 units/mL) and sulfur-containing
compounds (I mM) were incubated for different times (specified in the text) at 25 °C, after
which concentrated ChA (50 mM) was added to reach a final concentration of 0.5 mM.

RESULTS AND DISCUSSION

In vitro browning of ChA by tyrosinase

To investigate the effect of different sulfur-containing compounds on ChA conversion by
tyrosinase, the reaction products of the in vitro browning of ChA by tyrosinase were
analyzed. The formation of reaction products was monitored by both RP-UHPLC-DAD-MS
analysis and recording absorption spectra of the reaction mixture at different time intervals
(Figure 2). Results were compared to those obtained in the presence of ascorbic acid,
which was used as a reference anti-browning agent.

After incubation the absorption spectra of a mixture of ChA and tyrosinase (Figure
2A) showed a clear decrease in absorbance at the typical maximum for ChA, 326 nm. New
maxima at 250 nm and around 400 nm appeared, the latter being responsible for the brown
color observed after the reaction. The corresponding RP-UHPLC-DAD trace (Figure 2F)
showed that different reaction products were formed. Based on the rise of the baseline, it
seemed that a multitude of compounds eluted between 4.5 and 6.5 min, with three clear
peaks standing out (peaks 1, 2 and 3). Peak 1 was identified as ChA, both based on MS
analysis (Table 1) and by comparing to RP-UHPLC analysis of the authentic standard. MS
analysis of peak 2 revealed an m/z of 351, corresponding to a mass of 352, which might
represent the mass of the o-quinone of ChA, an expected reaction product of ChA and
tyrosinase (21). MS” analysis yielded m/z 215 as the most abundant product ion, which
could not be explained. Two less abundant product ions were m/z 177 and m/z 133, which
might correspond to the fragments m/z 179 and m/z 135, respectively, found in MS® of
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ChA, taking into account the loss of two protons upon oxidation of ChA. Peak 3 had m/z
705, and MS? resulted in a predominant fragment with m/z 513, the MS® fragmentation of
which resulted in a major product ion of m/z 339. Dimers of ChA, resulting from oxidation
by tyrosinase, showing the same MS fragmentation have been described before (22), and
were also found in oxidized apple extracts (23). Based on these data, compounds 2 and 3

(Table 1) were tentatively identified as the o-quinone and dimer of ChA, respectively.

Table 1. Identification of reaction products of ChA, NaHSOj3, cysteine, GSH and tyrosinase.

No RT (min) [M-HT MS" fragments (% relative UV Anmax Tentative
(m/z) abundance) (nm) identification
(m/2)
1 5.11 353 MS?[353]: 191 (100), 179 (4), 135 (1) 326 5-O-Caffeoylquinic
acid (ChA)

2 4.75 351 MS? [351]: 215 (100), 177 (15), 195 (8), 251, 300 ChA quinone
133 (6), 307 (6), 173 (5), 123 (5), 261
(2), 155 (2), 149 (2), 191 (1)

3 5.61 705 MS? [705]: 513 (100) 323 ChA dimer
MS® [705 — 513]: 339 (100), 321 (10),
496 (7), 295 (2)

4 4.45 433 MS? [433]: 259 (100), 415 (47), 215 240, 328 2'-Sulfo-5-0O-
(38), 241 (23), 387 (17), 161 (16) 301 caffeoylquinic acid
(7) (2-SOgH-ChA)

5 1.77 433 MS? [433]: 353 (100), 191 (30), 241 244, 302 Sulfo-caffeoylquinic
(24), 161 (13), 415 (7), 271 (4), 179 (1) acid isomer
MS® [433 — 353]: 191 (100), 179 (6),
135 (1)

6 3.16 433 MS? [433]: 241 (100), 415 (93), 387 296, 324 Sulfo-caffeoylquinic
(11), 259 (9), 213 (7), 416 (4), 433 (3), acid isomer
242 (3), 161 (1), 133 (1)
MS® [433 — 241]: 213 (100), 241 (56),
161 (5), 133 (3)

7 4.09 433 MS? [433]: 259 (100), 415 (37), 215 315 Sulfo-caffeoylquinic
(33), 241 (20), 387 (18), 161 (12), 301 acid isomer
(1)

8 4.49 472 MS? [472]: 385 (100), 193 (18), 191 250, 326 2'-S-Cysteinyl-5-O-
(17), 236 (12), 280 (3), 351 (2), 298 (2), caffeoylquinic acid
167 (2)
MS?® [472 — 385]: 191 (100), 193 (89),
211 (1)

9 4.57 658 MS? [658]: 385 (100), 466 (55), 272 252, 325 2'-S-Glutathionyl-5-
(24), 193 (13), 529 (12), 191 (11), 448 O-caffeoylquinic
(4), 379 (4), 254 (4), 337 (2), 211 (2), acid

340 (1), 306 (1), 293 (1), 210 (1)
MS® [658 — 385]: 191 (100), 193 (94),
211 (1)
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Figure 2. Absorption spectra of ChA (0.1 mM) incubated with tyrosinase (7 units/mL) with and without
potential browning inhibitors (A to E) at different incubation times and RP-UHPLC-DAD traces (320 nm)
of the reaction mixtures after incubation (F to J): (A and F), ChA with tyrosinase alone; (B and G), ChA
with tyrosinase and ascorbic acid (0.2 mM); (C and H), ChA with tyrosinase and NaHSO; (0.2 mM); (D
and I), ChA with tyrosinase and cysteine (0.2 mM); and (E and J), ChA with tyrosinase and GSH (0.2

mM).
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The absorption spectra of ChA and tyrosinase incubated in the presence of ascorbic
acid (Figure 2B) showed that ascorbic acid delays enzymatic browning. At time zero,
besides the typical 326 nm maximum for ChA, also a maximum at 265 nm was observed,
caused by the ascorbic acid present. After 30 min of incubation, this maximum disappeared,
whereas the ChA maximum remained. After 60 min of incubation, the spectrum was similar
to the spectrum of ChA incubated with tyrosinase after 30 and 60 min: a decrease in
absorbance at 326 nm, and new maxima formed at 250 nm and around 400 nm. The
RP-UHPLC-DAD trace (Figure 2G) was similar to that of ChA incubated with tyrosinase
alone (Figure 2F). The same compounds were present, only the ratio between them
differing. These results confirmed that ascorbic acid delays browning.

Effect of different sulfur-containing compounds on ChA conversion by
tyrosinase

To investigate the influence of different sulfur-containing compounds on tyrosinase-
catalyzed browning of ChA, combinations of ChA, tyrosinase, and NaHSO;, cysteine,
GSH, DTT, or allyl isothiocyanate were incubated. Formation of reaction products was
monitored as described above.

The absorption spectra of ChA did not change substantially upon incubation with
tyrosinase and NaHSO; (Figure 2C). After 30 and 60 min a small decrease in absorption at
326 nm was observed, with no new maxima formed. RP-UHPLC-DAD analysis resulted in
five peaks (Figure 2F). Besides ChA (compound 1), four reaction products were present,
which were identified by MS analysis (Table 1). Comparing the product ions found for
compounds 4-7 with published MS fragmentation data for ChA (24-26), the fragments
diagnostic for ChA were observed, only with an increase of 80 a.m.u.. The product ions
with m/z 259, 241 and 215 corresponded to product ions with m/z 179, 161 and 135,
respectively. According to the fragmentation pattern of ChA, these three product ions all
contained the phenolic ring of the caffeic acid moiety of ChA, indicating that the addition
of HSO;™ occurred on this phenolic ring. Compounds 4-7 were tentatively identified as
different sulfo-caffeoyl quinic acid isomers, with the main reaction product being 2’-sulfo-
5-O-caffeoylquinic acid (2’-SO;H-ChA) (11).

For the incubation of ChA with tyrosinase and cysteine, the absorption spectra also
did not change substantially (Figure 2D). After incubation, a small decrease in absorption
at 326 nm and a small increase in absorption at 260 nm were observed. RP-UHPLC-DAD
analysis revealed two major peaks (Figure 2I). Besides ChA, a new peak was observed
(compound 8). MS analysis of compound 8 revealed a mass of 473, equal to the combined
masses of ChA (354) and cysteine (121), minus 2 for the two hydrogen atoms lost due to
the formation of a covalent bond between cysteine and ChA. Upon fragmentation of
compound 8, a product ion with m/z 385 was predominantly formed. The occurrence of this
product can be explained by the loss of part of the cysteine moiety, with the sulfur of
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cysteine remaining bound to ChA. MS® analysis of this fragment resulted in fragments with
m/z 191 and 193, which could be explained as the quinic acid and dehydrated caffeoyl
moiety with sulfur attached, respectively. Similar fragmentation has been observed for
addition products of ChA and N-acetyl-cysteine (22). An addition product of cysteine and
ChA has been identified as 2’-S-cysteinyl-5-O-caffeoylquinic acid (/2). Based on these
data, compound 8 was tentatively identified as 2’-S-cysteinyl-5-O-caffeoylquinic acid.

When incubated with tyrosinase and GSH, the absorption spectra of ChA showed a
small decrease in absorption at 326 nm and a bathochromic shift for the minimum observed
at 260 nm before incubation to 275 nm after incubation (Figure 2E). RP-UHPLC-DAD
analysis revealed total depletion of ChA with formation of a single reaction product,
compound 9 (Figure 2J). MS analysis of compound 9 resulted in a mass of 659,
corresponding to a covalent addition product of ChA and GSH (354 + 307 — 2). MS” and
MS? analysis resulted in the same fragments as described above for the fragmentation of
2’-S-cysteinyl-5-O-caffeoylquinic acid. On the basis of this and previous data (15, 27),
compound 9 was tentatively identified as 2’-S-glutathionyl-5-O-caffeoylquinic acid.

Incubation of ChA with tyrosinase and DTT resulted in total inhibition of ChA
conversion: The absorption spectra after 30 and 60 min were the same as at 0 min, and
RP-UHPLC analysis showed that only ChA was present after incubation (See panels A and
C of Figure S1 of the Supporting Information). Complete inhibition of tyrosinase by
DTT was found before (/8), while also adduct formation between o-quinones and DTT was
observed (/7). Interestingly, our results did not indicate such adduct formation. Possibly,
adduct formation is concentration dependent: at relative high concentrations of DTT
tyrosinase is strongly inhibited, while at lower concentrations tyrosinase remains (partly)
active, making o-quinones available for addition of DTT.

Allyl isothiocyanate seemed to have little influence on ChA conversion, both
absorption spectra and UHPLC-DAD trace (See panels B and D of Figure S1 of the
Supporting Information) were similar to the ones obtained with the control experiment of
only ChA and tyrosinase (Panels A and F of Figure 2).

Influence of sulfur-containing compounds on brown color formation and
oxygen consumption

The rate of color formation and oxygen consumption during incubations of ChA with
tyrosinase and different potential anti-browning agents was determined by monitoring the
absorbance at 400 nm and the oxygen consumption in time (Figure 3). It can be seen that
there is not always a correlation between these parameters. While incubations with cysteine
and GSH showed oxygen consumption rates comparable to the control experiment of only
ChA and tyrosinase, they showed much less color development. The reduced color
formation corresponded to the formation of 2’-S-cysteinyl-5-O-caffeoylquinic acid and
2’-S-glutathionyl-5-O-caffeoylquinic acid, respectively (Panels I and J of Figure 2).
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Ascorbic acid showed a higher oxygen consumption compared to the control experiment,
while the onset of color formation in the presence of ascorbic acid was delayed. This
confirmed the mechanism of browning inhibition by ascorbic acid, as described before.
Incubation with allyl isothiocyanate resulted in both slightly reduced oxygen consumption
and slightly reduced brown coloration. DTT seemed to prevent browning by inhibiting
tyrosinase activity: both oxygen consumption and brown color formation were totally
inhibited at the concentration used. This corresponds well with the absorption spectra and
UHPLC-MS analysis of the incubation of ChA with tyrosinase and DTT (See panels A and
C of Figure S1 of the Supporting Information), where no conversion of ChA was
observed. When ChA was incubated with tyrosinase and NaHSOs;, it was observed that
oxygen consumption leveled off during the experiment, to a plateau value of around 75% of
the starting concentration of oxygen. This indicated that tyrosinase activity was somehow
lost during the course of the incubation. In the presence of NaHSO3, no color development
was observed, consistent with the spectra in Figure 2C.
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Figure 3. Development of brown color measured by (A) monitoring absorbance at 400 nm and (B)
monitoring of oxygen consumption in time during incubations of ChA (A, 0.1 mM; B, 0.5 mM) with
tyrosinase (A, 7 units/mL; B, 35 units/mL), in the presence of different sulfur-containing compounds and
ascorbic acid (A, 0.2 mM; B, 1 mM). ©, control; @, allyl isothiocyanate; ©, ascorbic acid; @, cysteine;
0, GSH; 6, DTT; @, NaHSO:s.

In contrast to incubations of ChA and tyrosinase with NaHSO;, those with cysteine
and GSH resulted in some browning. Comparing the UHPLC-DAD absorption spectra of
the different addition products and ChA, it was found that 2’-S-cysteinyl-
5-O-caffeoylquinic acid and 2’-S-glutathionyl-5-O-caffeoylquinic acid had a higher
absorbance around 400 nm compared to ChA, while that for 2’-SO;H-ChA was comparable
to that of ChA (Figure 4). Although the absorbance at 400 nm of 2’-S-glutathionyl-
5-O-caffeoylquinic acid is higher than that of 2’-S-cysteinyl-5-O-caffeoylquinic acid, for

45



Chapter 3

the total reaction mixtures with these compounds one observes the opposite (Figure 3A).
This suggests that the absorbance of the cysteine addition product only partially explains
the observed browning. A possible explanation might be that some of the o-quinones
formed reacted further into brown pigments prior to reaction with cysteine.

A

Absorbance

Figure 4. UHPLC-DAD absorption spectra of (A) ChA, (B) 2’-S-glutathionyl-5-O-caffeoylquinic acid, (C)
2'-S-cysteinyl-5-O-caffeoylquinic acid, and (D) 2’-SOz;H-5-O-caffeoylquinic acid. Absorption spectra
were derived from peaks 1, 9, 8 and 4 (Figure 2), respectively. Insets show spectra of 250-500 nm, and
the grey windows indicate the wavelength range (390-450 nm) of the zoom.

Reduction of tyrosinase activity during formation of sulfoChA

NaHSOj; showed a distinctly different effect compared to the other inhibitors investigated:
no brown color formation was observed and oxygen consumption leveled off during
incubation with ChA and tyrosinase. This observation was investigated further by
monitoring the amount of ChA converted by tyrosinase in time with or without NaHSOj;
using RP-UHPLC (See Figure S2 of the Supporting Information). It was found that, with
NaHSO; present, not all ChA was converted, consistent with the observation that less
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oxygen was consumed when ChA was incubated in combination with NaHSO; and
tyrosinase, compared to an incubation of ChA and tyrosinase alone. The addition of a
second dose of tyrosinase restored oxygen consumption and ChA conversion (Figure SA).
Markakis and Embs (28) found a similar effect of NaHSO; when following the activity of
mushroom tyrosinase in a reaction mixture containing tyrosine and NaHSOj.
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Figure 5. Oxygen consumption in time upon (A) incubation of ChA (0.5 mM) and tyrosinase (35
units/mL) with and without NaHSO3; (1 mM), (B) incubation of ChA (0.5 mM) with 2’-SO;H-ChA (0.5 mM)
and ChA (0.5 mM) with tyrosinase pre-incubated with NaHSO3; (1 mM, 1 h, 25 °C), and (C) relative O,
consumption rate obtained when incubating ChA (0.5 mM) with different potential browning inhibitors (1
mM) and tyrosinase (35 units/mL), which was either pre-incubated with the potential browning inhibitor
(15 min, 25 °C; white bars) or not pre-incubated (black bars). @, ChA + NaHSO; + tyrosinase (single
addition); ®, ChA + NaHSO; + tyrosinase (double addition); ®, ChA + tyrosinase; @, ChA + pre-
incubated tyrosinase with NaHSO3; ©, ChA + tyrosinase; @, ChA + 2'-SO3H-ChA + tyrosinase. The
arrow indicates the second tyrosinase addition.
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The fact that a second addition of tyrosinase was necessary to convert all ChA in the
presence of NaHSOj; indicated that tyrosinase was somehow inhibited in the course of the
reaction. Two explanations for the observed enzyme inhibition might be: (i) NaHSO;
inhibited tyrosinase directly in a rather slow, time-dependent manner or (ii) the
2’-SO;H-ChA formed inhibited the enzyme. To investigate these possible scenarios of
inhibition, 2’-SO;H-ChA was purified from a reaction mixture in order to test its influence
on tyrosinase activity.

The addition of 0.5 mM 2’-SO;H-ChA to an incubation of ChA with tyrosinase did
not influence the rate of oxygen consumption (Figure 5B), showing that 2°-SO;H-ChA was
not a tyrosinase inhibitor. This is in contrast with addition products of cysteine and ChA,
which were found to be competitive inhibitors for PPO from apple (/3). Based on the
observations with apple PPO, 2’-S-cysteinyl-5-O-caffeoylquinic acid was purified from a
reaction mixture containing ChA, cysteine and mushroom tyrosinase. Addition of 0.5 mM
purified 2’-S-cysteinyl-5-O-caffeoylquinic acid to an incubation of ChA and tyrosinase did
not result in tyrosinase inhibition (results not shown). Thus, 2’-S-cysteinyl-
5-O-caffeoylquinic acid does not inhibit mushroom tyrosinase, similar to 2’-SO;H-ChA.
The fact that 2’-S-cysteinyl-5-O-caffeoylquinic acid was found before to inhibit apple PPO
(13) might be explained by the different origin of the two enzymes.

To investigate whether NaHSOj; inhibits the enzymatic activity of tyrosinase in time,
tyrosinase was pre-incubated with NaHSO; (1 h). Oxygen consumption measurements with
this pre-incubated tyrosinase showed a decreased activity compared to its control without
prior pre-incubation with NaHSO; (Figure 5B). This experiment indicated that scenario (i)
is most likely. To establish the time dependency of tyrosinase inhibition by NaHSO;,
tyrosinase was pre-incubated with NaHSO; for different times, after which a concentrated
substrate solution was added. The initial reaction rate was determined by measuring the
oxygen consumption rate (See Figure S3 of the Supporintg Information). It was found
that the reaction rate rapidly decreased with an increasing pre-incubation time: already after
1 min, approximately 50% of activity was lost. After 15 min of pre-incubation, activity
decreased further to approximately 10% of the initial activity. Sayavedra-Soto and
Montgomery (6) found that pre-incubation of pear PPO with sulfite resulted in irreversible
inhibition of the enzyme: indications for modification of the protein structure were found,
although the nature of the modifications was not established.

The effects of pre-incubation of tyrosinase with the other sulfur-containing
compounds tested in this study were also investigated. Oxygen consumption with and
without pre-incubation of tyrosinase was determined and expressed relative to a control
experiment using untreated tyrosinase. Pre-incubation of tyrosinase with other sulfur-
containing compounds had little effect on tyrosinase activity (Figure 5C).
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NaHSO; has a dual inhibitory effect on tyrosinase-catalyzed browning

In conclusion, our results show that different sulfur-containing compounds can inhibit in
vitro browning of ChA by mushroom tyrosinase in two different ways: by inhibition of
enzymatic activity (NaHSO;, DTT) or by formation of colorless adducts with enzymatically
formed o-quinones (NaHSOj;, cysteine, GSH). A schematic representation of enzymatic
browning of ChA and possible inhibitory routes is shown in Figure 6. It is evident that
NaHSO; has a unique position within the group of sulfur-containing compounds
investigated: it has a dual inhibitory effect on tyrosinase-catalyzed browning of ChA.
Initially, the formation of brown pigments is inhibited by formation of sulfo-ChA, while at
the same time tyrosinase is inhibited in a time-dependent way. The exact mechanism of the
time-dependent inhibition of tyrosinase by NaHSO; remains unclear. It is possibly due to
covalent interactions between NaHSO; and tyrosinase. This will be subject of further

investigation.
dehydroascorbic acid ascorbic acid
HO R O R
Q E—— D —— brown pigments
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Figure 6. Schematic representation of the action of tyrosinase on ChA, together
with possible mechanisms of inhibition of ChA browning.
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SUPPORTING INFORMATION
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Figure S1. Absorption spectra of ChA (0.1 mM) incubated with tyrosinase (7 units/mL) with different
sulfur-containing compounds (A and B) at different incubation times and RP-UHPLC-DAD traces (320
nm) of the reaction mixtures after incubation (C and D). (A and C) ChA with tyrosinase and DTT (0.2
mM); (B and D) ChA with tyrosinase and allyl isothiocyanate (0.2 mM).
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Figure S2. Decrease in concentration of ChA in time when incubated with tyrosinase with or without
NaHSO;, determined by RP-UHPLC-DAD analysis. The arrow indicates the second addition of
tyrosinase.
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Figure S3. Relative oxygen consumption rate of incubations of ChA (0.5 mM) with tyrosinase (35 U/mL)
pre-incubated with NaHSO3; (1 mM) for different times. Data points represent duplicate measurements,
error bars indicate standard deviations.
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Chapter 4

The anti-browning agent sulfite inactivates
mushroom tyrosinase through covalent
modification of the copper-B site

Sulfite salts are widely used as anti-browning #gém food processing. Nevertheless, the
exact mechanism by which sulfite prevents enzymiatgsvning has remained unknown.
Here, we show that sodium hydrogen sulfite (NakB)S@eversibly blocks the active site of
mushroom tyrosinase, and that the competitive itdrb tropolone and kojic acid protect
the enzyme from NaHSQ inactivation. LC-MS analysis of pepsin digests of
NaHSQ-treated tyrosinase revealed two peptides showingudral loss corresponding to
the mass of SQupon M$ fragmentation. These peptides were found to beohmgous
peptides containing two of the three histidine dass that form the copper-B binding site
of mushroom tyrosinase isoforms PPO3 and PPO4, hwhiere both present in the
tyrosinase preparation used. Peptides showingnthitral loss behavior were not found in
the untreated control. Comparing the effect of N&kISn apo and holo-tyrosinase
indicated that inactivation is facilitated by thetime site copper ions. These data provide
compelling evidence that inactivation of mushrogmosinase by NaHS{occurs through
covalent modification of a single amino acid residiikely via addition of HS@ to one of
the copper-coordinating histidines in the coppesitB of the enzyme.

Based on: Kuijpers, T.F.M.; Gruppen, H.; Sforzavan Berkel, W.J.H.; Vincken, J.-FAccepted,
FEBS J. 2013.
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INTRODUCTION

Tyrosinase is a polyphenol oxidase (PPO) that yzeal either the-hydroxylation and
subsequent oxidation of phenolic compounds, oiotigation ofo-diphenolic compounds.
The resultingo-quinones in turn polymerize into brown pigmerits (n foods this reaction
is often unwanted, and accounts for major lossdalihand vegetable processing. Among
the possible ways to inhibit enzymatic browningidgrfood processing, sulfite salts are
widely used as additives. These sulfite salts yldhixture of S§ and HSQ when
dissolved, the ratio of which depends on the pHsdite the importance of sulfite as
anti-browning agent, the exact mechanism by whigbrévents enzymatic browning has
remained unknown.

Recently, we demonstrated that sulfite inhibitswmimg by trapping enzymatically
formedo-quinones in colorless addition products, refetieas sulfo-phenolics. This was
demonstrated both when extracting phenolics fronatpoin the presence of sodium
hydrogen sulfite (also denoted as sodium bisulfieHSQ) (2), as well as in model
systems consisting of commercially available mushrayrosinase and chlorogenic acid
(3). Furthermore, it was found) that the catalytic activity of mushroom tyrosieasas
inhibited by NaHS@in a relatively slow, time-dependent way.

Here, we further investigate the time-dependentbition of mushroom tyrosinase by
sulfite. We hypothesized that covalent modificatioihthe enzyme by HSO might be
responsible for the observed time-dependent iribibitand that the active site would be the
obvious target for such a modification.

The catalytic center of mushroom tyrosinase, a-8/m®pper protein, contains two
copper ions, each of which is coordinated by thmestidine residues. The two copper
binding sites, Cu-A and Cu-B, are highly consenadong different speciest)( The
copper center can be in different states, depermlinidpe oxidation state of the copper ions
and their interaction with oxygerb)( In the met state the copper ions are in the ICu(l
oxidation state, with hydroxyl ligands bridging tit@o copper ions. In this state, an
o-diphenol can bind to the copper ions, after whigldation takes place and arguinone
is released, reducing Cu(ll) to Cu(l). The resgjtareoxy state is subsequently oxidized to
the Cu(ll) oxy state by binding oxygen. Oxy-tyrasse can bind either andiphenol that is
oxidized, or a monophenol, whichashydroxylated and subsequently oxidized, after Wwhic
the cycle described can take place again. In thiingestate, tyrosinase is considered to be
predominantly in the met state, causing a lag phaske observed when assaying the
activity of tyrosinase with monophenolic substrates

One of the histidines (His85) coordinating the Cueft in mushroom tyrosinase is
covalently linked via a thioether to Cys83, whickek the orientation of this histidine side
chain @). This thioether is also found in PPOs from otbecies, for instance grapét(s
vinifera) (7), sweet potatol pomoea batatas) (8) and the fungudeurospora crassa (9). It
has been proposed that thioether formation is yzedl by presence of copper in the active
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site (7). The copper-catalyzed formation of the thioeth@ght indicate that the other
histidine residues in the active site of mushroonodinase are also reactive with
sulfur-containing nucleophiles, such as HSO

To elucidate its mechanism, the time-dependenbitibh of mushroom tyrosinase by
NaHSQ was investigated in more detail. First, the effeicsulfite on the monophenolase
and diphenolase activity of tyrosinase was compahkt, to further characterize the
molecular basis of tyrosinase inhibition by sulfitge investigated the reversibility of
inhibition and the possible covalent modificatidramino acid residues in the active site.

MATERIALSAND METHODS

Materials

Mushroom tyrosinase, L-tyrosine, L-3,4-dihydroxypialanine (L-DOPA), sodium
hydrogen sulfite (NaHS£), dithiothreitol (DTT), tropolone (2-hydroxy-2,4,6
cycloheptatrien-1-one), copper chloride (C)Chnd ethylenediaminetetraacetic acid
(EDTA) were purchased from Sigma Aldrich (St. Loui®lO, USA). Kojic acid
(5-hydroxy-2-(hydroxymethyl-4H-pyran-4-one) was ghased from Acros Organics (Geel,
Belgium), sequencing grade pepsin was from Pronfstzdison, WI, USA), sequencing
grade chymotrypsin was from Roche (Basel, Switnef)aglu-1-fibrinopeptide was from
Waters (Milford, MA, USA). Ultra-high-performanceiqlid chromatography/mass
spectrometry (UHPLC/MS) grade acetonitrile (ACN)damwater were obtained from
Biosolve BV (Valkenswaard, The Netherlands). Watas prepared using a Milli-Q water
purification system (Millipore, Billerica, MA, USA)

Purification of mushroom tyrosinase

The mushroom tyrosinase was purified by a singldilgeation step (0). A HiLoad 26/60
Superdex 200 column connected to an Akta Exploystesn (GE Healthcare, Uppsala,
Sweden) was used. Fifty mg of the enzyme, dissalvé® mM HEPES buffer pH 6.8, was
loaded and eluted with the same buffer at 4 mL/mnactions (5 mL) were collected and
activity was determined by a spectrophotometricags$0 uL of each fraction was
combined with 10QuL 0.8 mM tyrosine in a 96 well plate and absorbaac&20 nm was
monitored in time. Active fractions were pooled atdred at -20 °C until further use. One
unit of tyrosinase activity was expressed as tloeesse of A280 by 0.001 per min with
L-tyrosine as substrate, at pH 6.5 and@5

RP-UHPLC analysis

Samples were analysed on an Accela UHPLC systerari{it Scientific, San Jose, CA,
USA) equipped with pump, autosampler and photodarday detector.
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Enzyme reaction products - Samples (L) were injected onto a Hypersil Gold aQ column
(2.1 x 150 mm, particle size 1}8n; Thermo Scientific). Water acidified with 0.1%/\{y
acetic acid, eluent A, and ACN acidified with 0.1%4v) acetic acid, eluent B, were used as
eluents. The flow rate was 4Q@./min, the temperature was controlled at 5 °C. The
photodiode array detector was set to measure tigeer200-600 nm. The following elution
profile was used: 0-5 min, isocratic on 0% (v/v)310 min, linear gradient from 0%-35%
(v/v) B; 10-10.1 min, linear gradient from 35%-100%v) B; 10.1-13 min, isocratic on
100% (v/v) B; 13-14 min, linear gradient from 10@% (v/v) B; 14-19 min, isocratic on
0% (v/v) B.

Peptides from protease digests - Samples (fuL) were injected onto an Acquity UPLC BEH
Shield RP18 column (2.1 x 150 mm, particle size dn¥ Waters). Water acidified with
0.1% (v/v) formic acid, eluent A, and ACN acidifiedth 0.1% (v/v) formic acid, eluent B,
were used as eluents. The flow rate was |B30®nin, the temperature was controlled at 25
°C. The photodiode array detector was set to meahlerrange 200-600 nm. The following
elution profile was used: 0-2 min, isocratic on $%v) B; 2-27 min, linear gradient from
5%-50% (v/v) B; 27-27.1 min, linear gradient fron@%-100% (v/v) B; 27.1-30 min,
isocratic on 100% (v/v) B; 30-30.1 min, linear gead from 100%-5% (v/v) B; 30.1-35
min, isocratic on 5% (v/v) B.

Electrospray ionization mass spectrometry (ESI-M S)

Enzyme reaction products - Mass spectrometric data were obtained by analyzamgples
on a LTQ-Velos (Thermo Scientific) equipped with beated ESI probe coupled to the
RP-UHPLC system. Nitrogen was used as sheath ghauwadliary gas. Data were collected
over the m/z range 150-500. Data-dependent 'M&nalysis was performed with a
normalized collision energy of 35%. The MfBagmentation was performed on the most
intense product ion in the M3 spectrum. Most settings were optimized via autimat
tuning using ‘Tune Plus’ (Xcalibur 2.1, Thermo Stiéc). The system was tuned with
L-DOPA in negative ionization (NI) mode. The souftesater temperature was 100 °C, the
transfer tube temperature was 300 °C and the sougitege was 4 kV. Data acquisition
and reprocessing were done with Xcalibur 2.1 (TteeBuientific).

Peptides from protease digests - Mass spectrometric data were obtained by analyzin
samples on a LTQ-VelosPro (Thermo Scientific) epgaigb with an heated ESI probe
coupled to the RP-UHPLC system. Nitrogen was useshaath gas and auxiliary gas. Data
were collected over thevz range 200-2000. Data-dependent®\&Balysis was performed
with a normalized collision energy of 35%. The Mggmentation was performed on the
most intense ion in the preceding MS spectrum. Atnaé loss of 40 in M&triggered
subsequent MSfragmentation of the fragment ion showing the raubss of 40. Most
settings were optimized via automatic tuning usifigne Plus’ (Xcalibur 2.1, Thermo
Scientific). The system was tuned with the peptgla-1-fibrinopeptide in positive
ionization (Pl) mode. The source heater temperatuas 100 °C, the transfer tube
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temperature was 350 °C and the source voltage wa¢/.4Data acquisition and
reprocessing were done with Xcalibur 2.1 (Thermde®&dic). De novo sequencing of
peptide fragmentation spectra was done with PEAK@IS 6.0 (Bioinformatics Solutions,
Waterloo, Canada).

Oxygen consumption measur ements

Oxygen consumption during the incubation of substnaith tyrosinase was measured
using an Oxytherm System (Hansatech, Kings Lynn).UiKcubations with L-DOPA (1
mM) or L-tyrosine (1 mM) and tyrosinase (35 U/mkyith or without NaHS@ (1 mM)
were done in a total volume of 1 mL 50 mM HEPESféfpH 6.5 at 25 °C. Data
acquisition and analysis were performed using CegyyrPlus software (Hansatech).

Pre-treatment of tyrosinase with different inhibitors

Tyrosinase was pre-incubated with different inlitst as specified below. After
incubation, inhibitors were removed by diafiltratjousing centrifugal filters (Amicon
Ultra, 0.5 mL, 10 kDa molecular mass cut-off (Miltire)). Filters were centrifuged (15
min, 1400@, 4 °C), after which the filtrate was discarded.eTietentate (4QL) was
re-suspended in 4Q0L 50 mM HEPES pH 6.5, after which filters were céoged again.
A total of 6 cycles of centrifugation and re-susgien was performed. After the final
centrifugation, the retentate was re-suspendedianrtitial sample volume, using 50 mM
HEPES pH 6.5.

Pre-treatment of tyrosinase with NaHSO./DTT/EDTA - Tyrosinase (3000 U/mL) was
incubated with NaHS©(1 mM) or DTT (1 mM) in 50 mM HEPES pH 6.5 (1 5 2C).
Subsequently, NaHSOor DTT was removed by diafiltration, after whicluCl, (1 mM)
was added. After incubation (1 h, 25 °C), CaMZhs removed by diafiltration.

Pre-treatment of tyrosinase with NaHSO; in the presence of competitive tyrosinase
inhibitors - Tyrosinase (3000 U/mL) was incubated with NaH3@polone and kojic acid
(each 1 or 10 mM), alone or in combinations of N&H ®ith tropolone or kojic acid. After
incubation (1 h, 25 °C) the inhibitors were remobgddiafiltration.

Pre-treatment of apo-tyrosinase with NaHSO; - Tyrosinase (3000 U/mL) was incubated
with DTT (10 mM) or EDTA (10 mM) in 50 mM HEPES p&15. After incubation (1 h, 25
°C) DTT or EDTA was removed by diafiltration, aftehich NaHSQ (1 mM) was added.
After incubation (1 h, 25 °C) NaHS®@vas removed by diafiltration, and Cu€l mM) was
added. After incubation (1 h, 25 °C) Cy@las removed by diafiltration.

Protease digestion of NaH SOs-treated tyr osinase

Crude tyrosinase (2 mg/mL) was incubated with 108 MaHSG; (1 h, 25 °C) in 50 mM
HEPES pH 6.5. After incubation, NaHS®as removed by diafiltration, as described
above. After the last cycle of diafiltration thengales were in 50 mM HEPES pH 6.5,
which was exchanged for the solution used for @sgedigestion (100 mM HCI (pH 1) in

59



Chapter 4

case pepsin was used; 50 mM ammonium bicarbonéte’ @) in case chymotrypsin was
used) by an additional two cycles of diafiltratid®epsin or chymotrypsin was added in a
ratio of 1:20 (w/w) to the NaHS@reated tyrosinase and to an untreated controhpBzs
were digested overnight at 37 °C.

RESULTS

Inhibition of monophenolase vs. diphenolase reaction

In order to determine whether NaH$S&lectively inhibits either the monophenolaseher t
diphenolase reaction catalyzed by tyrosinase, axyge@nsumption measurements were
performed with combinations of L-tyrosine, L-DOPNaHSQ and tyrosinaser{gure 1).
When L-DOPA was incubated with tyrosinase in thespnce of NaHS{) oxygen
consumption initially was similar to a control ifmation of L-DOPA and tyrosinase.
However, in time a leveling off of oxygen consuroptioccurred, until a plateau was
reached before all oxygen was consumed. This olServis in accordance with our
previous observations on the time-dependent inbibibf tyrosinase-catalyzed oxidation of
chlorogenic acid by NaHS@3). With tyrosinase and tyrosine, an initial lag-phdapprox.
200 s) before a linear decrease in oxygen cond@ntravas observed. The lag-phase is
typical for activity of tyrosinase on monopheno$iobstrates1(l). When incubating the
combination of tyrosine, NaHSGnd tyrosinase, no oxygen consumption was observed
also not after a time corresponding to the preWodgscribed lag-phase. Based on this
observation, one might conclude that NaHS@hibited the monophenolase reaction
stronger than the diphenolase reaction. Alternbtivéhe total inhibition of oxygen
consumption might also be explained by the typilza-phase for the oxidation of
monophenols combined with the time-dependent itibibiof tyrosinase by NaHSOIf the
time required to inhibit tyrosinase by NaH$SEincides with the lag-phase of tyrosinase
activity on tyrosine, no oxygen consumption will bleserved. To investigate whether this
was indeed the case, an experiment was carriedhoahich NaHSQ was added to an
incubation of tyrosine and tyrosinase 300 s afieribhcubation started, when the oxidation
of tyrosine was at its linear rate. It was obserthdt NaHSQ@ showed a similar
time-dependent effect as it did with the oxidatidr.-DOPA: initially the reaction rate was
similar to the control without NaHSQDbut in time it leveled off until a plateau was
reached. Based on this experiment it was conclukadthe time-dependent inhibition of
tyrosinase by NaHSQis independent of the type of reaction, monophesel or
diphenolase, that it catalyzes.
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Figure 1. Oxygen consumption in time for incubations of tyrosinase (35 U/mL) with L-tyrosine (1 mM) or
L-DOPA (1 mM), with and without NaHSO; (1 mM), and for L-tyrosine with NaHSO; addition after 300 s
of incubation.

Tyrosinase-mediated sulfo-DOPA formation
During the time-dependent inhibition of tyrosinasgalyzed oxidation of L-DOPA with
NaHSQ no color formation was observed (data not showithough tyrosinase is active,
as indicated by oxygen consumptioRigure 1), no dopachrome was formed from th
resulting DOPA-quinone. This might be explainedfbgmation of sulfonated derivatives
of L-DOPA, in this way trapping the-quinones, rendering them unavailable for furth
reactions. To investigate whether the sulfonatidnD@®PA-quinone indeed occurred,
reaction products of incubations of L-DOPA withdgimase, with and without NaH30
were analyzed using RP-UHPLC-PDA-M&idure 2, Table 1). After incubation of
L-DOPA with tyrosinase, two peaks were observedakPe was identified as residual
L-DOPA, both by MS and by comparison with the uatesl L-DOPA sample. Peak
showed a molecular mass of 193, correspondingetarthss of dopachrome. Furthermore,
it also had an absorption maximum at 475 nm, cpmeding to the characteristic red color
of dopachromel).

When L-DOPA was incubated with tyrosinase in thespnce of NaHSQthree new
peaks were observed in the UV280 trace, besidausdd -DOPA. Compounds, 4 and5
all had a mass of 277, which corresponds to thes mik-DOPA with an additional 80 Da.
This mass can be explained by the addition of H$® L-DOPA. Assuming a similar
reaction as observed earlier for the sulfonatiorcldbrogenic acid4), we suggest that
these three reaction products represent L-DOPAtisutesi with HSQ at the three free
positions of the phenyl ring. Considering sterifiuiences of the phenyl ring substituents,
and based on data on the substitution of dihydfeicafcid and catechin with glutathione
(13, 14), the most abundant sulfo-DOPA isomer probablyesents L-DOPA substituted
at the 5-position on the phenyl, followed in abumgka by substitution at the 6 and the
2-position (corresponding to peaks3 and5, respectively).

61



Chapter 4

100 1 1 A
o)
%0 HOIf\‘/A‘]/]\OH
Ho S NH:
\ 03,45 ©
50 4 Ho\i\/\('i‘OH
3 5 HO™ \“s‘/oaH N2
0

rr. oo r .o, rr rrrr....,r.r. .1 T T1 1 1 11711
1.0 15 2.0 2.5 3.0 35 4.0 45 5.0
Time (min)
Figure 2. UV trace (280 nm) of RP-UHPLC of L-DOPA (A), L-DOPA incubated with tyrosinase (B) and
L-DOPA incubated with tyrosinase and NaHSO; (C). Peaks were annotated based on MS analysis
(Table 1). Chemical structures of L-DOPA (1), dopachrome (2) and sulfo-L-DOPA (3,4,5) are indicated.
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Table 1. Peak annotation of RP-UHPLC-PDA-MS analysis of the reaction products of L-DOPA with
NaHSO; and tyrosinase.

Peak Retention [M-H]  MS?fragments Amax (NM) Tentative
time (min) [M-H] (relative abundance) identification
1 1.94 196 135 (100), 152 (50), 196 (41), 134 232, 280 L-DOPA

(9), 107 (6), 72 (4), 91 (3), 109 (3),
122 (2), 123 (2), 124 (1)
2 2.36 192 148 (100), 192 (2) 292,475  dopachrome
3 1.18 276 196 (100), 215 (89), 231 (43), 150 217,238,  6-sulfo-L-DOPA
(30), 276 (14), 179 (9), 194 (9), 135 284
(8), 202 (3), 152 (1)

4 1.36 276 215 (100), 276 (27), 231 (37),202 229,392  5-sulfo-L-DOPA
3

5 1.72 276 215 (100), 276 (21), 179 (2), 231 (2), 212,232,  2-sulfo-L-DOPA
135 (1), 259 (1) 293

Tyrosinaseisirreversibly inactivated by NaHSO;

To establish whether the observed time-dependdibifion of tyrosinase by NaHSQOs
reversible, a pre-incubation and re-activation expent was done. When tyrosinase was
incubated with NaHS§) which was subsequently removed, the enzyme, upmubation
with L-DOPA, showed decreased oxygen consumptiompased to a diafiltered,
CuCl-treated controlRigure 3). To investigate whether the inactivation of tynase by
NaHSQ involves loss of copper ions, reactivation waserafited by supplementing
pretreated tyrosinase with CyCAs a control, an experiment with DTT, which isokm to
reversibly inhibit tyrosinaselb), was performed. When comparing the activitieshefse
pretreated tyrosinase samplésglre 3), it was found that copper supplementation could
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not reactivate NaHSg&inactivated tyrosinase, while it could reactivd@ T-inactivated
tyrosinase. Based on these results it was concltitetdNaHSQ irreversibly inactivates
tyrosinase, and that inactivation was not causechiejation of copper ions.
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Figure 3. Oxygen consumption in time of incubations of L-DOPA (1 mM) with differently pretreated
tyrosinase samples (35 U/mL), as indicated in the legend. The control sample of tyrosinase was
incubated without inhibitor, and underwent the same diafiltration and CuCl,-treatment as the other
samples.

Competitiveinhibitors hinder NaH SOs-mediated inactivation of tyrosinase

To investigate the possible location of action @H$Q in its inactivation of tyrosinase,
tyrosinase pre-treatment with NaH$S®as done in the presence of competitive tyrosing
inhibitors. If NaHSQ cannot inactivate tyrosinase when its active isiteccupied by an
inhibitor, it would be an indication that NaHS®eeds access to the active site to exert its
action. The competitive inhibitors kojic acid amdgolone (6, 17) were used for this
experiment.

Pre-treatment with NaHSOled to partial or complete inactivation of tyromsae,
depending on the concentration NaHSGed Figure 4). Pre-treatment of tyrosinase with
tropolone and kojic acid did not lead to inactigatiafter their removal by diafiltration,
confirming that inhibition by these compounds idéad reversible. When tyrosinase was
incubated with equimolar amounts of NaHS#hd tropolone, no inactivation of tyrosinase
was observed. When the molar ratio of NaH3® tropolone was increased to 10:1, a
partial inactivation of tyrosinase compared toc¢batrol was observedr{gure 4A).

Combined pre-treatment with equimolar amounts oHS@; and kojic acid resulted in
similar effects as with tropolone: the enzyme aitiwas not affected. In contrast to the
findings with tropolone, tyrosinase was completielgctivated when the ratio NaHS@
kojic acid was increased to 10:Ejgure 4B).
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Figure 4. Oxygen consumption in time of incubations of L-DOPA (1 mM) with pre-treated and
subsequently diafiltered tyrosinase (35 U/mL). The competitive tyrosinase inhibitors tropolone (A) and
kojic acid (B) were used in the pretreatments.

These observations show that the presence of cdimpenhibitors in the active site
of tyrosinase prevents inactivation by NaHS®hich suggests that the NaH$S@ediated
inactivation of tyrosinase occurs in the active.sithe observation that tropolone prevents
inactivation at a higher NaHSQo inhibitor ratio than kojic acid is probably dte the
higher affinity of tropolone for the active siterapared to kojic acidl@, 17).

The copper-B site of mushroom tyrosinase is covalently modified by NaHSO;
Considering the irreversibility of tyrosinase irigation by NaHSQ@ and the fact that
inactivation seems to take place in the active, sftavas hypothesized that a covalent
modification of active site amino acid residues wesponsible for the inactivation.

A NaHSG;-pretreated and an untreated tyrosinase sample digested with pepsin
and the resulting peptides were analyzed by RP-UERIS". If a sulfonic acid group
would be covalently linked to a peptide, a masseaase of 80 Da compared to an untreated
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control is expected. When screening the?’\d&ta for a neutral loss of 80 Da, two peaks
(m/z 536.8 andn/z 532.8) clearly stood out in the NaH$®eated tyrosinase, which were
not found in the untreated contrdligure 5B). The MS spectra for these two peaks were
atypical for peptide fragmentation, showing onlyeamajor peak, representing the parent
ion minus the neutral loss of 80 Da. Fragmentatibproduct ions that showed a neutral
loss of 80 Da was achieved by Ri®xperiments performed on these product ions.
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Figure 5. Basepeak MS trace (A) and MS trace of a scan for a neutral loss of 40 (B) of the
NaHSOs-treated, pepsin digested tyrosinase sample. MS? scan of the ion with m/z 532.8 (C) and
subsequent MS® scan of the resulting ion with m/z 492.8 (D). The red trace in B represents the neutral
loss scan of the untreated, pepsin digested tyrosinase sample. The spectrum in D is annotated with the
y and b ions used to identify the peptide MVHNTVHF.

As an example the Mpectrum of the peak withralz of 532.8 is shownHigure 5C), the
fragmentation of which yielded only one fragmenithva vz of 492.8. Both precursor ion
and fragment ion were doubly charged, as was glstidwn by the isotope pattern. So, the
difference of 40 imV/z values corresponds to a mass loss of 80 Da. Fragtien of the
ion with am/z of 492.8 resulted in a typical peptide fragmentatipectrumKigure 5D).

De novo sequencing of the spectrum resulted in the amaid sequence MVHNTVHF
(theoretically doubly charged ianz 492.7), which corresponds to a region of the cojipe
site of mushroom tyrosinase isoform PPO3 (amina aesidues 257-264)(gure 6).
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Similarly, MS’ on the fragment ion 496.8 resulted in annotatibthe amino acid sequence
EAVHDDIHG (theoretically doubly charged ianz 496.7), which corresponds to a region
of the copper-B site of mushroom tyrosinase isof@R0D4 (amino acid residues 248-256)
(Figure 6). The peptides MVHNTVHF and EAVHDDIHG, without axtra mass of 80
Da, were also found in the MS trace of the contdligkst, at different retention times. The
protease digestion and UHPLC-M&nalysis was repeated with chymotrypsin (LC-MSdat
not shown), resulting in four peptides (EMVHNTVHmd VHNTVHF of PPO3,
SLEAVHDDIHGF and EAVHDDIHGF of PPO4) showing thensa neutral loss behavior
as the peptides found in the peptic digest, andesponding to the same region of the
copper-B site of tyrosinas€igure 6).

Copper-A site

PPO3 55 FQLGGIHGLPYTEWAKAQPQ.LHLYKANYCTHGTVLFPTWHRAYESTW 101
PPO4 51 FQLSGIHGLPTFPWAKPKDTPTVPYESGYCTHSQVLFPTWHRVYVSIY 98

Copper-B site
PPO3 253 NSLEMVHNTVHFLIGRDPTLDPLVPGHMGSVPHAAFDPIFWMHHCNVDRLL 303

PPO4 245 NSLEAVHDDIHGFVGRG..... AIRGHMTHALFAAFDPIFWLHHSNVDRHL 290

Figure 6. Sequence alignments of the Cu-A and Cu-B sites of PPO3 and PPO4. Copper coordinating
histidines and thioether forming cysteine are indicated in red, relevant peptides found in LC-MS of
protease digests are underlined. Solid lines indicate peptic peptides, dashed lines indicate chymotryptic
peptides. Sequences were aligned using Clustal W (26).

Peptides showing a neutral loss corresponding eoatiidition of two sulfonic acid

groups were not found. These results indicated dbaalent addition of a single HgQo

an active site amino acid in the copper-B site c&dn mushroom tyrosinase. Because
sulfite is a nucleophile it would need an electibphreaction site for attachment to an
amino acid residue. Considering the reactivitiethefamino acid residues of the modified
peptides, valine, isoleucine and alanine have adid¢ chains deprived of any functional
group. Methionine and threonine are nucleophili@king reaction with HS© unlikely.
Likewise, the aromatic ring of phenylalanine isctden rich, making it more reactive
towards electrophiles than to nucleophiles. Théaswoyl moiety of asparagine, being an
amide, and the deprotonated carboxyl moieties pértis acid and glutamic acid are very
weak electrophiles and reaction with sulphite iohshese groups is unprecedented in the
literature. The imidazole group of histidine isaten rich, making it prone to electrophilic
attack. On the other hand, nucleophilic additionimidazole has also been reportd®)(

as well as nucleophilic addition of the sulfite itmheteroaromatic ringd9). Moreover,
the coordination with copper makes the imidazotie sshains of histidine more electron
poor, thus more prone to nucleophilic attack. Logkiat similarities between the
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sulfite-modified peptides found, the only aminodacesidues they have in common are
valine and histidine Higure 6). This finding, combined with the reactivity of eth
constituent amino acids of the sulfite-modified {idgs, strongly suggests that sulfite is
attached to one of the copper-B coordinating histidesidues (His259 or His263 in PPO3;
His251 or His255 in PPO4). To confirm that modifioa only happened on one of these
positions and not on the third copper-B coordirgtiistidine residue, peptides containing
this third histidine residue (His296 for PPO3 anid283 for PPO4) were searched for.
Peptides containing His296 from PPO3 were not fofamdboth the NaHS@treated and
control samples, whereas peptides from PPO4 cangpitdis283 were found, in
unmodified form Figure 6).

The copper-A site thioether of mushroom tyrosinase is not modified by sulfite
Considering the fact that a histidine residue i tbpper-B site of tyrosinase appeared to
be covalently modified by NaHSQit was investigated whether the three copper-A
coordinating histidine residues in NaH$teated tyrosinase were also affected by
NaHSQ. Peptides containing the residues His61 and HigB4PPO3, and peptides
containing the residues His57 and His91 of PPO4evieund in protease digests of both
NaHSQ-treated and untreated tyrosinagég(ire 6). The third copper-A coordinating
histidine residue in PPO3, His85, is engaged tmi@ether bond with Cys83), which will
affect the molecular mass of peptides containirig thioether bond. Depending on its
specificity, pepsin digestion of PPO3 would theigadlty result in the peptideSTHGTVL

or YKANY CTHGTVL. The theoretical molecular masses of thesdigep are 729.3 and
1368.6 Da, respectively, which would be 727.3 aB6616 Da in case the thioether i
present. The latter masses were found in the LCdélia, for both the untreated and thc
sulfite-treated tyrosinase samplésgure 7B). The identity of the peptides was confirmed
by MS/MS spectra. The masses of the b and y iopesenting fragments of the peptide
including the thioether matched the theoretical seasninus two, whereas the masses of
the ions not including the thioether correspondedhtir theoretical masseBigures 7C
and 7D). The thioether containing pepti@THSQVL from PPO4 was found in the same
way. Similar mass spectrometric evidence of a Cigstiloether in molluskan hemocyanin,
a type-3 copper protein functioning as a dioxygarrier, has been provided befody
Taken together, these results demonstrate thatajger-A site of mushroom tyrosinase is
not affected by sulfite treatment.

Copper ionsfacilitate NaH SOs-modification of the copper-B site of tyrosinase
To investigate whether the copper ions play a inlé¢he covalent modification of the
copper-B site of tyrosinase, apo and holo-tyrognaere incubated with NaHSCEDTA,
a well-known metal chelator, has been reportedrbafminhibit tyrosinase2(l). Under our
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Figure 7. Basepeak MS trace (A) and extracted ion chromatogram for m/z 683.8-684.8 and m/z 727.9-
728.9 (B) of a NaHSOs-treated, pepsin digested tyrosinase sample. MS? scan of the ions with m/z 728.4
(C) and m/z 683.3 (D). Spectra in C and D are annotated with the b an y ions used to identify the
thioether containing peptide.

experimental conditions, however, no inactivatidrtysosinase by EDTA occurred (data
not shown). As we found that DTT treatment resultadreversible inactivation of
tyrosinase Figure 3), probably caused by copper chelati@g)( DTT was used to remove
the copper ions from tyrosinase prior to NaH&@atment.

When comparing the activity of NaH$@retreated holo-tyrosinase to that of
NaHSQG-pretreated apo-tyrosinase, it can be seen thaN&WSQ treatment had a larger
effect on active tyrosinase than on the DTT-inattd enzymeHRigure 8). Tyrosinase
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pretreated with DTT and subsequently re-activatéth WwuChL showed full recovery of
activity, compared to a control sample that undetwthree cycles of diafiltration and
CuCl-treatment. These results suggest that the presehcepper is not essential for
NaHSQ-mediated inactivation of mushroom tyrosinase, the& presence of copper
facilitates the inactivation.

@10 MM DTT, 1 mM NaHSO;
100 ‘eeeeee. . weees 1 mM NaHSO;

e «10mMDTT

@= + 10 MM DTT, no CuCl,

80 -

60 -

40

relative [O,] (%)

20 A

0 100 200 300 400 500 600 700

Figure 8. Oxygen consumption in time of incubations of L-DOPA (1 mM) with pretreated and
subsequently diafiltered tyrosinase (35 U/mL). The control sample was pre-incubated without inhibitors
and subsequently diafiltered and CuCl,-treated.

DiscussiON

Although sulfite is widely used to inhibit enzyn@browning, the exact mechanism of thi
inhibition has remained unknown. Previously, wenfduhat sulfite prevents formation of
brown pigments by convertingp-quinones into colorless sulfo-phenolics, and by
time-dependent inhibition of tyrosinase activig).(Here, using different pretreatments, we
demonstrated that this time-dependent inhibitiocaased by irreversible inactivation of
mushroom tyrosinase. The inactivation was likelyo#othe result of covalent modification
of one of the copper-B coordinating histidine resisl, which is probably catalyzed by the
presence of copper in the active site.

A possible explanation for the covalent reactiosufite with a histidine residue might be
a nucleophilic addition of the sulfur of HgGo Cel of histidine, followed by hydride
removal upon oxidation to restore aromaticity. Awas found that the presence of copper
facilitated inactivation by NaHSprobably the interaction of 4 with Cu(ll) results in
reduced electron density ofC in this way making it more prone to nucleophdadition.
Moreover, Cu(ll) possibly promotes the oxidativepsthrough reduction to Cu(lFigure
9B). A similar mechanism has been suggested for dhmdtion of the thioether bond in
grape PPO7) (Figure 9A). Alternatively, addition of HS@to one of the nitrogens in the
histidine side chain might occur. Reactions ofisuMvith the N5 atom of flavin in different
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flavoproteins are known to occur, depending onaheno acid residues surrounding the
flavin binding site 23,24). A possible mechanism of HgGddition to N2 is proposed in
Figure 9C. In this mechanism, restoration of aromaticityotigh hydride removal upon
oxidation would lead to loss of the copper coortimp ability of N&2. MS of the
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Figure 9. Formation of thioether in the active site of tyrosinase, as proposed by Virador et al (7) (A),
proposed addition of HSO3 to C&l of Cu-B coordinating histidine (B), proposed addition of HSO3™ to N&2
of Cu-B coordinating histidine (C). Surface representation of the active site of mushroom tyrosinase (6)
(D). The six copper coordinating histidines and Cys83 are drawn in stick representation, the copper ions
are represented by green spheres. His259 is colored blue, His263 is colored red.
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sulfite-substituted peptides resulted in only agkinfragment with a neutral loss
corresponding to the mass of $O'he relative ease with which this fragmentation
occurred, might be an indication that substitutitnNe2 is more likely than on €1, as a
C-S bond is likely to be more stable than a N-Sdbon

Looking at the active site cavitg) it seems that His263 is more exposed than His259
(Figure 9D). Being better accessible, we speculate thatritaee likely that sulfite addition
takes place on His263. In order to identify whidhth®e two histidine residues is modified,
MS fragmentation applying electron transfer disatban (ETD) instead of collision
induced dissociation (CID) might be used. While GtDknown to break the most labile
bond, ETD is known to preferentially break peptimends, while leaving post-translational
modifications on amino acid side chains int&5)(

We demonstrated that modification of a single angoid residue in the copper-B site
irreversibly inactivated tyrosinase, probably byliidn to a copper-coordinating histidine
residue. The question why sulfite-modified tyrosais inactivated remains to be
answered. If sulfonation would occur orelC a possible explanation might be that the
sulfite occupies too much space in the activefsitesubstrates to bind efficiently. Another
explanation might be that the modified histidinsidee is not able to coordinate Cu-B in
the proper position relative to Cu-A for catalygisoccur. If sulfite would add to 42, N&2
would lose its ability to coordinate copper, beeauts lone pair of electrons will be
engaged in the aromatic system of the imidazolg. Based on this argument, and on tt
relative ease with which the sulfite moiety is lappn MS fragmentation, we speculate thi
sulfite addition occurs on #2. Crystallography of sulfite treated tyrosinaseuldogive
more insight in the exact location of sulfite adxfitto histidine.
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Chapter 5

Potato and mushroom polyphenol oxidase
activities are differently modulated
by natural plant extracts

Sulfite is widely used to counteract enzymatic bmimg, which causes major losses in food
processing. Due to its presumed health risks, peitacts are screened for natural
inhibitors of enzymatic browning, which can potelfiti replace sulfite. In this study,
polyphenol oxidases (PPOs) from mushroofgaticus bisporus, AbPPO) and potato
(Solanum tuberosum, StPPO) were used to screen a collection of 6@tpdatracts for
potential inhibitors of enzymatic browning. Somarnglextracts had different effects on the
two PPOs: an extract that inhibited one PPO coeldab activator for the other. As an
example of this, the matéléx paraguariensis) extract was investigated in more detail. In
the presence of mate, oxygen consumption by AbPB®faund to be reduced more than
5-fold compared to a control reaction, whereas #faBtPPO was increased more than
9-fold. RP-UHPLC-MS analysis showed that mate doeth a mixture of phenolic
compounds and saponins. Upon incubation of matd ®iPPO, phenolic compounds
disappeared completely and saponins remained. Efasimatography was used to separate
saponins and phenolic compounds. It was found tiratphenolic fraction was mainly
responsible for inhibition of AbPPO and activatioh StPPO. Activation of StPPO was
probably caused by activation of latent StPPO bgrolgenic acid quinones.

Based on: Kuijpers, T.F.M.; van Herk, T.; Vinckeh;P.; Janssen, R.H.; Narh, D.L.; van Berkel,
W.J.H.; Gruppen, HSubmitted.
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INTRODUCTION

Polyphenol oxidases (PPQOs) catalyze enzymatic brgwnrby oxidizing phenolic
compounds to their respectivequinones, which subsequently undergo non-enzymatic
reactions with each other and other compounds ptesesulting in the formation of
dark-colored pigments, also referred to as melafinsrhis phenomenon is a major quality
problem in fruit and vegetable processing (e.gleppotato, mushroom), while it is also
associated with discoloration of shrim@ &nd formation of hyperpigmentation in human
skin ).

In order to inhibit the undesired browning, sevdoald additives have been used, of
which different sulfites are best known. The use soffites in food, however, is
controversial, due to presumed health ris#s (n order to avoid using sulfites, much
research is dedicated to finding natural alteresti@-8). In such research, it is important to
distinguish between (i) actual PPO inhibitors thaegvent the formation af-quinones, (ii)
compounds that reduce tlhequinones to theio-diphenolic precursors (e.g. ascorbic acid
(9)), and (iii) compounds that form colorless additiproducts witho-quinones (e.qg.
cysteine 10)).

Inhibition studies have been conducted on PPOs frorange of different sources.
Because of its commercial availability, mushroomogjnase is often used as a model
system, both for browning of food products, as vaslifor skin pigmentatioriLy). Little is
known on whether results of inhibition studies witle PPO can be extrapolated to another
PPO, as most of such studies were conducted wsthghe PPO. To address this issue, we
compared the PPO inhibitory activities of a setattdf plant extracts on two different
PPOs: a commercially available mushroofygaricus bisporus) tyrosinase (AbPPO) and
PPO isolated from potato tube&olanum tuberosum) (StPPO).

MATERIALSAND METHODS

Materials

Potato Golanum tuberosum cv Celino) tubers were obtained from Gemise Meyer
(Twistringen, Germany). Plant extractsTaple 1) were obtained from Frutarom
(Wadenswil, Switzerland). Mushroom Adaricus bisporus) tyrosinase,
L-3,4-dihydroxyphenylalanine (L-DOPA), chlorogericid and theobromine were obtained
from Sigma Aldrich (St. Louis, MO, USA). Ultra-higierformance liquid
chromatography-mass spectrometry (UHPLC-MS) gradgomitrile (ACN) was obtained
from Biosolve BV (Valkenswaard, The Netherlandshd acaffeine was from Boom
(Meppel, The Netherlands). Water was prepared usiMilli-Q water purification system
(Millipore, Billerica, MA, USA).
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Purification of mushroom tyrosinase

The mushroom tyrosinase was purified by a singldilgeation step (2). A HiLoad 26/60
Superdex 200 column connected to an Akta Exploystesn (GE Healthcare, Uppsala,
Sweden) was used. Fifty mg of the commercial enzfdissolved in 50 mM HEPES buffer
pH 6.8) was loaded and eluted with 50 mM HEPESdygH 6.8 at 4 mL/min. Fractions (5
mL) were collected and activity was assayed byexspphotometric assay: 3 of each
fraction was combined with 1Q8L 0.8 mM tyrosine in a 96 well plate and absorbaate
520 nm was monitored in time. Active fractions wpomled and stored at -20 °C until use.
Tyrosinase activity was expressed in U, accordinthé suppliers definition (1 U increases
the A280 by 0.001 per min with L-tyrosine as sudistr at pH 6.5 and 2%C). Purified
mushroom tyrosinase is further referred to as AbPPO

Purification of potato PPO
One kg of potatoes was cooled to 4 °C, washed anmibbenized in 1 L ice-cold 50 mM
HEPES buffer pH 6.9 containing 1 % ascorbic acid @ntablets of protease inhibitor
(Complete - EDTA free, Roche Diagnostics GmbH) gsa commercial blender. The
homogenate was filtered through 4 layers of chdegeand the filtrate was centrifuged at
13600 xg at 4 °C for 1 h (Crude extract, CE). Ammonium atdf was added to 40 %
saturation and the resulting solution was stirredroight at 4 °C. The precipitate was
collected by centrifugation at 13600gxat 4 °C for 1.5 h, and dissolved in a minimal
amount of 50 mM HEPES buffer pH 6.9 containing h86orbic acid. The obtained protein
solution obtained was three times dialyzed againstof 50 mM HEPES buffer pH 6.9
containing 0.1 % ascorbic acid and 2 tablets ofgtaease inhibitor, after which it was
centrifuged at 13600 g at 4 °C for 30 min.

All subsequent chromatographic steps were perforasgty an Akta Explorer system
(GE Healthcare) at room temperature. The dialyzetem solution (268 mL) was applied
onto a Fast Flow Q-sepharose column (2.6 x 10 pma}equilibrated with 50 mM HEPES
buffer pH 6.9. After washing with 400 mL startingfter, bound protein was eluted using .
800 mL linear gradient of 0 — 1 M NacCl in the sabuéfer. The flow rate was 4 mL/min,
and 15 mL fractions were collected. Fractions shgwhaximal PPO activity were pooled
and concentrated using a 10 kDa Amicon membranter fi(Millipore) under air
pressure.The concentrated enzyme solution (5 ml9 agplied onto a Superdex S-200
column (2.6 x 100 cm), and eluted with 50 mM HER#&Sfer pH 6.9 at a flow rate of 1.5
mL/min. Fractions (5 mL) showing maximal PPO adyiwivere concentrated as described
above. This purification procedure gave an actiyigfd of 10.6 % and resulted in a 11-fold
purified enzyme preparation with a specific acyivf 5.9 U/mg Table S1).

Fractionation of mate extract
Mate extract was fractionated using a 12 g Rewl€r8 column on a Reveleris flash
chromatography system (Grace, Deerfield, IL, USp¢mated at 30 mL/min. Twenty mL of
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a 30 g/L solution of mate extract in MQ was apploedo the column. Water acidified with
0.1% (v/v) acetic acid, eluent A, and ACN acidifieith 0.1% (v/v) acetic acid, eluent B,
were used as eluents. The following elution profiks used: 0-2 min, isocratic on 0% (v/v)
B; 2-3 min, linear gradient from 0%-30% (v/v) B;83min, isocratic at 30% (v/v) B; 8-13
min, linear gradient from 30%-100% (v/v) B; 13-15nmisocratic at 100% (v/v) B.
Fractions of 10 mL were collected, and pooled baseRBP-UHPLC-MS analysis.

Screening of plant extracts

Inhibitory activity of plant extracts was assayesing a spectrophotometric assay. Plant
extracts (5 g/L) dissolved in either water or dihytsulfoxide were diluted (0.16 g/L) into
0.2 mM L-DOPA and 6.5 U/mL AbPPO or 0.4 mM L-DOPAda0.19 U/mL StPPO in 50
mM HEPES buffer pH 6.9 in a total volume of 1j55in a 96 well plate. The absorbance at
520 nm was measured every 20 s for 20 min at 25Th@. initial rate of color formation
(100-240 s) was compared to the appropriate watetiroethyl sulfoxide controls, and
expressed as relative activity. To ensure that niale competitive inhibition could be
observed, substrate concentrations were choserwbtle K., of the two PPOs for
L-DOPA.

Oxygen consumption measur ements

Oxygen consumption of AbPPO or StPPO with seleetadacts was measured using an
Oxytherm System (Hansatech, Kings Lynn, UK). Indidvs with plant extracts or
fractionated mate extracts (0.16 g/L) were donér wi4 mM L-DOPA and 0.19 U/mL
StPPO or 0.2 mM L-DOPA and 65 U/mL AbPPO in a tatalume of 1 mL 50 mM
HEPES buffer pH 6.9 at 25 °C. Data acquisition amdhlysis were performed using
Oxygraph Plus software (Hansatech).

RP-UHPLC analysis

Samples were analysed on an Accela UHPLC systerari{it Scientific, San Jose, CA,
USA) equipped with pump, autosampler and PDA dete@amples (L) were injected
onto a Hypersil Gold column (2.1 x 150 mm, partislee 1.9um; Thermo Scientific).
Water acidified with 0.1% (v/v) acetic acid, elugitand ACN acidified with 0.1% (v/v)
acetic acid, eluent B, were used as eluents. Derthite was 40QlL/min, the column oven
temperature was controlled at 30 °C. The PDA detegtis set to measure the range 200-
600 nm. The following elution profile was used: Gx¥in, isocratic on 5% (v/v) B; 1-21
min, linear gradient from 5%-75% (v/v) B; 21-21.inmlinear gradient from 75%-100%
(v/v) B; 21.1-24 min, isocratic on 100% (v/v) B;-24.1 min, linear gradient from 100%-
5% (v/v) B; 24.1-27 min, isocratic on 5% (v/v) B.
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Electrospray ionization mass spectrometry (ESI-MS)

Mass spectrometric data were obtained by analyzargples on a LTQ-Velos (Thermo
Scientific) equipped with a heated ESI probe cadiptethe RP-UHPLC system. Nitrogen
was used as sheath gas and auxiliary gas. Datacatieeted over thevz range 150-1500.
Data-dependent MSanalysis was performed with a normalized collisarergy of 35%.
The MS' fragmentation was performed on the most intenselymt ion in the M3'
spectrum. Most settings were optimized via autoentatining using ‘Tune Plus’ (Xcalibur
2.1, Thermo Scientific). The system was tuned witinate extract in negative ionization
(NI) mode. The source heater temperature was 4sh&dransfer tube temperature was 350
°C and the source voltage was 3.5 kV. Data acdipisiand analysis were done with
Xcalibur 2.1 (Thermo Scientific).

RESULTS

Screening of plant extractsfor PPO inhibitory activity
The effect of 60 different plant extracts on dopaate formation by AbPPO and StPPO
was compared by expressing the rate of dopachrommeafion as activity relative to the
appropriate control (L-DOPA with AbPPO or StPPO dinel solvent used to dissolve the
plant extract) Table 1). To facilitate this comparison, the relative waitiés were plotted
against each otheFigure 1).
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Figure 1. Comparison of the influence of different plant extracts on the conversion of L-DOPA to
dopachrome by AbPPO and StPPO. Filled circles indicate extracts that were relatively good inhibitors
for both reactions, filled triangles indicate extracts that showed a large difference in inhibition, open
squares indicate all other plant extracts. The numbers refer to Table 1.
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Table 1. The effect of plant extracts on the rate of dopachrome formation by AbPPO and StPPO.

Extract

Plant species

Relative activity
AbPPO (%)*

Relative activity
StPPO (%)*

(&)] A W N P

© 00 N O

11
12
13
14

15
16
17

18
19
20
21
22
23
24
25
26
27
28
29
30
31

32

80

Green mate leaf
Oats herb
Olive leaf

Echninacea dry
pressed juice
Echninacea
purpurea root
Pumpkin seed

Green tea leaf
Nettle leaf
Balm herb
Sage leaf
Rhubarb

Red vine leaf
Peppermint leaf

Dandelion herb
and root
Thyme herb

Pink rockrose herb

Passion flower
herb
Damiana leaf

Goldenrod herb
Artichoke leaf
Java tea
Eyebright herb
Ivy leaf
Marshmallow root
Bearberry leaf
Schisandra fruit
Licorice root
Chaste berry
Juniper fruit
Rosemary leaf

Devil's claw root

Pelargonium root

llex paraguariensis
Avena sativa
Olea europaea

Echinaceae purpurea
Echinaceae purpurea

Curcubita pepo

Camiillia sinensis

Urtica dioica , Urtica urens

Melissa officinalis
Salvia officinalis
Rheum rhabarbarum
Vitis vinifera

Mentha piperita

Taraxum officinale

Thymus vulgaris
Cistus incanus

Passiflora incarnata

Turnera diffusa
Solidago sp.

Cynara scolymus
Orthosiphon stamineus
Euphrasia sp.

Hedera helix

Althea officinalis
Arctostaphylos uva-ursi
Schisandra chinensis
Glycyrrhiza glabra
Vitex agnus-castus
Juniperus sp.
Rosmarinus officinalis

Harpagophytum
procumbens and/or H.
Zeyheri

Pelargonium sidoides

27+1.0
73+1.8
85+3.2
104 £3.7

91+22

85+1.6
22+1.1
84 +2.7
3029
31+26
50+1.1
63+7.2
44 +3.3
79 +8.6

37+1.8
37+21
67 +3.5

75+3.3
43+0.2
63+2.2
34+0.2
42 +2.7
53+3.8
99 +2.7
36+6.6
88 +5.7
4+18
51+12.8
84 +£3.2
29+34
4115

25+1.0

354 +41.5
88 +£10.6
224 +2.3
105 +6.7

102 +£7.3

101 £3.7
61+1.9
106 £ 3.8
216 +9.9
181 +4.1
85+3.4
89+0.8
124 +13.8
100+ 8.4

156 £0.2
70+1.5
95+43

93 +10.7
189 +11.2
102 £25.4
107 £0.13
146 £3.9
123+1.4
96 +1.4
61+0.9
92+22
15+11
115+ 0.4
96+1.3
160 £ 0.0
117+1.6

44 £9.6
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Table 1. (Continued)

33
34
35
36
37
38
39

40
41
42
43
44

45

46
a7

48

49

50
51
52
53
54
55
56
57
58
69
60

Chamomile flower
Caraway seed
Puslane herb
Rosehip

SoylLife 40
LinumLife EXTRA

Brocoraphanin
10%
glucoraphanin
Biocurcumin

Pomactiv AGE
SuperBerry 6000
Acai

Blackcurrant 25%
anthocyanins
Origanox WS-LB

Origanox WS

Cranberry High
PAC 25:1

OPC Grape Seed
ActiVin
Neohesperidine
dihydrochalcone
(NHDC)
Neohesperidine

Hesperidine
Black garlic
Horse radish
Hibiscus
Baobab
Coriander
Cinnamon
Cinnamon 2
Pomactiv HFV

Pomactiv Shape

Chamomilla recutita
Carum carvu
Potulaca oleracea
Rosa canina
Glycine max

Linum usitatissimum

Brassica oleracea var.

italica

Curcuma longa
Malus sp.

blend of 7 berries
Euterpe oleracea

Ribes nigrum

Origanum vulgare and/ or

Melissa officinalis
Origanum vulgare

Vaccinum macrocarpon

Vitis vinifera

extracted from citrus and

chemically modified

extracted from citrus
extracted from citrus
Allium sativum
Armoracia rusticana
Hibiscus sp.
Adansonia digitata
Coriandrum sativum
Cinnamomum sp.
Cinnamomum sp.
Malus sp.

Malus sp.

33%02
56+ 1.0
62+33
98+0.5
4805
82+2.9
118115
8

44+2.7
37+80
94+55
114103

31+24

44+2.1
176 £4.5

40+4.9
45+5.1
109 +£3.0
110+1.2
114 +£12.3
107 £ 0.1
79+45
69 +5.6
104 +40.4
48 +1.8
4024

102+1.9
97 +2.4
86+8.7
84 +13.0
103+17.0
103+ 9.4
80+12.7
8

90+5.8
78437
82+10.2
90+18.1

213+3.0

125+3.0
90+1.6

97 +4.0
99+ 1.3
95+0.6
86 +12.9
54 +£15.0
94+15
105+2.4
91+4.3
95+4.0
107 £13.7
183 +4.6

*The rate of dopachrome formation relative to the appropriate control (L-DOPA with AbPPO or StPPO
and the solvent used to dissolve the plant extract).
¥ Biocurcumin was not included in the spectrophotometric assay due to interfering color of the extract.
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From this plot it can be observed that, in genéhal, StPPO-mediated color formation
seemed to be less inhibited than color formatiomsed by AbPPO. Interestingly, some
extracts seemed to inhibit AbPPO, while they stated StPPO. It should be taken into
account that the observed effect on color formaisamot necessarily caused by influencing
the enzymatic activity. An alternative explanatifor an observed inhibition of color
formation could be the presence of reducing comgsun the plant extracts, which can
either reduce the enzymatically formeetjuinone back to the correspondingliphenol
(e.g. ascorbic acid18)), or combine with theo-quinone in an addition product (e.g.
cysteine {0) or sulfite (L4)). An explanation for enhanced color formation Idobe the
presence of substrates for enzymatic browning @ glant extract itself. To investigate
whether enzymatic activity was truly affected, fiextracts that showed a large difference
in effect on AbPPO and StPPO, and four extracts #mpeared to be relatively good
inhibitors for both the AbPPO and StPPO-mediatetbrcéormation were selected for
oxygen consumption measurements.

u StPPO
mAbPPO

150 A

100 A

50 -

relative O, consumption (%)

licorice root  pelargonium root Biocurcumin OPC grape seed NHDC
Activin

Figure 2. Relative oxygen consumption rates of StPPO and AbPPO with combinations of plant extracts
and L-DOPA. Averages of duplicate determinations, error bars indicate standard deviation.

Oxygen consumption measurements discriminate between inhibition of color
formation and enzyme activity

The four extracts indicated with a circlefigure 1 (licorice root, pelargonium root, OPC
grape seed ActiVin and NHDC) were used in oxygensomption measurements to
determine whether the observed inhibitory effect dopachrome formation for both
enzymes was caused by inhibition of PPO activitiocBrcumin was also used in this
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assay, as the color of this extract was found terfiare with the spectrophotometric assay.
The trend of color formation with StPPO being léskibited than that with AbPPO
(Figure 1) was confirmed by oxygen consumption of the twayemes Figure 2).
Remarkably, the relative oxygen consumption of &R® the presence of biocurcumin,
grape seed, pelargonium root and NHDC was 100 %name, while the relative color
formation with StPPO and these extracts was bel@%. Possibly, the extract contained
substrates for StPPO, the oxidation of which ditirasult in products with an absorption at
520 nm, the wavelength used for the screening asstyese substrates are preferentially
used by StPPO, no color development at 520 nm wdeldobserved, while oxygen
consumption occurs. It is unlikely that this effectuld be attributed to the presence of
reducing compounds in the extracts, as no differeretween StPPO and AbPPO would
then be expected.

1000 - .

plant extract with:
m StPPO + L-DOPA

S 800 - @StPPO

‘g = ABPPO + L-DOPA

"é 600 - @AbPPO

)

(2]

c

o

o

o' 400 -

]

=
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2 200 -

0
green mate Ieaf balm herb sage leaf rosemary Onganox WS-

Figure 3. Relative oxygen consumption rates of StPPO and AbPPO in the presence of plant extracts
alone, or combinations of plant extracts and L-DOPA. Oxygen consumption was expressed relative to
the control reaction of either StPPO or AbPPO with L-DOPA. Averages of duplicate determinations,
error bars indicate standard deviation.

The influence on oxygen consumption of StPPO an®P® of five extracts that
showed a large difference in their effect on StRif@ AbPPO-mediated color formation
(mate leaf, balm herb, sage leaf, rosemary andaagndicated with triangles figure
1) was investigated. Because compounds presenteneffiracts could potentially be
substrates for either one of the PPOs, in this wagsibly enhancing enzyme activity,
incubations of PPO with only plant extract were paned to incubations of PPO, plant
extracts and L-DOPARjgure 3). The oxygen consumption of StPPO with all of phent
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extracts alone was higher than that of the comgattion (StPPO with L-DOPA) used for
standardization, indicating that these plant exéraither contained substrates that had a
higher affinity for StPPO than L-DOPA, or substsatén a considerably higher
concentration than the L-DOPA used (0.4 mM). Assigra molecular weight of 150-300
g/mol for possible substrates in the plant extraeisd assuming that these extracts
consisted only of substrate, it can be calculatet the maximum theoretical substrate
concentration is approximately 0.5-1 mM, with tlencentration of plant extracts used in
the assay. Balm herb, sage, rosemary and oregaralanembers of the Lamiaceae plant
family, which are known to contain a variety of pbécs, including phenolic acids,
flavonoids and phenolic terpenekb(16). LC-MS analysis of the extracts used confirmed
the presence of a range of compounds, with the nabsindant compounds being
rosmarinic acid and derivatives of rosmarinic aidta not shown). The fact that the
extracts consisted of multiple components, indiddteat substrates present in the extracts
had higher affinities for StPPO than L-DOPA. Thiatige activity of AbPPO on the plant
extracts alone was lower than the activity on corations of plant extract and L-DOPA,
and activity of both reactions was lower than tbhthe control reaction (AbPPO with
L-DOPA). This indicated that the selected plantraots effectively reduced the rate of
AbPPO-mediated color formation by inhibiting thezgme. The observation that AbPPO
showed some activity on the plant extracts alordicated that besides inhibitors for
AbPPO, the extracts also contained substrates BE#PO. Furthermore, comparing the
activity of StPPO and AbPPO on the plant extradtsmey it can be concluded that the
substrates present in the extracts are probabigrimtbstrates for StPPO than for AbPPO.

Comparing the effect of the plant extracts in camabibn with L-DOPA on StPPO to
the activity of StPPO on the plant extracts aldhe, effect of the mate extract stands out.
While activity of StPPO on the mate extract alorss\approximately double that of StPPO
on L-DOPA, the activity of StPPO on a combinatidi_eDOPA and mate was more than
nine times that of StPPO on L-DOPA alone. It seemi&ely that this effect can only be
attributed to the presence of substrates in the etact. The effect of mate on StPPO and
AbPPO was further investigated.

Mate extract accelerates oxygen consumption of StPPO, while it inhibits that

of AbPPO

The effect of sequential addition of mate extramt B-DOPA to StPPO was compared to a
control incubation of StPPO with L-DOPA alone and mcubation of StPPO with
L-DOPA and mate extract added simultaneouBigyre 4A). The initial activity of StPPO
on mate extract is comparable to that on the coatioin of mate and L-DOPA, both of
which are higher than the activity on L-DOPA alofiée activity of StPPO on mate alone
started to decrease shortly after the beginninthefreaction and eventually leveled off,
indicating that the substrates present in mate ati@nverted. When L-DOPA was added
after complete conversion of the substrates presetite mate extract, enhanced StPPO
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activity was still observed. This is an indicatittrat the enhanced oxygen consumption of
StPPO with combinations of L-DOPA and mate extiagtot only due to supplementation
of L-DOPA with additional substrates present in #dract, but rather points towards
activation of StPPO.

Activity of AbPPO on mate was much lower than tb&atStPPO, and the L-DOPA
oxidation rate of AbPPO was lower in the preserfamate than without matd=igure 4B).
AbPPO was also inhibited upon sequential additiomate and L-DOPA.
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Figure 4. Oxygen consumption in time of incubations of StPPO (A) and AbPPO (B) with L-DOPA and
mate extract. Arrows indicate the time point at which L-DOPA was added.

These results seemed to indicate that the mataotxiised contained one or more
activators for StPPO and one or more inhibitorsAbPPO. It is not known whether the
same compounds are responsible for activation BPSt and inhibition of AbPPO, or
whether activators for StPPO are present alongstdbkitors for AbPPO.

Char acterization of mate extract

To identify the compound(s) responsible for actaaiof StPPO and inhibition of AbPPO,
the composition of the mate extract was charaddrizased on RP-UHPLC-MS analysi:
(Figure 5A). Peaks were annotated based on comparison of BSfdgmentation with
published data Table 2) (17-19). Two distinct groups of compounds were found,
hydroxycinnamic acid conjugates and saponins. Euribre, quercetin-8-rutinoside, a
glycosylated flavonol, caffeine and theobromine evéyund. The hydroxycinnamic acid
conjugates were, besides a small amount of ferudainic acid, all chlorogenic acid-like
compounds, i.e. different caffeoyl and dicaffeoyirdc acid isomers. Chlorogenic acid is a
well-known substrate for PPQQ,21), so the presence of these compounds explains the
observed activity of StPPO and AbPPO when incubatidld mate extract as substrate.
Chlorogenic acids are the most abundant phenotigpoainds in potata2@), which might
explain the much higher activity of StPPO than ABP&h the mate extract, considering
that chlorogenic acid is likely to be the natunabstrate for StPPO. To investigate whether
indeed the different chlorogenic acid isomers warged as substrate by PPO,
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RP-UHPLC-MS analysis of incubations of mate witlPBO and AbPPO were done. The
MS traces of these samples revealed that the eifferchlorogenic acids and
quercetin-30-rutinoside were converted, while the saponins reath (data not shown).
No reaction products of the oxidation of the di€fier substrates were found, while the mate
sample after incubation with PPO visibly turned vano This might be explained by
formation of a wide variety of reaction productsrfr theo-quinones resulting from PPO
oxidation, which individually fall below the detéat limit of the RP-UHPLC analysis.

; 5 11 A
9 7
S ]
2 ] 3 8
21 1 4
R 910 14
=Rl
P [
o E * * 1
] 2 Ls M 12 1.13 lg ~
; 11 B
g - 7
S
g ] 8
i .
] 4
R 910
K.
£
] 2 lﬁ 7 L
] 4 C
g 7
e
I ] 15
c -
> 4
G 16
g) -]
5 T
e 12
. L L B e I B i B B B e M i B Rl Ry RS Rl Rk R RAbay Miaid ey by
0 2 4 6 8 10 12 14 16
Time (min)

Figure 5. RP-UHPLC-MS traces of mate extract (A), polar fraction of mate (B) and apolar fraction of
mate (C). Peak numbers refer to annotation in Table 2. * indicates the retention time of theobromine
and caffeine, which were observed only in the UV trace, not in negative ionization mode MS.

Polar compoundsin mate extract areresponsible for activation of SIPPO

The fact that the saponins remained after PPOiggtied to the hypothesis that they might
be responsible for the observed activation of StRR@ inhibition of AbPPO. Saponins
extracted fronParis polyphylla have been found to inhibit AbPP@BJ. To investigate this,
reversed-phase flash chromatography was useddiiofnate the mate extract to investigate
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the effect of the saponins separately from theroglenic acid-like compounds. Fractions
from flash chromatography were pooled such thaaetibn containing mainly chlorogenic

acid-like compounds (polar fractioRigure 5B) and a fraction containing mainly saponins
(apolar fractionfFigure 5C) were obtained.

Table 2. RP-UHPLC-MS characterization of mate extract. Peaks were annotated based on MS?

fragmentation.

Peak Retention time [M-H] MS’ fragments (relative Tentative identification
abundance)

1 1.04 191 191 (100), 111 (42), 127  Quinic acid
(30), 85 (30), 93 (17), 87
(7), 109 (6), 155 (4), 71
(3), 153 (3)

2 2.15 - - Theobromine

3 2.90 353 191 (100), 179 (39), 353 3-O-caffeoyl quinic acid
(8), 135 (3), 173 (1)

4 4.76 353 191 (100), 179 (1) 5-O-caffeoyl quinic acid

5 5.02 353 173 (100), 179 (72), 191 4-O-caffeoyl quinic acid
(28), 353 (9), 135 (4),
155 (1)

6 5.18 - - Caffeine

7 6.57 367 191 (100), 173 (73), 193 Feruloyl quinic acid
(15), 285 (7), 307 (3),
367 (2), 203 (2), 325 (1),
155 (1)

8 7.56 609 301 (100), 300 (48), 609 Quercetin-3-rutinoside
(9), 343 (8), 271 (8), 255
(5), 179 (2), 273 (1)

9 8.12 515 353 (100), 335 (11), 173 Dicaffeoylquinic acid
(1), 515 (8), 179 (8), 191
(6), 203 (3), 255 (2), 299
@)

10 8.28 515 353 (100), 191 (3), 179 Dicaffeoylquinic acid
1

11 8.70 515 353 (100), 203 (6), 173 Dicaffeoylquinic acid
(5), 299 (5), 255 (4), 179
(3), 335 (2), 317 (2), 191
@

12 11.67 1073 911 (100), 749 (76), 893 Matesaponin 3
(12), 603 (10), 983 (9),
927 (6), 765 (5), 901 (5),
1043 (5)

13 12.42 1219 895 (100), 733 (13), 937  Matesaponin 4
@

14 13.82 1057 895 (100), 733 (14), 937 Matesaponin 2
(8), 587 (5)

15 13.91 1057 895 (100), 733 (64), 893 Matesaponin 2 isomer
(8), 587 (7)

16 14.13 911 749 (100), 791 (19) Matesaponin 1

Oxygen consumption measurements with L-DOPA andP6tlh the presence of the
apolar or polar mate fractiofrigure 6A) showed that the polar mate fraction seemed to be
mainly responsible for activation of StPPO: whilg®?BO was slightly more active in the
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presence of the apolar mate fraction than with dRIYOPA, activity in the presence of the
polar mate fraction was much higher than the blanibation.
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Figure 6. Oxygen consumption in time of incubations of StPPO (A) and AbPPO (B) with L-DOPA
(blank), and L-DOPA combined with mate extract, the polar mate fraction and the apolar mate fraction.

Besides chlorogenic acid-like compounds, caffeime #tneobromine were also present
in the polar fraction. While the chlorogenic adikkl compounds were converted after
incubation with PPO, caffeine and theobromine remai Experiments with pure caffeine
and theobromine showed that they were not resplenddr activation of StPPO or
inhibition of AbPPO (data not shown). Apparentlzetsubstrates present in the mate
extract activated StPPO, also after they had rddEigure 4A). To investigate whether the
activation of StPPO was indeed due to the chloricgaeid-like substrates present in mate,
StPPO was incubated with pure chlorogenic acid. MWineygen consumption had leveled
off, L-DOPA was added. The results obtained wenailar to those obtained with mate:
oxygen consumption with sequential chlorogenic aeidd L-DOPA addition was
accelerated compared to a control of StPPO with bADOPA (data not shown).
Considering the inhibition of AbPPO by mate, franfition of the extract learned that the
polar fraction was mainly responsible for inhibitigcigure 6B). In the presence of the
apolar mate fraction, oxygen consumption of AbPHt Ww-DOPA was comparable to that
in the blank reaction, whereas in the presencbepblar fraction the oxygen consumption
was decreased compared to that with the blank.

DiscussiON

Our results of screening 60 plant extracts for &tP&d AbPPO inhibitory activity
demonstrated that the effect that an extract care len PPO-catalyzed browning is
dependent on the source of PPO. Some extracts shimhibitory activity towards both
PPOs, while other extracts inhibited only one PBQgven inhibited one and activated the
other PPO. As an example, a mate extract was ige¢st in more detail, and it was found
to be an activator for StPPO and an inhibitor faPRO.
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Inhibition of PPOs by plant extracts
Out of 60 plant extracts screened for inhibitorfeefs on StPPO and AbPPO, four were
further investigated by measuring their influenceoxygen consumption. Only the extract
of licorice root was found to inhibit the activif both StPPO and AbPP@ifure 2),
indicating that the observed inhibitory effect aslor formation of the other extracts was
most likely caused by reducing compounds in theaett. These compounds only prevent
formation of color, but do not inhibit enzyme adfv

The inhibitory effect of licorice root on AbPPO hasen described before, and several
inhibitory (iso)flavonoids and chalcones have bédentified @4-26). Licorice extracts
were found to inhibit both mushroom tyrosinasevitro, as well as melanin formation in
cultured human melanocyte®5). In addition to this, our results demonstrateat ficorice
also inhibited StPPO. This might indicate that findibitors present in licorice are
inhibitors with a wide application range.

Activation of StPPO by mate extract

When StPPO was incubated with mate extract, oxygersumption and conversion of
substrates present in the extract was observedb#tion of StPPO with mate extract had
an activating effect on L-DOPA oxidation by the yme Figure 4A). Fractionation of the
mate extract demonstrated that chlorogenic acildémpounds were responsible for this
activation, which was confirmed by experiments wiplure chlorogenic acid. An
explanation for the increased StPPO activity olesgimmight be activation of StPPO, which
was extracted in a latent state, évguinones resulting from chlorogenic acid oxidation
Similarly, activation of latent PPO from red clov@rifolium pretense) by o-quinones
resulting from oxidation of endogenous substratas bheen demonstrate@7]. It was
proposed that a conformational change of clover Rie€urred through interaction of
o-quinones with the protein. Conformational changase been implicated before in the
activation of latent plant PPOs. Treatment withfaetants such as SDS, addition of fatt
acids and pH-induced conformational change hava beggorted to activate plant PPOs, b
making the active site more accessili?8-81). Possibly, interaction of chlorogenic acid
quinones with StPPO induced a conformational chaimgthis way making its active site
more accessible.

In conclusion, our results showed that care shbelthken when generalizing results
of inhibitor studies obtained with one specific PRO® broader food or cosmetic
applications. Although screening with a commergiaNailable PPO might be a convenient
way to find potential inhibitors, experiments witke target PPO should be done before an
inhibitor can be applied in a specific product. Eaver, when using a different PPO for
inhibitor screening than for the final applicatigmptentially useful inhibitors might be
overlooked.
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Chapter 5

SUPPORTING INFORMATION

Table S1. Potato PPO purification scheme.

Step Volume Total Total protein Specific  Activity  Purification
(mL) activity (mg) activity yield factor

() (U/mg) (%)
CE 1460 1916 3510 0.55 100.0 1.0
AS 268 1428 1542 0.93 74.6 1.7
IEC 5 88 181 0.49 4.6 0.9
SEC 5 72 12 5.85 3.7 10.7
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Chapter 6

The research described in this thesis was aimédl @tplaining the inhibitory mechanism
of sulfite on enzymatic browning, by investigatiitg effect on reaction products of
enzymatic browning and tyrosinase activity, an{l ifivestigating whether two different
PPOs responded similarly towards plant extracteniilly containing inhibitors of PPO. It
was found that sulfite had a double inhibitory atyi on enzymatic browning, initial

browning was prevented by forming addition produsish the enzymatically formed

o-quinones, while in time tyrosinase was irrevessillactivated by sulfite. Furthermore,
we demonstrated that when screening for inhibitdrenzymatic browning the source of
PPO used can have a considerable influence orutheroe of such a screening.

FORMATION OF SULFOPHENOLICS DURING FOOD PROCESSING

In Chapter 2 the formation of different sulfophenolics in afgakttreated potato juice is
described. It was demonstrated that PPO-med@atpainone formation was a prerequisite
for the formation of sulfophenolics. I&hapter 3 the effect of sulfite on thén vitro
mushroom tyrosinase-catalyzed browning of chloragertid was further studied, and
compared to the effect of several other sulfur-amimg compounds. This is the first time
that mass spectrometric and NMR spectroscopic au@leof the formation of
sulfophenolics during inhibition of enzymatic brawg with sulfite is provided.

SOzH SOzH
x|.-OH ~|._OH
| |
H W K
(0] O Pz OH HO o . = OH
OH ‘OH
OH OH
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OH O SOzH SOzH
H 3 H N OH
O\[(\_)J\OH | Ss O | N
O H
O O N = OH 0] A = OH
O (0]
sulfo-caftaric acid sulfo-caffeic acid

Figure 1. Sulfonated derivatives of different wine phenolics. Sulfonation occurred on either of the three
available positions of the o-diphenolic ring.

The fact that sulfophenolics were both found dureagraction of a sulfite-treated
potato juice Chapter 2), and in a model browning syste@Hapter 3), raised the question
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whether the formation of sulfophenolics might albeencountered in other food products
in which sulfite is applied. In wine production,Ifite is applied during extraction of the

juice from grapes. Since grapes are known to co&O {) and a wide range of different

phenolics 2), the system obtained when extracting grape jiocevine production bears

resemblance to the system obtained in the indusstraction of potato juice in the

presence of sulfite, in terms of browning potentlirthermore, an addition product of
caftaric acid (an ester of caffeic acid and tactacid) with glutathione, referred to as
‘grape reaction product’, has been found in wing;oncentrations ranging from 6-49 mg/L
(3-5). This product is formed by an addition reactidrglutathione present in grapes with
the o-quinone resulting from enzymatic oxidation of eait acid. The PPO-mediated

formation of grape reaction product indicates tthating grape juice extraction PPO is
active. Therefore, sulfophenolics could possiblsoabe formed during the production of
wine.
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Figure 2. UV (280 nm) trace of RP-UHPLC analysis of crude wine (A), ethyl acetate pH 7 fraction (B)
and ethyl acetate pH 2 fraction (C). Numbers refer to peak annotation in Table 1.

To investigate whether sulfophenolics could be poedl from phenolics present in
wine, the model system approach describe@hapter 3 was used to prepare sulfonated
standards. Caffeic acid, caftaric acid, catechih e@picatechin were used as representative
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substrates, instead of chlorogenic acid. Using RIRLIC-MS (as described @hapter 3),
sulfonated derivatives of all these compounds Viewad Figure 1), indicating that PPO
substrates present in wine can be sulfonated risityase-catalyzed oxidation.

Wine contains a wide variety of phenolics, whiclm edso be observed from the UV
trace of RP-UHPLC analysis of a red wine sampigure 2A). A large hump is observed,
with some peaks extending from it, indicating cotiein of many different compounds. In
order to achieve a better identification of the mbles in a red wine sample (Rioja
‘Arbanta’ 2009, Biurko Gorri, Bargota, Spain), ttsample was fractionated prior to
analysis using sequential liquid-liquid extractipas previously describe@)t, resulting in
two fractions (‘ethyl acetate pH 2’ and ‘ethyl atetpH 7’). The aqueous residue after the
first ethyl acetate extraction contained anthoaysnivhich are responsible for the red color
of wine. It is known that sulfite can react withtlaocyanins during wine production,
resulting in decolorization of anthocyaninsdure 3) (7). During aging, anthocyanins can
react with several compounds to form more staldgnpits, for instance by cross-linking
reactions with flavan-3-olsJ.

Figure 3. Reaction of sulfite with malvidin-3-O-glucoside (oenin), leading to decolorization of the
anthocyanin.

RP-UHPLC-MS analysis of the resulting ethyl acetéi@ctions resulted in the
annotation of 24 peaks, based on comparison of M8 wdith literature Kigures 2B and

! Dealcoholized wine was adjusted to pH 2 using H®!, after which liquid-liquid extraction with
ethyl acetate (ratio 1:1) was performed. The rasyltorganic phase contained the phenolic
compounds. To further separate the phenolics, ijpnéc phase was dried and re-dissolved in 10 mM
ammonium bicarbonate pH 7. At pH 7, phenolic acidl$ largely be present in dissociated form,
making them more polar. Subsequent extraction withyl acetate resulted in an organic phase
containing flavonoids (‘ethyl acetate pH 7 fractjosnd a water phase containing phenolic acids. To
further purify phenolic acids, the water phase wdgisted to pH 2 using 1 M HCI, after which
phenolic acids were extracted with ethyl acetatthy/l acetate pH 2 fraction’).
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2C, Table 1). Although the fractionation did not result inabseparation of phenolic acids

and other phenolics, the ethyl acetate pH 2 fractias enriched in phenolic acids, while

the ethyl acetate pH 7 fraction was enriched indieids and resveratrol. Sulfophenolics
were not found in either fraction, also not afteedfically searching for their masses (mass
of phenolic substrate + 80 a.m.u.) in MS data.
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Figure 4. UV (280 nm) trace of RP-UHPLC analysis of wine (A) and wine incubated with mushroom
tyrosinase (21 U/mL) (B). Sulfonated phenolics identified are numbered, numbers refer to Table 1.

Although it was found that wine phenolics can bkosatedin vitro using mushroom
tyrosinase, they were not found in the wine samplealyzed, while we were able to
successfully analyze other phenolics in wine. Thessults indicate that formation of
sulfophenolics during wine production is unlikeBossibly, the activity of grape PPO was
limited during the production of the wine analyzédd; instance due to suboptimal pH
during manufacturing or inactivation of PPO by #alf analogous to the irreversible
inactivation of mushroom tyrosinase that we obsgi@hapter 4). It should be noted that
we also did not find any grape reaction productssfidy because we investigated a red
wine, while grape reaction product has most oftearbreported in white winé). In an
experiment in which mushroom tyrosinase was addedetl wine already containing
sulfite, sulfonated derivatives of B-type procyanidimer, catechin and caffeic acid wer¢
found after incubationHigur e 4). These results indicated that in a wine matrétiva PPO
would be able to oxidize phenolics, which in tuemaeact with the sulfite present. Anothe
reason for not finding sulfophenolics in wine midhe their possible instability during
further processing. It might be speculated thafophlenolics are formed during juicing of
grapes in the presence of sulfite, but that theyusstable upon aging of wine. To further
establish this, the stability of sulfophenolics glddbe studied.
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Table 1. Tentative identification of peaks observed in RP-UHPLC-MS analysis of fractionated wine

samples.

Peak Tentative identification (reference) [M-H]J MS? [M-H]

1 Gallic acid (30,31) 169 125

2 Caftaric acid (30, 31) 311 179

3 Epigallocatechin (32) 305 260, 219, 179
4 Protocatechuic acid (31,33,34) 153 109

5 Coutaric acid (31) 295 163

6 B-type procyanidin dimer (31) 577 451, 425, 407, 289
7 Catechin (31,32) 289 245, 205

8 Vanillic acid (30,31) 167 152, 123

9 Caffeic acid (30,31) 179 135

10 Syringic acid(30,31) 197 182, 153

11 Epicatechin (31 32) 289 245, 205

12 p-Coumaric acid (30,31) 163 119

13 Ethyl gallate (31) 197 169, 125

14 Quercetin glucuronide (31) 477 301

15 Ferulic acid (31) 193 178, 149, 134
16 Myricetin glucoside (31) 479 317

17 Astilbin (31) 449 303

18 Myricetin (31) 317 179, 151

19 Trans-resveratrol (30,31) 227 185

20 Quercetin (31) 301 179, 151

21 Cis-resveratrol (30,31) 227 185

22 Ethyl caffeate (35) 207 179, 161, 135
23 Naringenin (31) 271 177, 151

24 Kaempferol (31) 285 257

25 Sulfonated B-type procyanidin dimer 657 369, 287

26 Sulfo-catechin 369 231, 289

27 Sulfo-caffeic acid 259 215,179
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COMPARING THE REACTIVITY OF NAHSO;, CYSTEINE AND GLUTATHIONE
WITH O-QUINONES

Nucleophilic attack on enzymatically formeejjuinones was found to occur with NaH$O
cysteine and glutathioneChapter 3). There, only the formation of adducts in systems
containing chlorogenic acid, mushroom tyrosinasd ane sulfur-containing compound
was described. To investigate which of these swifuntaining compounds was most
reactive witho-quinones, a competition experiment with NaHS€steine and glutathione
was performed. Combinations of two or three of ¢heslfur-containing compounds (0.6
mM each) were simultaneously incubated (pH 6.5ustdfd using 0.1 mM NaOH, 25 °C)
with catechin (0.3 mM) or caffeic acid (0.3 mM) antushroom tyrosinase (21 U/mL).
Reaction products were analyzed using RP-UHPLC-RIB\{as described i€hapter 3).
The reaction products were identified based on M&ysis, and the relative amounts of the
different products were determined based on UV pasda (at 280 nm), assuming
comparable molar extinction coefficients for thdfaetent products formed. The results
clearly indicated that cysteine has a higher teogén form addition products when in
direct competition with glutathione and NaHS®Bigure 5). When catechin was incubated
with combinations of NaHS{) cysteine and glutathione or NaH$@nd cysteine, the
sulfo-adduct represented less than 5 % of totadtie@a products, while cysteine-adducts
represented 86 % or 97 %, respectively. When @afeid was incubated with NaH$O
cysteine and glutathione or NaH$@nd cysteine, no sulfo-adduct was found at alf an
cysteine adducts accounted for 95 % or 100 % ofahetion products. When the reactivity
of only NaHSQ and glutathione was compared more sulfo-adduct faasd, both for
catechin (25 %) and for caffeic acid (14 %), butlaat formation with glutathione was
preferred (75 % with catechin, 86 % with caffeicdcWhen the reactivity of only cysteine
and glutathione were compared, the relative amoohtg/steine and glutathione-adducts
were 95 % and 5 %, respectively, for both catealnic caffeic acid.
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Figure 5. Relative amounts of reaction products formed upon incubation of catechin (A) or caffeic acid
(B) with tyrosinase and different combinations of NaHSOs, cysteine (Cys) and glutathione (GSH).
Amounts are expressed as percentages of total amount of products formed.
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It should be noted that in case NaHS®Was used in these experiments, not all
substrate was converted, due to inactivation afsiyrase by NaHS{JChapter 4), while in
the presence of only cysteine and glutathione alissate was converted. Tyrosinase
inhibition by NaHSQ was found to affect conversion of caffeic acid entiran conversion
of catechin. This probably indicated that catecisira substrate with higher affinity for
mushroom tyrosinase compared to caffeic acid, tieguin more substrate conversion
during the time required for NaH3Qo inactivate tyrosinase. This might explain that
sulfo-adducts were not found during incubation effeic acid with combinations of
NaHSQ and cysteine. As the total amount of reaction petslformed with caffeic acid is
lower than with catechin, sulfo-caffeic acid thaasapotentially formed, could fall below
the detection limit. To determine the ratio betwdbe different reaction products after
conversion of all substrate, the experiment coutdrepeated with sequential enzyme
additions.

The results obtained demonstrate that of the tlndéur-containing compounds
investigated, cysteine is most reactive wifquinones, followed by glutathione and
NaHSQ. The fact that both thiols were more reactive thatSQ might be explained by
the higher nucleophilicity of the thiol group, coampd to the HS@ ion. The oxygen
surrounding sulfur in HSO has an electron withdrawing effect, in this wayking the
lone pair of electrons on sulfur less nucleophiliche higher reactivity of cysteine
compared to glutathione can probably be attribtesteric effects.

FEASIBILITY OF SULFITE REPLACEMENT WITH PLANT EXTRACTS

It was demonstrated that sulfite has a dual inbifgimechanism on enzymatic browning:
initial browning is prevented by trappimgquinones in colorless sulfophenolicdh@pters

2 and3), while in time mushroom tyrosinase was inactidaterough covalent modification
of an active site histidine residu€Hapters 3 and 4). This dual inhibitory mechanism
makes sulfite a versatile inhibitor of browning t tucannot be concluded which effect of
sulfite is most important in the prevention of emafic browning. During the processing of
potato juice, it is likely that the ability of sit# to form sulfophenolics is the main
mechanism at play. In sulfite-treated potato juadejost all PPO substrates were found to
be sulfonated, indicating that PPO was activegast until most substrate was converted
(Chapter 2). In wine, during the production of which sulfite also used to prevent
enzymatic browning, sulfophenolics were not foufidhis might be an indication that
during wine making, the PPO inactivating effectoffite is more important.

Sulfite is a controversial additive to food, dueptesumed health risk8-(11) and its
reaction with vitamin B132-14), and much research is dedicated towards findatgral
alternatives 15-18). It is doubtful whether a natural inhibitor cae found that is as
versatile as sulfite in its inhibitory effect onowning. As we demonstrated @hapter 5,
PPOs from different sources can respond complaldfgrent to inhibitors from plant
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extracts, apparently indicating that inhibition(é least to a certain extent) PPO-specific,
which suggests that each raw material might reqtsrewn inhibitor. The application of
plant extracts to inhibit browning might be furtheampered by their influence on the taste
of a product. Plant extracts are rich in phenobicnpounds, which often have a bitter or
astringent tastel@,20). Moreover, the phenolics present in plant exgravight also be
substrates for PPO, in this way possibly increabirmgvn discoloration. Furthermore, many
of the extracts used in our screening were coldhetdnselves. The effects on taste and
color could possibly be overcome by identifying andifying the compound responsible
for the inhibition observed with the plant extrattowever, large scale purification of
inhibitors from plant extracts would probably malepplication of such inhibitors
economically unfeasible.

IMPACT OF UNRAVELING THE INHIBITORY MECHANISM OF SULFITE ON
ENZYMATIC BROWNING

The knowledge obtained on inhibition of browning bulfite might help in finding
alternatives for sulfite. Possibly a natural suontaining compound can be found that is
capable of reacting in a similar way as sulfitethbwith o-quinones Chapters 2 and3) and
active site histidinesGhapter 4). In Chapter 3 some sulfur-containing compounds were
investigated. It was found that reactions of th@lshcysteine and glutathione with
o-quinones were similar to the reaction of sulfitéthwo-quinones. Although it was
suggested that inactivation of mushroom tyrosiraseurred via nucleophilic addition of
sulfite to a histidine residue in the active sitge nucleophiles cysteine and glutathione
were not found to inactivate tyrosinase, even thotlgols are more nucleophilic than
sulfite. Possibly, their larger size in comparigorsulfite hinders the access of these thiols
to the active site of tyrosinase. A thiol smalleart cysteine might offer opportunities in
natural sulfite replacement. The reactivity of sughthiol with both o-quinones and
tyrosinase remains to be established.

Another possibility by which the use of sulfite mide reduced, is to combine sulfite
treatment with a method that delays browning. Twpraaches that could be applied ar
temporarily inhibiting tyrosinase activity or tempaly preventing the formation of brown
pigments. In the first approach, temporarily lowegrthe pH to a point sufficiently low for
tyrosinase to be not catalytically active mightdre option. In the meantime, a relatively
small amount of sulfite might be able to irrevelgilmactivate tyrosinase. For this strateg:
to be successful it is necessary to investigatekhelependence of irreversible inactivatiol
by sulfite. Another consideration that needs to thken into account is the possible
influence of low pH on other properties of the prod For the second approach, ascorbic
acid, which is known to delay browningl{), could be used. During the time required for
sulfite to inactivate tyrosinase, ascorbic acid pegvent formation of brown pigments by
reduction of theo-quinones formed. A factor that should be takem iatcount is the
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competition between ascorbic acid and sulfite faction with theo-quinones formed. If
sulfite would preferentially react witb-quinones, not enough sulfite might be present for
inactivation of tyrosinase. Hence, the reactivityolfite with o-quinones relative to that of
ascorbic acid should be determined. By fine-turihrgyratio of ascorbic acid and sulfite, it
might be possible to considerably reduce the amaofirgulfite currently needed, while
achieving the same prevention of browning.

EXTRAPOLATION OF THE EFFECT OF SULFITE ON TYROSINASE-CATALYZED
BROWNING TO OTHER PPOSAND LACCASE

The sulfonation ofb-quinones during tyrosinase-catalyzed browni@hapters 2 and 3)
can very likely be extrapolated to inhibition oblaming caused by other PPOs, as activity
of all PPOs results in the formation@fjuinones. As discussed in the General Introduction
of this thesis, enzymatic browning can also be @¢eduby laccase (EC 1.10.3.2), which
catalyzes the oxidation op-diphenols ando-diphenols, resulting inp-quinones and
o-quinones 22). It would be interesting to know whethepauinone could be sulfonated
in a similar way as aa-quinone. It should, however, be taken into accdhbiat the laccase
catalyzed quinone formation is different from tlwdtPPO catalyzed quinone formation:
laccase activity on a diphenolic substrate resnles radical, which can subsequently form
the corresponding quinone, or react with otheraadito form polymers. In case radicals
are polymerizing instead of forming quinones, rigarctvith sulfite is unlikely.

Considering that the type-3 copper center of PPO$ighly conserved among
different species, it is likely that the reactiviy histidines in the active site of other PPOs
with sulfite is similar to the observed reactividf the active site of mushroom tyrosinase
(Chapter 4). Mushroom tyrosinase has a thioether bond inGheA site, which has also
been found for other plant and fungal PPD23,24), while for bacterial PPOs a thioether
has not been found2%,26). It would be interesting to see whether PPOs auththe
characteristic thioether can also be covalentlgtivated by sulfite, perhaps the Cu-A site
can also be modified in the absence of a thioether.

With respect to potential inactivation of laccabgssulfite, the differences between
the laccase and PPO active sites have to be takenaccount. While oxidation of
o-diphenols in the type-3 copper center of PPO &atterized by concomitant reduction
of oxygen Figure 3 in the General Introduction), the catalytic medbanof laccases is
more complex. Laccases have four copper ions, dérmehizh is bound in a type-1 copper
center, while the other three are bound in a coathiririnuclear type-2/type-3 copper
center located inside the protev). The substrate to be oxidized binds close the-typ
copper center, after which an electron from thessake is transferred to the trinuclear
copper center, where reduction of oxygen to wadkes place28). Both in the type-1
copper center and in the trinuclear type-2/type-8pper centers in laccase
copper-coordinating histidine residues are pre@€gure 2 in the General Introduction). It
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would be worthwhile to investigate whether the matdbm of covalent modification of a
copper-coordinating histidine residue in mushrooynoginase Chapter 4) can be
extrapolated to either one or both of the two comeaters of laccase. A major aspect that
might play a role is accessibility of the coppending sites. Our results with mushroom
tyrosinase demonstrated that inactivation by sulfitas prevented by presence of
competitive inhibitors, indicating that the actisiée has to be accessible for sulfite to attach
to a histidine residueChapter 4). The trinuclear copper center of laccase is nistant to
the substrate binding site, buried inside the @mot29), and it is uncertain whether sulfite
would be able to reach it. The type-1 copper ceafdaccase is closer to the substrate
binding site 29), which is accessible for a wide variety of suditgs, so it is more likely
that sulfite would be able to access this sitehdigh the coordination of the single copper
ion in this site is different from that of the twopper ions in mushroom tyrosinase, two
histidine residues are involved. Possibly, oneneke histidines can be covalently modified
by sulfite, analogous to our observations in mushrdyrosinase.
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Enzymatic browning in foods occurs through the oxidation of phenolic compounds by
polyphenol oxidases (PPOs), such as tyrosinase. Brown discoloration is a major quality
issue in the processing of different foods and accounts for large economic losses in food
industry. Sulfite is often used as an anti-browning agent, but its use is controversial due to
presumed health risks and its detrimental effect on vitamin B1. Therefore, much research
has been dedicated to finding alternatives. Surprisingly enough, despite its established use,
the mechanism of browning inhibition by sulfite remains largely unknown, with different
possible explanations proposed in literature. The aim of this thesis is to explain the
inhibitory mechanism of sulfite on enzymatic browning in detail, by investigating its effects
on reaction products of enzymatic browning and tyrosinase activity. Furthermore, two
PPOs from different sources were used in a screening for potential inhibitory activity of
plant extracts, to investigate whether they responded similarly.

Chapter 1 provides background information about different PPOs, their catalytic
mechanism and some of their structural aspects. The mechanism of enzymatic browning is
discussed, as well as different strategies to inhibit the formation of brown pigments.

Chapter 2 compares the effects of two commonly used anti-browning agents, sulfite
and ascorbic acid, on the phenolic profile of potato juice. In the presence of ascorbic acid,
two major compounds were obtained: 5-O-caffeoyl quinic acid (chlorogenic acid) and
4-O-caffeoyl quinic acid. In the presence of sulfite, their 2’-sulfo-adducts were found
instead, the structures of which were confirmed by nuclear magnetic resonance
spectroscopy and mass spectrometry. Applying a model system consisting of mushroom
tyrosinase, chlorogenic acid and sodium hydrogen sulfite (NaHSO3), it was demonstrated
that sulfonation of chlorogenic acid occurred via tyrosinase-catalyzed o-quinone formation.

The same model system was used in Chapter 3 to compare the effects of NaHSO;
and other sulfur-containing inhibitors of enzymatic browning (cysteine, glutathione and
dithiothreitol) on the tyrosinase-induced browning of chlorogenic acid. Development of
brown color (spectral analysis), oxygen consumption, and reaction product formation
(RP-UHPLC-DAD-MS) were monitored in time. It was found that the compounds showing
anti-browning activity either prevented browning by forming colorless addition products
with o-quinones of chlorogenic acid (NaHSO;, cysteine, glutathione) or by inhibiting the
catalytic activity of tyrosinase (NaHSQ;, dithiothreitol). NaHSO; was different from the
other sulfur-containing compounds investigated, as it showed a dual inhibitory effect on
browning. Initial browning was prevented by trapping the o-quinones formed in colorless
addition products (sulfo-chlorogenic acid), while at the same time tyrosinase activity was
inhibited in a time-dependent way, as was shown by pre-incubation experiments of
tyrosinase with NaHSOj;. Furthermore, it was demonstrated that sulfo-chlorogenic acid and
cysteinyl-chlorogenic acid were not inhibitors of mushroom tyrosinase.

In Chapter 4, the inhibition of tyrosinase activity by sulfite is addressed. Inactivation
of mushroom tyrosinase by NaHSO; was found to be irreversible. By simultaneous
incubation of tyrosinase with NaHSO; and a competitive tyrosinase inhibitor (tropolone or
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kojic acid), it was demonstrated that NaHSO; acts in the active site of tyrosinase.
RP-UHPLC-MS" analysis of protease digests of NaHSOs-treated tyrosinase revealed
peptides showing a characteristic neutral loss corresponding to the mass of SO;. Further
fragmentation of these peptides revealed them to be homologous peptides containing two of
the three histidine residues that form the copper-B binding site of mushroom tyrosinase
isoforms PPO3 and PPO4. Peptides showing this neutral loss behavior were not found in
the untreated control tyrosinase. Comparing the effect of NaHSO; on apo and holo-
tyrosinase indicated that inactivation is facilitated by the active site copper ions. It was
demonstrated that tyrosinase is inactivated by covalent modification of a single amino acid
residue in the active site. Addition of sulfite most likely occurs on a copper-coordinating
histidine residue, which is conserved in all PPOs.

Model systems are often used to screen for potential inhibitors of enzymatic
browning. In Chapter S the influence of the source of PPO used on the outcome of such a
screening is addressed. Two different PPOs, mushroom tyrosinase (AbPPO) and potato
PPO (StPPO), were used to screen 60 plant extracts for potential inhibitors of browning.
Some plant extracts had different effects on the two PPOs: an extract that inhibited one
PPO could be an activator for the other. As an example of this, the mate (Ilex
paraguariensis) extract was investigated in more detail. In the presence of mate extract,
oxygen consumption by AbPPO was found to be reduced more than 5-fold compared to a
control reaction, whereas that of StPPO was increased more than 9-fold. RP-UHPLC-MS
analysis showed that the mate extract contained a mixture of phenolic compounds and
saponins. Upon incubation of mate extract with StPPO, phenolic compounds disappeared
completely and saponins remained. Flash chromatography was used to separate saponins
and phenolic compounds. It was found that the phenolic fraction was mainly responsible for
inhibition of AbPPO and activation of StPPO. Activation of StPPO was probably caused by
activation of latent StPPO by chlorogenic acid quinones. Our results show that screening
approaches to find natural inhibitors should preferably be done with the target PPO.

Chapter 6 discusses the implications of our findings. The possible extrapolation of
the observed sulfonation of phenolics to other food processes was investigated by analysis
of wine, during the production of which sulfite is also used. Sulfophenolics were not found,
suggesting that sulfonation of phenolics is not ubiquitous. The reactivity of the thiols
cysteine and glutathione with o-quinones was compared to that of NaHSO;. Both thiols
were found to be more reactive than NaHSOj;. Furthermore, the possible extrapolation of
the results found for the inhibition of tyrosinase-catalyzed browning by sulfite to other
PPOs and laccases is discussed.

In conclusion, this thesis provides a molecular view on the inhibitory mechanism of
sulfite on enzymatic browning. Sulfite slowly inactivates tyrosinase directly and
irreversibly by covalent modification of the active site, whereas during the time span to
effect this, reactive o-quinone products from residual tyrosinase activity are quenched by
formation of sulfophenolics, which do not participate in browning anymore. Furthermore,
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this thesis suggests that natural alternatives to replace more generic anti-browning agents,
such as sulfite, are PPO specific.
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Enzymatische bruinkleuring in levensmiddelen vindt plaats via de oxidatie van fenolische
verbindingen door polyfenol oxidases (PPOs), zoals tyrosinase. Bruinkleuring is een
belangrijk kwaliteitsprobleem bij de verwerking van verschillende levensmiddelen en is
verantwoordelijk voor grote economische verliezen in de levensmiddelenindustrie. Sulfiet
wordt vaak gebruikt als anti-bruiningsmiddel, maar het gebruik ervan is controversieel
vanwege veronderstelde gezondheidsrisico’s en zijn schadelijke effect op vitamine B1.
Derhalve wordt veel onderzoek gewijd aan het vinden van alternatieven. Verrassend
genoeg is, ondanks het wijdverbreide gebruik, het mechanisme waarmee sulfiet
bruinkleuring verhindert nog niet geheel bekend en worden er in de literatuur verschillende
mogelijke verklaringen voorgesteld. Het doel van het in dit proefschrift beschreven
onderzoek is het verklaren van het remmingsmechanisme van sulfiet op enzymatische
bruinkleuring, door de effecten van sulfiet op de reactieproducten van enzymatische
bruinkleuring en op de tyrosinase activiteit te onderzoeken. Daarnaast zijn PPOs van twee
verschillende bronnen gebruikt in een screening voor remmers van bruining in
plantenextracten, om te onderzoeken of beide PPOs vergelijkbaar reageren.

Hoofdstuk 1 geeft achtergrondinformatie over verschillende PPOs, hun katalytisch
mechanisme en enkele van hun structurele eigenschappen. Het mechanisme van
enzymatische bruinkleuring wordt besproken, evenals de verschillende strategie€n om de
vorming van bruine pigmenten te remmen.

Hoofdstuk 2 vergelijkt de effecten van twee veel gebruikte anti-bruiningsmiddelen,
sulfiet en ascorbinezuur, op het fenolische profiel van aardappelsap. In de aanwezigheid
van ascorbinezuur werden twee componenten voornamelijk gevonden: 5-O-caffeoyl
chinazuur (chlorogeenzuur) en 4-O-caffeoyl chinazuur. In aanwezigheid van sulfiet werden
in plaats daarvan hun 2°-sulfo-adducten gevonden, waarvan de structuur bevestigd is met
behulp van kernspinresonantiespectroscopie en massaspectrometrie. Door middel van een
modelsysteem bestaande uit champignon tyrosinase, chlorogeenzuur en natrium waterstof
sulfiet (NaHSO;) wordt gedemonstreerd dat sulfonering plaatsvindt via tyrosinase
gekatalyseerde o-chinon vorming.

Hetzelfde modelsysteem is in Hoofdstuk 3 gebruikt om de effecten van NaHSO; en
andere zwavelhoudende remmers van enzymatische bruinkleuring (cysteine, glutathion en
dithiothreitol) op tyrosinase geinduceerde bruinkleuring van chlorogeenzuur te vergelijken.
Ontwikkeling van bruine kleur (spectrale analyse), zuurstofverbruik en vorming van
reactieproducten (RP-UHPLC-DAD-MS) werden gevolgd in de tijd. Er werd gevonden dat
de verbindingen die bruining voorkomen dit deden door 6f de vorming van kleurloze
additieproducten met chinonen van chlorogeenzuur (NaHSO;, cysteine, glutathion) 6f door
het remmen van de katalytische activiteit van tyrosinase (NaHSO;, dithiothreitol). NaHSOj;
was anders dan de andere onderzochte zwavelhoudende verbindingen, omdat het een
dubbel remmend effect op bruining had. Initi€le bruining wordt voorkomen door het
wegvangen van de gevormde o-chinonen in  kleurloze additieproducten
(sulfo-chlorogeenzuur), terwijl tegelijkertijd tyrosinase activiteit op een tijdsathankelijke
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manier geremd wordt, zoals aangetoond werd door voorincubatie experimenten van
tyrosinase met NaHSO;. Verder werd ook aangetoond dat sulfo-chlorogeenzuur en
cysteinyl-chlorogeenzuur geen remmers van champignon tyrosinase zijn.

In Hoofdstuk 4 wordt de remming van tyrosinase activiteit door sulfiet behandeld.
Gevonden werd dat de inactivatie van champignon tyrosinase door NaHSO; onomkeerbaar
was. Door tyrosinase simultaan met NaHSO; en een competitieve tyrosinase remmer
(tropolone of kojinezuur) te incuberen werd aangetoond dat NaHSO; werkzaam is in het
actieve centrum van tyrosinase. RP-UHPLC-MS" analyse van protease digesten van
NaHSOs-behandeld tyrosinase onthulde peptiden die een karakteristiek neutraal verlies,
overeenkomstig met de massa van SO; vertoonden. Verdere fragmentatie van deze
peptiden onthulde dat het homologe peptiden waren die twee van de drie histidine residuen
bevatten die de koper-B bindingsplaats van de isovormen PPO3 en PPO4 van champignon
tyrosinase vormen. Peptiden die dit neutrale verlies vertonen werden niet gevonden in een
onbehandeld controlemonster. Het vergelijken van het effect van NaHSOj; op apo- en holo-
tyrosinase wees uit dat inactivatie wordt gefaciliteerd door de koper ionen in het actieve
centrum. Aangetoond werd dat tyrosinase wordt geinactiveerd door covalente modificatie
van een enkel aminozuur residu in het actieve centrum. Additie van sulfiet vindt
waarschijnlijk plaats aan een koper-coordinerend histidine residu, dat geconserveerd is in
alle PPOs.

Modelsystemen worden vaak gebruikt om screenings voor potenti€le remmers van
enzymatische bruinkleuring uit te voeren. In Hoofdstuk 5 wordt de invloed van de
oorsprong van de gebruikte PPO op de uitkomst van zo’n screening behandeld. Twee
verschillende PPOs, champignon tyrosinase (AbPPO) en aardappel PPO (StPPO), werden
gebruikt om 60 plantenextracten te screenen voor potentiéle remmers van bruinkleuring.
Sommige plantenextracten hadden een verschillende uitwerking op de twee PPOs: een
extract dat de ene PPO remde kon tegelijkertijd de andere PPO activeren. Als een voorbeeld
hiervan is een mate (llex paraguariensis) extract in meer detail onderzocht. In de
aanwezigheid van het mate extract werd het zuurstofverbruik van AbPPO meer dan
vijfmaal verminderd ten opzichte van een controle reactie, terwijl het zuurstofverbruik van
StPPO meer dan negenmaal toenam. RP-UHPLC-MS analyse wees uit dat het mate extract
een mengsel van fenolische verbindingen en saponinen bevatte. Na incubatie van het mate
extract met StPPO verdwenen de fenolische verbindingen volledig, terwijl de saponinen
overbleven. Door middel van flash chromatografie werden saponinen en fenolische
verbindingen van elkaar gescheiden. Gevonden werd dat vooral de fenolische fractie
verantwoordelijk was voor remming van AbPPO en activatie van StPPO. Activatie van
StPPO werd waarschijnlijk veroorzaakt door het activeren van latent StPPO door chinonen
van chlorogeenzuur. Onze resultaten tonen aan dat het screenen om nieuwe remmers te
vinden bij voorkeur dient te gebeuren met de PPO waarvoor de remmers uiteindelijk
gebruikt zullen worden.
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Hoofdstuk 6 bediscussieert de implicaties van de door ons gevonden resultaten. De
mogelijke extrapolatie van de geobserveerde sulfonering van fenolen naar andere
levensmiddelenprocessen werd onderzocht door middel van de analyse van wijn, waarbij in
de productie ook sulfiet gebruikt wordt. Sulfofenolen werden niet gevonden, hetgeen
suggereert dat sulfonering van fenolen niet alomtegenwoordig is. De reactiviteit van de
thiolen cysteine en glutathion met o-chinonen werd vergeleken met die van NaHSOj;. Beide
thiolen waren reactiever dan NaHSOj;. Daarnaast wordt de mogelijke extrapolatie van de
gevonden resultaten van remming van tyrosinase-gekatalyseerde bruining door sulfiet naar
andere PPOs en laccases besproken.

Samenvattend geeft dit proefschrift een moleculaire kijk op het remmingsmechanisme
van sulfiet op enzymatische bruinkleuring. Langzaam inactiveert sulfiet tyrosinase direct en
onomkeerbaar door covalente modificatie van het actieve centrum, terwijl in de tijd die
hiervoor benodigd is reactieve o-chinonen, resulterend van resterende tyrosinase activiteit,
weggevangen worden door de vorming van sulfofenolen, die niet meer kunnen reageren in
de bruinkleuringsreactie. Daarnaast suggereert dit proefschrift dat natuurlijke alternatieven
om generieke anti-bruiningsmiddelen zoals sulfiet te vervangen PPO specifiek zijn.
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