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Abstract

Honey storage initiates melanoidin formation that involves a cascade of seemingly unguided redox reactions between
amino acids/proteins, reducing sugars and polyphenols. In the process, high molecular weight protein-polyphenol
complexes are formed, but the mechanism involved remains unknown. The objective of this study was twofold: to
determine quantitative and qualitative changes in proteins in honeys stored for prolonged times and in different
temperatures and to relate these changes to the formation of protein-polyphenol complexes. Six -month storage decreased
the protein content by 46.7% in all tested honeys (t-test, p<<0.002) with the rapid reduction occurring during the first three
month. The changes in protein levels coincided with alterations in molecular size and net charge of proteins on SDS —-PAGE.
Electro-blotted proteins reacted with a quinone-specific nitro blue tetrazolium (NBT) on nitrocellulose membranes
indicating that quinones derived from oxidized polyphenols formed covalent bonds with proteins. Protein-polyphenol
complexes isolated by size-exclusion chromatography differed in size and stoichiometry and fall into two categories: (a)
high molecular weight complexes (230-180 kDa) enriched in proteins but possessing a limited reducing activity toward the
NBT and (b) lower molecular size complexes (110-85 kDa) enriched in polyphenols but strongly reducing the dye. The
variable stoichiometry suggest that the large, “protein-type” complexes were formed by protein cross-linking, while in the
smaller, “polyphenol-type” complexes polyphenols were first polymerized prior to protein binding. Quinones preferentially
bound a 31 kDa protein which, by the electrospray quadrupole time of flight mass spectrometry (ESI-Qtof-MS) analysis,
showed homology to dirigent-like proteins known for assisting in radical coupling and polymerization of phenolic
compounds. These findings provide a new look on protein-polyphenol interaction in honey where the reaction of quinones
with proteins and polyphenols could possibly be under assumed guidance of dirigent proteins.
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Introduction compounds participated in the melanoidin formation. Progressive
binding of polyphenols to proteins and their increased incorpo-
ration into brown melanoidins has occurred during honey heating
as well as in stored honeys [1,2,11]. Functional consequences of

Honey processing at high temperatures or its prolonged storage
triggers the Maillard reaction that ultimately is responsible for a
formation of high molecular weight polymerized brown pigments

- : ) Se melanoidin formation and accumulation included the gradual loss
called melanoidins [1,2]. According to current views and in vitro

of honey antioxidant and antibacterial activities [11,12]. These
functional impairments’ echoes observations from the earlier
studies that showed a causal link between the prolonged storage
and a gradual inactivation of two critical honey enzymes: alpha-
amylase (diastase) and D-fructofuranoside-fructohydrolase, inver-
tase [13-16]. Although the mechanism underlying loss of these

models, melanoidin structure and composition result from a
condensation and polymerization of nitrogenous and heterocyclic
compounds derived from sugar degradation intermediates; deox-
yglucosones, Strecker aldehydes, and dicarbonyl compounds [3,4].
The cascade of these redox reactions lead ultimately to the
formation of high molecular weight sugar-derived protein adducts
and crosslinks known as melanoidins or advanced glycation end-
products (AGEs). While a large number of studies were focused on
the protein glycation by dicarbonyl compounds [5-7] and sugars
in foods subjected to thermal processing [8-10], relative fewer
studies have documented a polyphenol involvement in protein
complexation. Our recent observations showed however, that in

functions in honey is not clear, the protein inactivation by
complexation with polyphenols could be one of the logical cause
worth to investigate.

Polyphenols have the ability to bind proteins forming soluble
and insoluble complexes. Protein complexation by polyphenols is a
known cause of haze formation in wines, juices and colloids in
honey [17-19]. The type of interaction, non-covalent or covalent

addition to sugar-derived protein adducts, honey’s phenolic binding between these two components, affects the size and
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stability of such associations and has both functional and
nutritional consequences [20]. In fruits and beverages, the
predominant non-covalent interactions between vegetable tannins
and proteins occur via a combination of hydrogen bonds and
hydrophobic interactions [21-23]. Questions remain concerning
the type of polyphenol-protein interaction that can be expected in
honey with polyphenols of different structures than tannins. Two
lines of evidence from our laboratory strongly suggest that the
redox capacity of honey polyphenols and the ease with which they
can oxidize are prerequisites for a strong, covalent binding to
proteins. Firstly, our recent studies on melanoidin structure
showed that their size, antioxidant activity and degree of browning
directly correlated with the content and radical scavenging activity
of bound polyphenols [2,11]. Secondly, honeys that possessed
polyphenols of high radical scavenging activity, such as buckwheat
honeys, efficiently produced hydroxyl radicals in the Fenton-like
reaction, using as a substrate HyOgy produced by honey glucose
oxidase. This prooxidant activity, in which cytotoxic hydroxyl
radicals were generated, was responsible for DNA degradation
and inhibition of bacterial growth [24-27]. The balance between
antioxidant/prooxidant activity in honey can be shifted depending
on the external conditions, such as prolonged exposure to oxygen
during storage and elevated temperatures. Honey harvesting,
pasteurization, and post-harvesting storage are the very conditions
that promote polyphenol oxidation, their interaction with proteins
and melanoidin formation.

Polyphenol oxidation i vivo is usually carried out by polyphenol
oxidases; tyrosinases, laccases or peroxidases [28]. However,
phenoxyl radicals can also be formed in non-enzymatic reactions
via polyphenol auto-oxidation in the presence of oxygen radicals,
Hy0, and metal ions [29,30]. The phenoxyl radicals (semi-
quinones and quinone radicals) can spontaneously react with
nucleophilic groups of amino acids and proteins, such as the
epsilon amino group of lysine or the sulthydryl group of cysteine,
forming stable, covalent bonds [31,32]. The examples of protein
complexation by quinones relate to melanin formation [33],
melanization and sclerotization of insect cuticle [34,35] and lignin
biosynthesis in plants [36—-38]. This knowledge is therefore vital to
improve our understanding of the mechanism and functional
consequences of quinone-protein interactions that are relevant not
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Table 1. List of honeys.

Honey ID Botanical origin Common name Color (Ase0-A720 nm)” pH Water activity
65 Cucurbita spp pumpkin 0.085 35 0.604
66 Rubus fruticosus, blackberry 0.096 34 0.608
67 Vaccinium corymbosum blueberry 0.101 35 0.586
76 Fagopyrum esculentum buckwheat 0.965 3.6 0.591
77 Fagopyrum esculentum buckwheat 1.886 3.8 0.597
99 Helianthus annuus sunflower 0.298 3.8 0.574
109 Vaccinium macrocarpon cranberry 0.151 338 0.546
114 Helianthus annuus sunflower 0.172 34 0.56
125 Fagopyrum esculentum buckwheat 1.88 3.8 0.599
177 Fagopyrum esculentum buckwheat 0.66 3.8 0.572
178 Vaccinium corymbosum blueberry 0.165 4.8 0.589
179 wildflower 0.131 4.1 0.558
147 Leptospermum scoparium manuka 0.539 39 0.617
doi:10.1371/journal.pone.0072897.t001

only to honey but also to plant, animal (insect) and human cell
biochemistry.

In light of these facts, we hypothesized that honey polyphenols,
that can be readily oxidized to quinones, may play a key role in the
interaction with honey proteins and that this redox-induced
process may underlie the formation of the observed high
molecular weight protein-polyphenol complexes.

Materials and Methods

Honeys were donated by Canadian beekeepers and included
both commercial (pasteurized) and apiary (raw) samples. After
arrival to laboratory, honeys were assigned an ID number and
were tested for color (net absorbance), pH, water activity (Table 1).

Determination of Protein Concentration

Protein quantification was performed by addition of 200 pL of
Bradford dye reagent (brilliant blue G, 0.1 mg/mlL; ethanol, 5%
(v/v); phosphoric acid, 10% (v/v) and water) to 40 uL of samples,
pre-diluted 100 times [39]. The photometrical measure was
performed at 595 nm. Bovine serum albumin was used to generate
a standard curve. Measurements were done in triplicate.

Determination of Polyphenol Concentration

The total phenolic content of high molecular weight melanoi-
dins was determined with the Folin-Ciocalteu reagent [40]. Briefly,
790 uL of distilled water, 10 pL of high molecular weight solution,
and 50 pL of Folin-Ciocalteu reagent were mixed. After exactly
1 min, 150 pL of 20% aqueous sodium carbonate was added, and
the mixture was mixed and allowed to stand at room temperature
in the dark for 120 min. Detection was achieved at 760 nm. Gallic
acid was used as standard. Measurements were done in triplicate.

Sodium Dodecyl Sulfate Polyacrylamide Gel
Electropheresis (SDS-PAGE)

SDS-PAGE was performed according to the method described
by Laemmli, 1970 [41]. Honey proteins were analyzed on 7.5%
gel separation gel with attached 5% stacking gel. 30 pl of a honey
solution (50% v/v) or 30 pl of a fraction from size-exclusion
chromatography were mixed with the sample buffer, denatured at
100°C for 5 min and loaded on a gel. The electrophoresis was
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Table 2. Changes in the protein concentration in different honeys during storage (n =3-6).

Total protein

Total protein concentrations after
6 month storage at RT (ug/ml)

Percentage of decrease

Honey concentrations (ug/ml)

Buckwheat H77 3095.7+4.66 1941£5.76
Buckwheat H76 2376.8+3.89 1455.8+6.9
Buckwheat H177 1465.7+1.79 623.15+3.21
Sunflower H99 1950.2+2.02 852.2+2.88
Sunflower H114 1375.9%6.43 583.9+0.79
Cranberry H109 1296.3+3.33 616.3+1.01
Blueberry H178 453.9+1.12 156.5+0.9
Wildflower H179 289.3+0.99 96.2+0.1

37.30%
38.70%
57.50%
56.30%
57.50%
52.45%
26%

47.70%

doi:10.1371/journal.pone.0072897.t002

carried out in duplicate at a constant current of 100 Volts using a
Mini Protean III electrophoresis cell (Bio-Rad Laboratories,
Hercules, CA). After electrophoresis, the gel was either stained
directly for protein with Coomassie Blue, or the proteins were
transferred electrophoretically to nitrocellulose in 25 mM Tris,
192 mM glycine, 0.01% SDS, 20% MeOH for 18 h. The
nitrocellulose was stained specifically for quinone-containing
proteins with nitro blue tetrazolium in potassium glycinate, as
described in Paz et al. [42]. The master gels were fixed in a
solution of acetic acid and methanol (1:1), washed in distilled water
and stained with Coomassie Briliant Blue R-250 (Bio-Rad). The
molecular weight of the proteins was determined using molecular
weight standards (Fermentas Life Sciences, PageRuler Prestained

Protein Ladder #SMO0671).

Electroblotting

The proteins were transferred from the SDS-gels into the
nitrocellulose membrane using semi-dry system with the anode
buffer consisting of 0.3 M Tris, 10% methanol, pH 10.4 and
cathode buffer, 25 mM Tris base4, 40 mM glycine, 10%
methanol, pH 9.4, at the current density of 1.2 mA/cm? for 1
hour.

Nitro Blue Tetrazolium Staining

Nitroblue tetrazolium (2-[4-[4-(3,5,-diphenyl-1-H-tetrazol-2-
yl}-3-m3thoxy-phenyl]-2-methoxy-phenyl]-3,5-diphenyl-1H-tetra-
zole) was purchased from Sigma Aldrich (Canada). After
electroblotting, nitrocellulose membrane was briefly washed with
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Figure 1. Changes in protein concentrations during the first 3-
month storage time of honey.
doi:10.1371/journal.pone.0072897.g001
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distilled water and overlaid with the NBT solution (0.6 mg/ml
NBT in potassium glycinate buffer, pH 10). The membrane was
incubated with shaking for 45 min at room temperature and in the
dark. After incubation, the membrane was washed briefly with
0.16 M sodium borate solution, left stand in this solution for
30 min to 1 h and washed with dHyO,. The photograph was
taken after the membrane was air-dried.

Size-exclusion Chromatography on Sepharose 4B

A Sepharose 4B (Sigma-Aldrich) column (24x1.6 cm) was
equilibrated with distilled water at 1 ml/minute prior to use. A
50% (w/v) honey solution in 0.15 M NaCl was centrifuged at
13,000 rpm for 15 min and one milliliter of the SN was loaded
onto the column. The fractions (3 mls) were eluted with distilled
water (1 ml/min) and monitored at 280 nm. A standard curve for
molecular weight determination was generated using a protein kit
(Gel Filtration HMW Calibration kit, GE Healthcare) containing
ferritin (440 kDa), catalase (240 kDa), aldolase (158 kDa) and
albumin (66 kDa). At least 6 separate SEC chromatography was
performed on honey H177 at each storage temperature (—20°C,
4°C and room temperature).

In-Gel Tryptic Digestion

Bands were excised from Coomassie blue-stained gels, cut into
I-mm cubes, and washed in distilled water followed by acetoni-
trile:100 mM NH,HCOj5 solutions, as described in Protocols, the
Biological Mass Spectrometry Laboratory, UWO (http://www.
bmsl.uwo.ca/in-gel_digestion.html). Proteins were reduced with
dithiothreitol, followed by alkylation with iodoacetamide to
prevent free thiol groups from cross-linking. Gel bands were dried
in acetonitrile and rehydrated in ammonium bicarbonate. Proteins
in the gel were digested by incubation with nonself cleaving trypsin
(Promega, Madison, WI) for 16 h at 37°C, extracted with a
acetonitrile/sodium bicarbonate solution and dried in a speed
vacuum. Prior to mass spectrometric analysis, dried peptide
samples were re-dissolved in a 0.2% formic acid and 3 ul of
volumes were injected into mass spectrometer.

ESI-Q-TOF-MS/MS Analysis

ESI-Q-TOF- MS/MS analyses (electrospray quadrupole time
of flight mass spectrometry) were performed using a Q-TOF
Global mass spectrometer (Waters) and run in positive mode using
electrospray interface. MS acquisition was obtained with Mas-
sLynx 4.1 software (Waters). The columns consisted of Waters
nanoAcquity UPLC column (BEH130 C18) with a trap column
(Symmetry C18). Peptides were resolved at 300 nl/min over a
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Figure 2. Visualization of quinone-protein adducts by using a quione-specific nitro blue tetrazolium staining. The Coomassie blue-
stained gel of proteins of different honeys and that of buckwheat honey (H177) stored at room temperature (RT), 4°C and —20°C (A) and its
corresponding electroblot stained with the quinone-specific nitro blue tatrazolium (B) BSA was used as a control for quinone-staining specificity. The
arrow indicates a position of the 31 kDa protein.

doi:10.1371/journal.pone.0072897.g002

75 min in a gradient of water (A) and 0.2% formic acid (B): 47.5 5 95

methanol. 50.0 95 5
Time (min) %A %B. 75.0 95 5
Initial 95 5. Mass spectra of peptides were acquired over the mass range
40.0 40 60. 300-1800 m/z with the capillary voltage set at 1900 V, collision
49 5 5 95 energy set at 10 V, and sample cone set at 50 V for the entire 75-

min gradient.

A Peptide mapping and database analyses were conducted using

Mascot (www.matrixscience.com) software.
kDa Std 65 66 67 76 77 84 M Std 99 109 110 114

-y i | : Statistical Analysis
130- - 4 Analyses were performed using the statistical program Graph-
o Pad Instat version 3.05. (GraphPad Software Inc.). Data were
72: " - - analyzed using a one-way ANOVA with subsequent Tukey-
- .- Kramer Multiple Comparison test or an unpaired t-test. Differ-
55, = R . . .
3 ences between means were considered to be significant at p<<0.05.
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34- - Results and Discussion
R SR Qualitative Changes in the Protein Content during Honey
Storage

As the first step toward elucidating the relationship between
protein content, protein-polyphenol interaction and complexation
and storage time, we monitored changes in honey proteins at
quantitative (Bradford assay) and qualitative levels (SDS-PAGE).
The comparison of protein concentrations between different
honeys stored under the same conditions for the same period of
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Table 3. Molecular size of fractions eluted from SEC.
Honey fraction Molecular size (kDa)
13 180-232
14 140-180
Figure 3. Changes in protein profiles and electrophoretic 15 109-140
mobility of proteins induced by 3- month storage of honeys 16 85-109
at room temperature. (A) fresh honeys; (B) stored honeys.
doi:10.1371/journal.pone.0072897.g003 doi:10.1371/journal.pone.0072897.t003
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Figure 4. Comparative distribution and quantitation of proteins and polyphenols in protein-polyphenol complexes, A SEC profile (at
A 280 nm) of the size distribution of protein-polyphenol complexes in buckwheat honey (H177) stored at —20°C (black line) and at room
temperature (red line), and the distribution of proteins (as estimated by Bradford method, black line, —20°C, red line, RT) and polyphenols (as
estimated by Folin-Ciocalteu method, black dotted line, —20°C and red dotted line, RT) (A). The protein to polyphenol ratio in fractions expressed as

percentage of the total mass (B).
doi:10.1371/journal.pone.0072897.g004

6 months showed that storage led to a significant decrease in
protein content with an average decrease of 46.7% in all tested
honeys (t-test, n =24, p<<0.002) (Table 2). The decline was a
common occurrence during storage independently of honey
botanical origin/chemical composition or the initial protein
concentrations (Table 2).

To follow kinetics of changes in protein concentrations as a
function of storage time, we have randomly chosen three honeys
from our pool of honeys (buckwheat honey H177, blueberry honey
H178 and wildflower honey H179) and analyzed their protein
content in monthly intervals over a period of four month. The
graphic presentation of a concentration change showed a relatively
rapid decrease in the total protein content during first three month
of storage (Iig. 1). Thereafter the rate of decrease was slower
finally reaching a plateau at which the mean values of protein
content were not significantly different (Fig. 1). Although the
protein concentrations varied between tested honeys, the changes
over storage time followed a similar trend.

Modification of Honey Proteins by Quinones

We hypothesized that honey polyphenols that can be readily
oxidized to quinones, may play a key role in the interaction with
honey proteins and their complexation. To explore this possibility,
we sought evidence for the presence of quinones in protein bands
resolved in SDS-PAGE. The proteins of honey samples were
separated using SDS-PAGE, electroblotted to a nitrocellulose
membrane and then probed with nitro blue tetrazolium (NBT) in a
glycinate buffer (pH 10), that is, under alkaline conditions that
allow a specific reaction with quinones [42]. Figure 2 shows that
indeed quinone-protein adducts were formed in stored honeys.
The NBT staining was specific for honey proteins naturally
exposed to polyphenols, as opposed to the control proteins such as
BSA which was not exposed to polyphenols and subsequently did
not react with the dye (Fig. 2).

Quinone binding to proteins was intensified by honey storage at
elevated temperatures and led to protein modifications that
changed their net charge and size (Fig. 2B). The modified proteins
showed an altered electrophoretic mobility during SDS-PAGE,
produced diffuse band appearance and led to the reduction of
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Table 4. The ratio of protein to polyphenols in SEC fractions (n=9).
Fraction Protein conc. (mg/ml) Phenolics conc. (mg/ml) Ratio (RT) Ratio (—20°C)
RT —20°C RT —20°C p/pp* pp/p** p/pp pp/p
7 15.89+0.92 5.10+1.47 2.49+0.63 2.49+0.63 6.38 0.15 2.04 0.48
8 37.72+0.51 20.87*0.06 6.89+0.63 4.30+0.637 547 0.18 4.85 0.2
9 65.83+11.94 58.95+£1.41 14.4+0.62 10.02£1.65 4.57 0.21 5.88 0.16
10 78.41%2.27 104.27+2.57 17.29%£1.72 18.70%+3.25 4.53 0.22 5.57 0.17
1 60.97£2.02 109.72+5.11 22.19+1.72 16.28+1.65 2.74 0.36 6.74 0.15
12 36.89£0.06 77.93+2.87 45.11%+1.08 16.9%1.09 0.81 1.22 461 0.21
13 25.74+1.26 47.09+0.89 93.3+4.48 82.7%3.25 0.27 3.62 0.56 1.75
14 20.16+0.89 26.21+£0.41 118.19%+1.79 137.34+5.99 0.17 5.86 0.19 523
15 14.59+1.68 21.94*1.42 115.21+3.97 91.74+1.55 0.12 7.89 0.23 4.18
16 7.12+2.26 237£0.83 89.13*+2.76 48.87+3.76 0.08 12.5 0.048 20.6
*p/pp = protein to polyphenol ratio.
**pp/p = polyphenol to protein ratio.
doi:10.1371/journal.pone.0072897.t004
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Figure 5. Enhaced quinone binding by the 31 kDa honey protein. Quinone-containing proteins in SEC fractions of honey stored at —20°C
and at room temp representing Coomassie blue-stained proteins of the master SDS gel and (left panel) corresponding blot of NBT-positive proteins

(right panel). BSA and lysozyme were used as a control.
doi:10.1371/journal.pone.0072897.g005

protein content in the bands (Fig. 3B versus 3A) or a complete
band disappearance (as in honeys 99, 109 or 114, Fig. 3B versus
3A). The latter observations suggested that quinone- modified
proteins become less soluble and formed complexes that were
either too big to enter the gel [2] or simply insoluble, creating an
impression of band disappearance. However, direct evidence for
the formation of protein-polyphenols complexes came from size-
exclusion chromatography.

Size Exclusion Chromatography

Size-exclusion chromatography of buckwheat honey (H177)
allowed the separation of protein-polyphenol complexes ranging
from over 200 to 85 kDa (Fig. 4, Table 3). The isolated fractions
showed differences in protein to polyphenol ratios. In high
molecular weight complexes (230-180 kDa) the protein content
amounted up to 80% of total mass (fraction F12) while the
opposite proportion was observed in lower molecular weight
complexes (110-85 kDa) where polyphenol content amounted up
to 90% of total mass (fraction F14, Fig. 4 and Table 4).
Considering the average size of a polyphenol as 0.5 kDa and the
size of the most abundant protein in these fractions as 56 kDa, the
stoichiometry would amount to 1:137 and 1:656 protein/
polyphenol molar ratio for complexes in fraction F12 and F14,
respectively. At low polyphenol/protein ratios, the size of formed
complexes (~200 kDa) suggested that polyphenols bound and
cross-linked adjacent protein chains. The occurrence of such cross-
links has been observed in model systems where oxidized phenolics
reacted with o-lactalbumin, lysozyme and BSA [43] or RNase
(44].

At low protein/polyphenol ratio, the complexes were of smaller
sizes (110-85 kDa) and predominantly built of polyphenols (Fig. 4
and Table 4). Studies on interactions of tannins with proteins
suggested that at low protein/polyphenol ratios proteins become
“coated” by polyphenols as a result of non-specific, non-covalent,
mostly hydrophobic interactions [20-23]. In contrast, under the
same conditions, quinone radicals formed covalent bonds with
both proteins and other phenolics. Quinone-quinone interactions

PLOS ONE | www.plosone.org

preceded protein binding and led to the formation of dimeric and
higher molecular weight condensation products [23,45]. More-
over, polymerized phenolics were found to be more reactive
toward proteins [46]. The latter data are in agreement with the
type of interaction observed in complexes formed at low protein/
polyphenol ratios in our study. Firstly, the observation those
protein-polyphenol complexes eluted as a single entity during size-
exclusion chromatography points to the formation of stable,
covalent bonds between these two components. Secondly, the size
of complexes (about 100 kDa) compared with the average size of a
polyphenol monomer (0.5 kDa) add to the argument that at low
protein/polyphenol ratios, polyphenol polymerization must occur
prior to protein binding. Thirdly, our most recent LC- ESI/MS
analysis of these complexes indeed showed the presence of esters
and dimers of ferulic, caffeic, quinic and p-coumaric acids (data
not shown). The radical coupling of hydroxycinnamates and their
oligomers have been shown to participate in lignin binding and
their cross-linking with polysaccharides of plant cell wall [36] but
have never been shown in honey. Thus, our results suggest new
types of protein-polyphenol complexes in honey that are formed
due to polyphenol oxidation to quinones.

Enhanced Quinone Binding to the 31 kDa

The quinone-protein adduct formation depended on a nature of
the protein and the temperature at which honey was stored
(—20°C versus room temperature). We found that the intensity of
NBT staining of the proteins on the blots did not always
correspond to the abundance of a protein band seen in the
Coomassie blue stained SDS gels. When the same volume (30 pl)
of fractions from the size-exclusion chromatography was applied
to the gel, the intensity of the NBT staining of a 31 kDa protein
band was disproportionately high relative to their staining by
Coomassie blue on gels (Fig. 5). The storage temperature of
honeys (—20°C versus room temperature) reduced the content of
soluble proteins, specifically, the 31 kDa protein (Iig. 5). Thus, the
31 kDa protein of buckwheat honey seemed to be a preferential
target for quinone binding.
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Figure 6. Quinone binding by 31 kDa protein is temperature-
dependent. The effect of the accelerated aging of honey H177 on the
content of the 31 kDa protein as evidenced by the Coomassie blue-
stained SDS gels and on its interaction with quinones, as evidenced by
the NBT staining of the blots (A). The arrow indicates a position of the
31 kDa protein. A semi-quantitative representation of these changes in
the Coomassie stained SDS gels and in the NBT stained blots (B). The
aging -dependent increase in quinone- 31 kDa protein binding
visualized as a relative ratio of the NBT/Coomassie staining (C).
doi:10.1371/journal.pone.0072897.g006

Enhanced Quinone Binding to the 31 kDa Protein during
Honey Storage (Aging)

Polyphenol oxidation and radical coupling show a strong
dependence on the temperature. To accelerate the oxidation

Table 5. Peptide sequence report summary.

Protein-Polyphenol Complexes and Dirigent Proteins

processes that take place during honey storage, mimicking the
“aging” of honey, aliquots of honey H177 were incubated at room
temperature (RT), 37°, 57° and 77°C for 4 hours. The purpose of
the accelerated-aging tests was to provide experimental data in
support of our notion that the 31 kDa protein was a target
molecule for quinone binding and that this binding was enhanced
with honey “aging”.

As in previous experiments, the changes in the protein levels
during aging were estimated from the amount of Coomassie blue
staining of SDS gels, while the changes in quinone-protein
interactions were estimated from the levels of NBT staining of the
corresponding blots. In both cases, the differences in the amounts
of stain retained during aging were presented in semi-quantitative
way using Bio-Rad Imaging System (VersaDoc 4000 MP)(Bio-Rad
Image Lab 4.1, Hercules, CA).

Figure 6 shows that not all of the honey’s proteins in SDS gels
were equally sensitive to the accelerated aging. The Coomassie
blue staining of the 57 kDa protein remained relatively unchanged
over the temperature range (RT to 57°C) compared with the
marked reduction of staining of the 31 kDa and 26 kDa proteins.
In contrast, there was only a slight decrease in the NBT staining of
the latter proteins on the blots (Fig. 6A and B). The apparently
unchanged kinetics of the quinone-protein binding (the NBT
staining) compared to the relatively rapid rate of decrease in the
protein content (the Coomassie staining) suggested the aging-
dependent, enhanced interaction between the 31 kDa and 26 kDa
proteins and quinones. This trend was better visualized by the
graph showing the increased ratio of the retained NBT to
Coomassie staining for the 31 kDa and 26 kDa proteins while the
ratio for the 57 kDa protein remained only slightly altered
(Fig. 6C). Thus, the 31 and 26 kDa proteins were the most
prominent proteins in the buckwheat honey sensitive to storage
time.

ESI-MS/MS Analysis of 31 kDa

In order to determine the nature of the 31 kDa protein, the
band excised from the gels was subjected to in-gel tryptic digestion
and analyzed by ESI-Q-TOF- MS/MS (electrospray quadrupole
time of flight mass spectrometry). Subsequent Mascot database
search using the peptide mass fingerprints produced a statistically
significant score of 195 (where scores >46 indicated identity or
extensive homology, p<<0.05) with taxonomic restriction to green
plants (Viridiplantae). The proteins matching the same 3 sets of
peptides were identified as a dirigent-related protein (Tamarix
androssowi)) (Accession number: g1|92122701) a putative disease
resistance response protein (Ricinus communis) (Accession number:
g1]|255574738) (score 194) and a hypothetical protein (Vitis vinifera)
(Accession number: gi|225427957) (score 194) (Table 5 and 6).

Dirigent proteins are relatively recent discovery of Davin et al.
(1997) [38]. They are considered to play a role in directing the
stereoselective phenoxy radical coupling reaction of two molecules
of coniferyl alcohols in lignin synthesis in plants. They do not have

Experimental relative Calculated relative

Query molecular mass molecular mass Mascot Score Peptide

14 987.517 987.5502 59 LPVVGGTGVFRM
20 1100.6208 1100.6343 57 ELPVVGGTGVFRM
28 1229.657 1229.6768 79 RELPVVGGTGVFRM

doi:10.1371/journal.pone.0072897.t005
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Table 6. Proteins sharing homology with sequenced peptide.

Protein-Polyphenol Complexes and Dirigent Proteins

Protein name

Accession Number

Coverage (%) Mascot score

Dirigent-related protein: Tamarix androssowii gi|92122701

qi[255574738
gi[225427957

Disease- resistance response protein, putative: Ricinus communis

Hypothetical protein: Vitis vinifera

7.6 195
7.5 194
7.6 194

doi:10.1371/journal.pone.0072897.t006

enzymatic or redox function by themselves but they control the
order of polymerization of phenoxyl radicals [38]. Some dirigent
proteins have been shown to be involved in the plant disease-
resistance response [47]. Expression of dirigent genes in plants
such as spruce (Picea spp) is induced during disease-resistant
response suggesting that dirigent- and disease resistance proteins
may both act together as a part of plant defence system. Dirigent
protein-guided free radical coupling of monolignols in lignin
synthesis serves to tighten the plant cell wall in order to protect the
plant against pathogens or invaders [48].

Indeed, the sequence alignment shows significant similarity of
the dirigent-like protein from Tamarix androssowi (gi|92122701)
with disease-response protein of Ricinus communis (g1|255574738)
and the hypothetical disease-resistance protein of Vitis vinifera
(21]225427957) (Fig. 7). NCBI BLAST search for the conserved
domain (www.ncbi.nlm.nih.gov ) NCBI ) Domains & Structures)
revealed that the 14 amino- acid sequence motif (red letters) that is
present in the 31 kDa protein corresponds to a conserved domain
of dirigent superfamily of proteins. One inference from this
observation is that the 31 kDa protein may play similar
biochemical function with dirigent and diseases-response proteins
by facilitating polyphenol polymerization. Consequently, it might
have a specific affinity for a phenolic substrate as indicated by the
marked accumulation of the NBT staining (Fig. 2 and 5).

Recent data suggest that the function of dirigent proteins might
not be restricted only to lignin biosynthesis but could be extended
to controlling the quinone-based polymer formation during insect
cuticle melanization and sclerotization [34,35]. Only a handful of
dirigent proteins have been identified so far, most i planta. Honey

is a unique mixture of chemical compounds of honeybee- and
plant-origin where polyphenols and sugars from plant nectars
meet proteins from pollen and from the secretion of honeybee
hypopharyngeal glands. For the most part, the interactions
between these molecules and the formation of protein-polyphe-
nol-sugar complexes were considered a random event that resulted
from the diffusion and hit and miss interactions. In this context,
discovery of dirigent-like proteins in honey may suggest a novel
organizational mechanism for assembly of polymeric complexes.
This exciting possibility requires further studies.

The biological significance of quinone-protein and quinone-
quinone interactions extends far beyond the phenomena observed
in honey. Quinones are common compounds of prokaryotic and
eukaryotic cells arising from the enzymatic and non-enzymatic
oxidation of polyphenolic precursors. Their covalent associations
with cellular macromolecules have been shown to play a key role
in plant, fungal and animal pigmentation, insect cuticle formation
and lignin biosynthesis in plants. The quinone-protein complex-
ation occurs to a significant extent during food processing. Our
results therefore allow a better understanding of the connection
between redox-active phenolics, phenolic oligomerization and
protein binding and the diverse functional consequences these
interactions may have for food and biological systems.

In conclusion, we provided evidence that honey polyphenols
interact with proteins and can form high molecular weight
complexes. The key molecules engaged in the interactions with
proteins were quinones. Quinones produced via auto-oxidation
formed stable, covalent bonds with proteins and polyphenols.
Unravelling the presence of dirigent —like proteins in buckwheat

Dirigent  : ......... QFRRSIHSFRYYPTPINSSLIERNSL. PWPEHINRKPGDHVSDE 41
Disease MAKFCPLLFUMFLVASTIFWARGFKL . [BKHM.ENA. . . . . . PKTOKKERVT 42
Hypothetic MAKLALALLSMAMAMESWAQ . . PO . IBLKW. BV, . . . . . RPDSGGOPIN. T 39
Dirigent ASGSICIsIyT SGKD‘TAVKVAQ‘SGTDKSPT‘FGS*T ADDIALTEGPIHZS] 91
Disease e H DIV SGKINATATRVAQRENW TIRK S P TIRE GINLIMADDIZL. TE G P|Biaiat 92
Hypothetic IO DIV SGKINETAVRVAQRSIOTIBK S P TIRE GIALIEMADDIFL TE G P|BIRS] 89
Dirigent 141
Disease 142
Hypothetic 139
Dirigent ARGFAIRAKTINWERINSIIG DA T V(€Y NV T VIl H 184
Disease ARGYAMART|s(WEBANRNG DA T V(€Y N L T V)Y H [ 186
Hypothetic ARGFARARTsIWE|BIZEWNG DA T VI\Y NV T VI H NGRS 184

Figure 7. Sequence homologies. A sequence alignment of the dirigent- related protein (Tamarix androssowii), disease-response protein of Ricinus
communis and the hypothetical disease-resistance protein of Vitis vinifera showing regions of similarity (black highlight), including the conserved
domain which indicate 100% homology to the 31 kDa protein found in honey (red letters).

doi:10.1371/journal.pone.0072897.g007
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honey suggests that they may play role in organized assembly of
these complexes.

Acknowledgments

We thank Professors Joffre Mercier and Alan Castle for a thorough review
of the manuscript and their valuable comments. We thank Paula Pittock,
the Biological Mass Spectrometry Laboratory, University of Western
Ontario.

References

1.

2.

o

22.

23.

24.

Turkmen N, Sari F, Poyrazoglu ES, Velioglu YS (2006) Effects of prolonged
heating on antioxidant activity and color of honey. Food Chem 95: 653-657.
Brudzynski K, Miotto D (2011) Honey melanoidins. Analysis of a composition of
the high molecular weight melanoidin fractions exhibiting radical scavenging
capacity. Food Chem 127: 1023-1030.

. Hodge JE (1953) Chemistry of browning reactions in model systems. J Agric

Food Chem 1: 928-943.

. Fayle SE, Gerrard JA (2002) The Maillard Reaction. Royal Society of Chemistry

(Great Britain).

. Tressl R, Wondrak TG, Garbe L-A (1998) Pentoses and hexoses as source of

new melanoidin-like Maillard polymers. J Agric Food Chem 46: 1765-1776.

. Borrelli RC, Fogliano V, Monti SM, Ames JM (2002) Characterization of

melanoidins from a glucose-glycine model system. Eur Food Res Technol 215:

210-215.

. Kroh L, Fiedler T, Wagner J (2008) o- Dicarbonyl compounds-Key

intermediates for the formation of carbohydrate-based melanoidins. Ann N.Y
Acad Sci 1126: 210-215.

. Henle T (2005) Protein-bound advanced glycation endproducts (AGEs) as

bioactive amino acid derivatives in foods. Amino Acids 29: 313-322.

. Nunes FM, Reis A, Domingues MRM, Coimbra MA (2006) Characterization of

galactomannan derivatives in roasted coffee beverages. J Agric Food Chem 54:
3428-3439.

. Bekedam EK, De Laat MPFC, Schols HA, Van Boekel MA]JS, Smit G (2007)

Arabinogalactan proteins are incorporated in negatively charged coffee brew
melanoidins. J Agric Food Chem 55: 761-768.

. Brudzynski K, Miotto D (2011) The recognition of high molecular weight

melanoidins as the main components responsible for radical-scavenging capacity
of unheated and heat-treated Canadian honeys. Food Chem 125: 570-575.

. Brudzynski K, Kim L (2011) Storage-induced chemical changes in active

components of honey de-regulate its antibacterial activity. Food Chem 126:
1155-1163.

. White JW, Kushnir I, Subers MH (1964) Effect of storage and processing

temperatures on honey quality. Food Technol 18: 555-8.

. Persano Oddo L, Piazza LG, Pulcini P (1999) Invertase activity in honey.

Apidologie 30: 57-65.

. Karabournioti S, Zervalaki P (2001) The effect of heating on honey HMF and

invertase. Apiacta 36: 177-181.

Semkiw P, Skowronck W, Skubida P, Rybak-Chmiclewska H, Szczesna T (2010)
Changes occurring in honey during ripening under controlled conditions based
on g-amylase activity, acidity and 5-hydroxymethylfurfural content. J Apic Sci
54: 55-64.

Siebert KJ (1999) Effect of protein-polyphenol interactions on beverage haze,
stabilization, and analysis. J Agric Food Chem 47: 353-362.

. Wu LC, Siebert KJ (2002) Characterization of haze-active proteins in apple

juice. J Agric Food Chem 50: 3828-34.

. Paine HS, Gertler SI, Lothrop RE (1934) Colloidal constituents of honey.

Influence on properties and commercial value. Ind Eng Chem 26: 73-81.

. Hurrell RF, Finot PA, Cuq JL (1982) Protein-polyphenol reactions.1. Nutritional

and metabolic consequences of the reaction between oxidized caffeic acid and
the lysine residues of casein. Br J Nutr 47: 191-211.

Spencer CM, Cai Y, Martin R, Gaffney SH, Goulding PN, et al. (1988)
Polyphenol complexation-some thoughts and observations. Phytochem 27:
2397-2409.

Charlton AJ, Baxter NJ, Khan ML, Moir AJG, Haslam E, et al. (2002).
Polyphenol/peptide binding and precipitation. J. Agric. Food Chem. 50: 1593—
1601.

Rawel MH, Rohn S (2010) Nature of hydroxycinnamate-protein interactions.
Phytochem Rev 9: 93-109.

Brudzynski K, Abubaker K, Miotto D (2012) Unraveling a mechanism of honey
antibacterial action: Polyphenol/HyOs-induced oxidative effect on bacterial cell
growth and on DNA degradation. Food Chem 133: 329-336.

PLOS ONE | www.plosone.org

Protein-Polyphenol Complexes and Dirigent Proteins

Author Contributions

Conceived and designed the experiments: KB. Performed the experiments:
CS LMA KB. Analyzed the data: CS KB. Contributed reagents/
materials/analysis tools: CS LMA KB. Wrote the paper: KB. Graphic
design: CS.

26.

27.

28.

29.

30.

31.

32.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

. Brudzynski K, Lannigan R (2012) Mechanism of honey bacteriostatic action

against MRSA and VRE involves hydroxyl radicals generated from honey’s
hydrogen peroxide. Front. Microbiol 3: a36.

Brudzynski K. Abubaker K, St-Martin L, Castle A (2012) Re-examining the role
of hydrogen peroxide in bacteriostatic and bactericidal activities of honey. Front.
Microbiol 2: a213.

Brudzynski K, Abubaker K, Wang T (2012). Powerful bacterial killing by
buckwheat honey is concentration —dependent, involves complete DNA
degradation and requires hydrogen peroxide. Front Microbiol 3: a242.
Pourcel L, Routaboul JM, Cheynier V, Lepiniec L, Debeaujon 1 (2006)
Flavonoids oxidation in plants: from biochemical properties to physiological
functions. Trends Plant Sci 12: 29-36.

Fukumoto LR, Mazza G (2000) Assessing antioxidant and pro-oxidant activities
of phenolic compounds. J Agric Food Chem 48: 3597-3604.

Sakihama Y, Cohen MF, Grace SC, Yamasaki H (2002) Plant phenolic
antioxidant and pro-oxidant activities: phenolics-induced oxidative damage
mediated by metals in plants. Toxicol 177: 67-80.

Labenski MT, Fisher AA, Lo HH, Monks TJ, Lau SS (2009) Protein
Electrophile-Binding Motifs: Lysine-Rich Proteins Are Preferential Targets of
Quinones. DMD 37: 1211-1218.

Prigent SVE, Voragen AG]J, Visser AJVG, van Koningsveld GA, Gruppen H
(2007) Covalent interactions between proteins and oxidation products of
caffeolyquinic acid (chlorogenic acid). J Agric Food Chem 87: 2502-2510.

. Ito S (2003) A Chemist’s View of Melanogenesis. Pigment Cell Res 16: 230-236.
. Pryor MGM (1940) On the hardening of the cuticle of insects. Proc R Soc

Lond B 128: 393-407.

. Andersen SO (2010) Insect cuticular sclerotization: A review. Insect Biochem

Mol Biol 40: 166-178.

. Ralph J, Lunquist K, Brunow G, Lu F, Kim H, et al. (2004) Lignins: Natural

polymers from oxidative coupling of 4-hydroxyphenyl propanoids. Phytochem.
Rev 3: 29-60.

Davin LB, Lewis NG (2005) Dirigent phenoxy radical coupling: advances and
challenges. Cur Opin Biotech 16: 398-406.

Davin LB, Wang HB, Crowell AL, Bedgar DL, Martin DM, et al. (1997)
Stereoselective bimolecular phenoxy radical coupling by an auxiliary (dirigent)
protein without an active center. Science 275: 362-366.

Bradford MM (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal Biochem 72: 248-254.

Singleton VL, Rossi JA (1965) Colorimetry of Total Phenolics with
Phosphomolybdic-Phosphotungstic Acid Reagents. Am J Enol Vitic 16: 144
158.

Laemmli UK (1970) Cleavage of structural proteins during the assembly of the
head of bacteriophage. Nature 227 (5259): 680-685.

Paz MA, Fluckiger R, Boak A, Kagan HM, Gallop PM (1991) Specific detection
of quinoproteins by red-ox cycling staining. J Biol Chem 266: 689-692.
Pierpoint WS (1969) o-Quinones formed in plant extracts. Their reaction with
bovine serum albumin. Biochem J 112: 619-629.

Leatham GF, King V, Stahmann MA (1980) In vitro protein polymerization by
quinones or free radicals generated by plant or fungal oxidative enzymes.

Phytopathol 70: 1134-1140.

. Cheyner V, Osse C, Rigaud J (1988) Oxidation of grapes juice phenolic

compounds in model solution. J Food Sci 53: 1729-1732.

Namiki M, Yabuta G, Koizumi Y, Yano M (2001) Development of free radical
products during the greening reaction of caffeic acid esters (or chlorogenic acid)
and a primary amino compound. Biosci Biotechnol Biochem 65: 2131-2136.
Fristensky B, Horovitz D, Hadwiger LA (1988) cDNA sequences for pea disease
resistance response genes. Plant Mol Biol 11: 713-715.

Hiickelhoven R (2007) Cell Wall-Associated Mechanisms of Disease Resistance
and Susceptibility. Annu Rev of Phytopath 45: 101-127.

August 2013 | Volume 8 | Issue 8 | e72897



