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ABSTRACT: By means of activity-guided fractionation using taste dilution analysis, liquid chromatography−tandem mass
spectrometry (LC−MS/MS), liquid chromatography−time-of-flight mass spectrometry, one-/two-dimensional nuclear
magnetic resonance spectroscopy, LC−MS/MS quantitation, dose-over-threshold considerations, and sensory spiking
experiments, kaempferol 3-O-(2‴-O-sinapoyl-β-sophoroside), exhibiting a bitter taste above the low threshold concentration
of 3.4 μmol/L, was found for the first time as the key molecule contributing to the unpleasant bitter taste of rapeseed (canola)
protein isolates. This finding opens new avenues for a biorefinery approach targeting an off-taste removal.
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■ INTRODUCTION

New cultivars of rapeseed, also known as canola, with reduced
levels of erucic acid and glucosinolates have made rapeseed (
Brassica napus), after soybean (351.3 million tons), become the
second most cultivated oil seed crop in the world, with a
production volume of 71.3 million tons per year, followed by
sunflower (47.8 million tons), peanut (43.1 million tons), and
cottonseed (39.1 million tons).1,2 As a result of its pleasant
seed-like and nutty aroma, rapeseed oil is today the third most
consumed vegetable oil on a global scale.3,4

With an estimated potential of 1.12 million tons of crude
protein per year, protein-rich rapeseed meal generated during
oil extraction is also considered an interesting domestic protein
source, exhibiting preferred techno-functionalities and com-
prising a well-balanced amino acid composition of high
nutritional value. Although containing some antinutritive
components, such as, e.g., glucosinolates, phenolic compounds,
and phytates, the high protein value makes rapeseed meal a
competitive product in the animal feed market.4,5

Because the global food demand will more than double by
2050, protein has been identified as a limiting macronutrient in
human nutrition and for global food security.6 Population
pressures, ecological considerations, and efficiency gains
suggest a rational evolution from animal to plant protein
sources for human nutrition. Despite decades of research,
several technologies being developed, and products being
brought to large-scale production, there are still no
commercially available canola protein products, primarily as a
result of its intense bitter off-taste, limiting palatability in
human consumption. Although glucosinolates, such as
progoitrin, gluconapin, and glucobrassicin, as well as phenolic
compounds, such as sinapine, have been reported to exhibit a

bitter taste,7−9 it is still unclear whether these compounds or
previously unknown phytometabolites play a key role in the
undesired bitter taste of rapeseed protein isolates. The
knowledge of the key molecules causing the bitter taste of
rapeseed protein isolates would open new avenues for a
targeted biorefinery approach delivering sensorially “clean”
protein isolates suitable for rapeseed-protein-containing food
and beverage products with superior taste profiles.
In recent years, application of a taste-guided fractionation

approach enabled the identification of the key taste and off-
taste compounds in carbohydrate/amino acid mixtures,10

carrots,11 black tea infusions,12 coffee,13 linseed oil,14 Gouda
cheese,15 asparagus,16 oat,17 and hazelnuts.18 The aim of the
present investigation was, therefore, to identify the key
molecules contributing to the undesired bitter taste of rapeseed
protein isolates by means of an activity-directed approach, to
determine their human recognition thresholds, and to evaluate
its sensory contribution by means of concentration/activity
considerations.

■ MATERIALS AND METHODS
Chemicals. The following compounds were obtained commer-

cially: acetonitrile, methanol, and water (J.T. Baker, Deventer,
Netherlands); acetone, ethyl acetate, and n-pentane (BDH Prolabo,
Briare, France); formic acid (Merck, Darmstadt, Germany), L-tyrosine
and deuterated methanol (Sigma-Aldrich, Steinheim, Germany); and
casein from bovine milk (Fluka, Steinheim, Germany). Acetonitrile
used for high-performance liquid chromatography−tandem mass
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spectrometry (HPLC−MS/MS) analysis was liquid chromatogra-
phy−mass spectrometry (LC−MS)-grade (Honeywell, Seelze,
Germany); acetone, ethyl acetate, and n-pentane were distilled before
use; and all others were HPLC-grade. Water for chromatography was
purified by use of an Advantage A10 water system (Millipore,
Molsheim, France). Bottled water (Evian, low mineralization of 405
mg/L) for sensory analysis was adjusted to pH 5.9 with formic acid
prior to gustatory analysis. Rapeseed meal and cruciferin- and napin-
rich protein isolates with a protein content of 80−90% were
manufactured by Pilot Pflanzenöltechnologie Magdeburg e.V.
(Magdeburg, Germany) from the rapeseed variety Mentor obtained
from Norddeutsche Pflanzenzucht Hans-Georg Lembke KG (Holtsee,
Germany).
Sequential Solvent Extraction. An aliquot of the rapeseed

protein isolate (300 g) was extracted 3 times with methanol/water
(50:50, v/v, 1.5 L) by stirring for 30 min at room temperature,
followed by centrifugation (5 min, 5000 rpm) and filtration. The
filtrates were combined, and the solvent was separated in vacuum at
40 °C and then lyophilized to give the methanol/water extractables
(fraction I). The residue was extracted with methanol (1.5 L, fraction
II), followed by methanol/acetone (66:33, v/v, 1.5 L, fraction III),
ethyl acetate (1.5 L, fraction IV), and n-pentane (1.5 L, fraction V).
The individual solvent fractions I−V were freeze-dried twice to
remove trace amounts of solvents and kept at −20 °C until used for
comparative taste profile analysis (Table 1).

Solid-Phase Extraction (SPE) of Fraction I. An aliquot (1 g) of
fraction I was taken up in water (50 mL) and applied on a
Chromabond C18 ec polypropylene cartridge (Macherey-Nagel,
Düren, Germany) preconditioned with methanol (70 mL), followed
by water (70 mL). After stepwise elution with water (75 mL) to give
fraction I-A, methanol/water (30:70, v/v, 75 mL) to give fraction I-B,
methanol/water (50:50, v/v, 75 mL) to give fraction I-C, methanol/
water (70:30, v/v, 75 mL) to give fraction I-D, and methanol (75 mL)
to give fraction I-E, the collected fractions were freed from solvent by
vacuum evaporation at 40 °C, taken up in water, lyophilized twice,
and kept at −20 °C until used for sensory analysis (Figure 1).
Identification of the Key Bitter Compound in Subfraction I-

C. Fraction I-C, exhibiting the highest bitter taste activity, was
dissolved in acetonitrile/water (20:80, v/v, 5 mg/mL) and, after
membrane filtration, injected onto a 250 × 21 mm, 5 μm, Nucleodur
C18 Pyramid column (Macherey-Nagel, Düren, Germany). Using a
flow rate of 20 mL/min and 0.1% formic acid in water (solvent A)
and acetonitrile (solvent B), chromatography was performed with the
following gradient: 0 min, 0% B; 3 min, 0% B; 9 min, 20% B; 12 min,
20% B; 18 min, 30% B; 26 min, 30% B; 30 min, 100% B; 33 min,
100% B; and 38 min, 0% B. With the effluent monitored at 220 nm, it
was separated into 18 subtractions, namely, I-C-1−I-C-18 (Figure 2).
The corresponding subfractions collected from multiple HPLC runs
were combined, separated from solvent in vacuum (40 °C), and
lyophilized twice prior to sensory analysis using a taste dilution

analysis (TDA). LC−MS and nuclear magnetic resonance (NMR)
analyses (Figure 3) revealed kaempferol 3-O-(2‴-O-sinapoyl-β-
sophoroside) as the key molecule in the most bitter tasting
subfraction I-C-8. Although this compound was postulated in
tronchuda cabbage (Brassica oleracea L. var. costata DC) and was
identified in a transgenic low-sinapine oilseed rape (B. napus L.), its
complete 1H NMR data could now be published for the first time.19,20

Kaempferol 3-O-(2‴-O-Sinapoyl-β-sophoroside) (1) (Figure 3).
LC−MS (ESI−): m/z 815.3 [M − H]−. LC−MS/MS [declustering
potential (DP), −35 V; collision energy (CE), 42 V]: m/z 815 [M −
H]− (100%), 623 (21%), 609 [M − H − sinapoyl]− (90%), 591 [M −
H − sinapoyl − H2O]

− (53%), 429 [M − H − sinapoyl − H2O −
Glc]− (8%), 284 [M − H − sinapoyl − 2Glc]− (37%), 254 (37%).
LC−TOF-MS: m/z 815.2138 (measured); m/z 815.2040 (calculated
for [C38H39O20]

−. 1H NMR (400 MHz, CD3OD): δ 7.92 [d, 2H, J =
8.9 Hz, H−C(2′/6′)], 7.39 [d, 1H, J7‴′,8‴′ = 16 Hz, H−C(7‴′)], 6.91
[d, 2H, J = 8.9 Hz, H−C(3′/5′)], 6.40 [s, 2H, H−C(2‴′/6‴′)], 6.19
[d, 1H, J = 16 Hz, H−C(8‴′)], 6.16, 6.15 [d × 2, 2H, J6,8 = 2.1 and
2.1 Hz, H−C(6/8)], 6.03 [d, 1H, J1″,2″ = 8 Hz, H−C(1″)], 5.28 [d,
1H, J1‴,2‴ = 8 Hz, H−C(1‴)], 4.95 [dd, 1H, J2‴,3‴ = 9.8 Hz, H−
C(2‴)], 3.95 [dd, 1H, J6‴A,6‴B = 12.3 Hz, J6‴A,5‴ = 1.9 Hz, H−
C(6‴A)], 3.81−3.76 [m, 3H, H−C(3″/3‴/6″A)], 3.73 (m, 1H, H−
C(6‴B)], 3.67 [s, 6H, H−C(3‴′/5‴′OMe)], 3.60 [dd, 1H, J2″,3″ = 9.8
Hz, H−C(2″)], 3.54−3.49 [m, 3H, H−C(4‴/6″B/5‴)], 3.30 [s,1H,
H−C(4″)], 3.27 (ddd, 1H, J5″,4″ = 10 Hz, J5″,6″B = 5.3 Hz, J5″,6″A = 2.1
Hz, H−C(5″)]. 13C NMR (125 MHz, CD3OD): δ 177.7 [C(4)],
167.0 [C(9‴′)], 164.0 [C(7)], 161.4 [C(5)], 159.9 [C(4′)], 156.6
[C(8a)], 156.0 [C(2)], 147.5 [C(3‴′′/5‴′′)], 145.2 [(C(7‴′)],
137.7 [C(4‴′)], 133.2 [C(3)], 130.6 [C(2′/6′)], 124.7 [C(1‴′)],
121.7 [C(1′)], 114.7 [C(3′/5′)], 114.5 [C(8‴′)], 104.5, 104.4
[C(4a/2‴′/6‴′)], 98.2 [C(6)], 97.6 [C(1‴)], 96.3 [C(1″)], 93.1
[C(8)], 80.4 [C(2″)], 77.03, 76.56 [C(5″/5‴)], 74.6, 74.36 [C(3″/
3‴)], 73.7 [C(2‴)], 70.2, 69.9 [C(4″/4‴)], 60.9 [C(6″/6‴)], 54.9
[C(3‴′/5‴′OMe)].

Sensory Analysis. Sensory Panel Training and Sample
Pretreatment. The sensory panel contained 22 panelists (11 females
and 11 males, 23−30 years on age) who had given informed consent
to perform sensory tests and were weekly trained with reference taste
compounds for at least 1 year to become familiar with the used
sensory methodologies and to evaluate different chemosensory
qualities.12,21,22 The sensory analyses were performed at 22−25 °C
using nose clips to avoid cross-model interactions with odorants.

Taste Profile Analyses. A portion (1.5 g) of the rapeseed protein
was suspended in water (25 mL, pH 5.9), and after centrifugation, the
supernatant was presented to the trained sensory panel. The panel
was asked to evaluate the bitter, astringent, and sour taste perceptions
on a scale from 0 (not detectable) to 5 (strongly detectable). In
addition, aliquots of the fractions I−IV as well as the subfractions I-
A−I-E were taken up in bottled water (25 mL, pH 5.9) in “natural”
concentrations and then evaluated by the sensory panelists for
bitterness and astringency.

Table 1. Sensory Evaluation of Fractions Isolated from
Rapeseed Protein

taste intensitya of

fractionb bitterness astringency sour

rapeseed proteinc 1.5 1.5 1.5
fraction I 2.1 1.4 1.2
fraction II 1.4 1.0 0.4
fraction III 0.9 0.7 0.4
fraction IV 0.8 0.8 0.5
fraction V 0.3 0.3 0.2

aThe taste intensity of the given taste descriptors was rated by a
trained panel on a scale from 0 (not detectable) to 5 (intensely
detectable). bThe panel was asked to rate aqueous solutions of the
“natural” concentrations of fractions I−V. cA cruciferin-rich protein
isolate (90% protein) was used for the study.

Figure 1. Sensory analysis of SPE fractions I-A−I-E isolated from
rapeseed protein isolate. Error bars indicate the 95% confidence
interval of the arithmetic mean.
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TDA. The subfractions I-C-1−I-C-18, isolated from an aliquot (200
mg) of fraction I-C, were dissolved in bottled water (20 mL, pH 5.9)
and then sequentially diluted 1:1 (v/v) with bottled water (pH 5.9).
The diluted fractions were presented to the trained sensory panel in
ascending concentrations starting with the highest dilution level. The
panel was asked to mark where there was a first detectable difference
between a negative control (bottled water, pH 5.9) and the sample,
and the taste dilution (TD) factor for bitterness was determined.16

The TD factors for each HPLC fraction evaluated in two independent
sessions each were averaged.

Human Taste Recognition Thresholds. To determine the
threshold concentration at which the bitter taste quality of the
compound was just detectable, a two-alternative forced choice (2-
AFC) test was performed. Therefore, the purified substance 1 was
solved in bottled water with increasing levels in concentration. The
average threshold value of 3.4 μmol/L for compound 1 represents a
range from 1.7 to 6.8 μmol/L obtained by the values between

Figure 2. (Left) RP-HPLC chromatogram (λ = 220 nm) of SPE fraction I-C and (right) TDA.

Figure 3. (A) MS/MS spectrum and (B) HMBC spectrum (400 MHz, MeOD) and chemical structure of kaempferol 3-O-(2‴-O-sinapoyl-β-
sophoroside) (1).
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individuals and between the independent sessions, which differed by
not more than ±1 dilution step.16

Comparative Sensory Analysis. To investigate the sensory
contribution of the bitter compound 1 to the bitter off-taste of a
rapeseed protein isolate, a portion (713.4 nmol) of purified
kaempferol 3-O-(2‴-O-sinapoyl-β-sophoroside) was spiked to a
suspension of bovine casein (1.5 g) in bottled water (25 mL, pH
5.9) and then sensorially compared to the bitter taste intensity of a
suspension of rapeseed protein isolate (1.5 g) in bottled water (25
mL, pH 5.9) on a 5-point scale (Figure 4).

Quantitation of Kaempferol 3-O-(2‴-O-Sinapoyl-β-sophoro-
side) (1). External Calibration Curve and Linear Range. To
quantitate the bitter compound 1, a stock solution (54.6 μg/L) was
prepared in acetonitrile/water (20:80, v/v), and the exact
concentration was verified by means of quantitative 1H NMR (q-
NMR) spectroscopy.20 The prepared stock solution was diluted 1:2,
1:5, 1:10, 1:100, 1:200, 1:1000, 1:2000, and 1:10 000 with
acetonitrile/water (20:80, v/v), and the dilutions were then analyzed
by means of ultra-high-performance liquid chromatography
(UHPLC)−MS/MS using the characteristic multiple reaction
monitoring (MRM) transition Q1/Q3 of m/z 815.1/284.2 as the
quantifier. When the peak area ratios were plotted against the
concentrations, an external calibration curve (y = 5.34 × 105x + 9.52
× 104; R2 = 0.9987) was received.
Solvent Extraction. Rapeseed protein isolates (1 g) were extracted

3 times with methanol/water (70:30, v/v, 25 mL), each for 10 min,
with ultrasonication. The combined extracts were filtered, separated
from the solvent in vacuum at 40 °C, with the residue taken up in
acetonitrile/water (50:50, v/v, 3 mL), and, after 1:10 dilution with
acetonitrile/water (50:50, v/v) and membrane filtration, analyzed by
means of ultra-performance liquid chromatography (UPLC)−MS/
MS.
HPLC. HPLC (Jasco, Groß-Umstadt, Germany) consisting of two

PU-2087 pumps, an UV-2075 ultraviolet (UV) detector, and a Rh
7725-type Rheodyne injection valve (Rheodyne, Bensheim, Ger-
many). Chrompass chromatography data system, version 1.9, was
used for data acquisition.
UPLC−MS/MS. To elucidate the structure, mass spectra and ion

spectra were acquired on an AB Sciex 5500 Qtrap mass spectrometer
(Sciex, Darmstadt, Germany) with direct flow infusion. The
acquisition and instrumental control were performed with Analyst
1.6.2 software (Applied Biosystems, Darmstadt, Germany). The MS
system was operated in full-scan mode (negative, ion spray voltage,
−4500 V): curtain gas, 35 V; temperature, 400 °C; gas 1, 45 V; gas 2,

65 V; collision-activated dissociation, medium; DP, −150; entrance
potential (EP), −10; CE, −60; and collision cell exit potential (CXP),
−9.

To generate quantitative data, the MS system was coupled with a
Shimadzu Nexera X2 UPLC system (Sciex, Darmstadt, Germany)
consisting of a DGU-20A 5R degasser, two LC30AD pumps, a
SIL30AC autosampler (kept at 15 °C), and a CTO30A column oven
(40 °C) with a 100 × 2.1 mm inner diameter, 1.7 μm, Kinetex C18
100 Å (Phenomenex, Aschaffenburg, Germany) and was performed
with Analyst TF 1.6.2 (AB Sciex, Darmstadt, Germany). Aliquots (2
μL) of the samples were injected into the system running at a flow
rate of 0.4 mL/min and using 0.1% formic acid in water and 0.1%
formic acid in acetonitrile as solvents A and B, respectively, and the
following gradient: start with 0% B, hold at 0% for 2 min, increase in 3
min to 30% B, hold at 30% B for 5 min, increase in 3 min to 100% B,
hold at 100% for 3 min, decrease in 2 min to 0% B, and hold for 2 min
isocratically.

UPLC/Time-of-Flight Mass Spectrometry (TOF-MS). High-
resolution mass spectra were obtained by measuring an aliquot of the
analyte in acetonitrile/water (20:80, v/v, 1 mL) on a TripleTOF 6600
(AB Sciex, Darmstadt, Germany) with a DuoSpray ion source coupled
with a Nexera X2 UPLC system (Shimadzu, Kyoto) with a 100 × 2.1
mm inner diameter, 1.7 μm, Kinetex XB-C18 100 Å (Phenomenex,
Aschaffenburg, Germany) and was performed with Analyst TF 1.7.1
(AB Sciex, Darmstadt, Germany).

NMR Spectrometry. A 400 MHz DRX spectrometer (Bruker,
Rheinstetten, Germany) with QNP 1H/14N/13C/31P Z-GRD (300 K)
was used to record one-dimensional (1D)/two-dimensional (2D)
NMR spectra. Samples were dissolved in methanol-d4 (600 μL), and
chemical shifts are reported in parts per million (ppm) relative to
solvent signals in the 1H NMR (3.34 and 4.88 ppm) and 13C NMR
(48.12 ppm) spectra, respectively. For data processing, the TopSpin
NMR software, version 3.2 (Bruker), and MestReNova 11.0.1
(Mestrelab Research, Santiago de Compostela, Spain) were used. q-
NMR spectrometry was performed as reported earlier through
calibration of the spectrometer by applying the ERETIC 2 tool
using the PULCON methodology.25 For absolute quantitation of the
bitter compound 1, the isolated signal at 6.40 ppm [s, 2H, H−C(2‴′/
6‴′)] was integrated using a defined sample of L-tyrosine and its
specific resonance signal at 7.10 ppm (m, 2H) as the external
standards.

■ RESULTS AND DISCUSSION
Aimed at identifying the key molecule evoking the undesired
bitter taste of rapeseed protein isolates, a cruciferin-rich
rapeseed protein isolate was first evaluated by means of a taste
profile analysis. A trained sensory panel was asked to rate the
taste intensities of bitter, astringent, and sour on a scale from 0
(not detectable) to 5 (strongly detectable) (Table 1). The
protein suspension was rated with a high score for bitterness
(1.5), sourness (1.5), and astringency (1.5). To gain first
insight into the polarity of the bitter taste compounds, the
protein isolate was extracted with different solvents.

Sequential Solvent Extraction of the Rapeseed
Protein Isolate. The rapeseed protein isolate was extracted
sequentially with methanol/water (fraction I), methanol
(fraction II), methanol/acetone (fraction III), ethyl acetate
(fraction IV), and pentane (fraction V). Each fraction was
separated from solvent in vacuum, taken up in water in
“natural” concentrations, and analyzed by means of taste
profile analysis (Table 1). While fractions III−V showed only
low intensities for bitterness and astringency, fraction I was
judged with a high score for bitter taste (2.1) and astringency
(1.4), followed by fraction II with some lower bitter taste
intensity (1.4). As a result of the bitter impact of fraction I, this
fraction was further used for identification of the key bitter
molecule by means of activity-guided fractionation.

Figure 4. Bitter taste intensity of a suspension of bovine caseine (1.5
g) in bottled water (25 mL, pH 5.9) before (A) and after spiking with
kaempferol 3-O-(2‴-O-sinapoyl-β-sophoroside) (1, 713.4 nmol) (C)
compared to a suspension of cruciferin-rich rapeseed protein isolate
(1.5 g, in 25 mL of water, pH 5.9) (B) exhibiting a bitter off-taste and
containing the same amount of compound 1. Error bars indicate the
95% confidence interval of the arithmetic mean.
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Activity-Guided Identification of the Key Bitter
Compound in Fraction I. To locate the main bitter
compounds, fraction I was separated by means of RP-18 SPE
to give five subfractions, namely I-A−I-E, which again were
used for sensory analysis. Intense bitter taste (2.8) and
astringency (1.7) were detected in fraction I-C, while the other
fractions were evaluated with taste intensities lower than 1.0.
Aimed at identifying the key bitter compound, fraction I-C

was further fractionated by means of preparative RP18-HPLC
with UV detection (220 nm) to give 18 subfractions, namely, I-
C-1−I-C-18 (Figure 2), which were freed from solvent, taken
up in equal amounts of water, and then used for TDA in order
of ascending concentrations. By far the highest TD factors of
128 and 64 were found for astringency and bitterness in
fraction I-C-8, while all of the other subfractions showed TD
factors of 16 or lower.
The main compound (1) eluting in subfraction I-C-8 was

purified by re-chromatography and analyzed by LC−MS/MS,
UHPLC−TOF-MS, and 1D/2D NMR experiments. UHPLC−
TOF-MS analysis revealed m/z 815.2138 as the pseudo-
molecular ion ([M − H]−), thus indicating a molecular mass of
816.2 and a molecular formula of C38H40O20. MS/MS
fragmentation in the negative electrospray ionization (ESI)
mode showed the fragment ions m/z 609 [M − H −
sinapoyl]−, 591 [M − H − sinapoyl − H2O]

−, 429 [M − H −
sinapoyl − H2O − Glc]−, and 284 [M − H − sinapoyl −
2Glc/kampferol − 2H]−, indicating the presence of a sinapoyl,
a kaempferol, and two hexose moieties (Figure 3A).
The integrals of the signals in the 1H NMR spectrum of

compound 1 displayed a total of 30 protons, with signals
resonating between 3.23 and 7.92 ppm. With the exception of
the singlet signal H−C(3‴′/5‴′) resonating at 3.67 ppm, the
signals between 3.23 and 6.03 ppm were assigned to the hexose
protons. The proton signals observed between 6.14 and 7.92
ppm were assigned to the polyphenol protons of the
kaempferol and sinapoyl moieties. The signals observed at
6.03 [H−C(1″)] and 5.28 ppm [H−C(1‴)] were assigned as
anomeric β-configured glucopyranosyl protons, showing a
coupling constant of 8 Hz. The doublets at 6.19 and 7.39 ppm
with a coupling constant of 16 Hz indicated an (E)-configured
sinapinic acid structure. A total of 32 carbon signals were
recorded between 54.9 and 177.7 ppm in the 13C NMR
spectrum. The 14 quaternary carbon signals at 177.7 [C(4)],
167.0 [C(9‴′)], 164.0 [C(7)], 161.4 [C(5)], 159.9 [C(4′)],
156.6 [C(8a)], 156.0 [C(2)], 147.5 [C(3‴′/5‴′)], 137.7
[C(4‴′)], and 133.2 [C(3)] were assigned by means of
heteronuclear single-quantum correlation (HSQC) spectros-
copy. The protons of the two methyl groups at 3.67 ppm [H−
C(3‴′/5‴′OMe)] showed connectivity to the phenyl ring
system [147.5 ppm of C(3‴′/5‴′] of the sinapoyl component
by means of heteronuclear multiple-bond correlation (HMBC)
spectroscopy. The carbon atoms show a coupling to the
aromatic ring protons at 6.40 ppm [H−C(2‴′/6‴′)], and the
carbon atoms resonating at 104.4 ppm [C(2‴′/6‴′)] showed
coupling to proton H−C(7‴′) of the (E)-configured double
bond. Furthermore, the ester carbon atom at 167.0 ppm
[C(9‴′)] showed a coupling to the protons of the (E)-
configured double bond [7.39 H−C(7‴′) and 114.5 H−
C(8‴′)] and H−C(2‴) of the sugar moiety. The carbon atom
C(1‴) at 97.6 ppm was observed to exhibit coupling to the
proton H−C(2‴) and to the proton H−C(2″) of the second
sugar moiety. These data indicate that sinapinic acid is
esterified with the hydroxyl group at position C(2‴). The

proton H−C(1″) showed a coupling to the carbon atoms
C(2‴) and C(3), thus indicating that the sophoroside moiety
was (3 → 1″) bound to the kaempferol aglycone (Figure 3B).
When all spectroscopic data are taken into consideration, the

key bitter compound 1 was identified as kaempferol 3-O-(2‴-
O-sinapoyl-β-sophoroside) as shown in Figure 3. Although this
phytochemical has been reported earlier in tronchuda cabbage
(B. oleracea L. var. costata DC) and transgenic low-sinapine
oilseed rape (B. napus),17,18 this is, to the best of our
knowledge, the first report on the bitter taste impact of this
sophoroside.
To evaluate the human recognition taste threshold of

kaempferol 3-O-(2‴-O-sinapoyl-β-sophoroside), the purity of
compound 1 was confirmed by HPLC−-MS and q-NMR
spectroscopy to be above 98%. The 2-AFC test revealed a low
human bitter taste threshold of 3.4 μmol/L, which is in the
same range as dietary high-potency bitter compounds, such as,
e.g., limonin (4.0 μmol/L) in oranges,23 asadanin (13.0 μmol/
L) in hazelnuts,16 and cis-isocohumulone (7.0 μmol/L) in
beer,24 respectively.

Quantitation of Bitter Compound 1 in Rapeseed
Protein Isolated and Calculation of Dose-over-Thresh-
old (DoT) Factors. To gain first insights into the
concentrations of the bitter compound 1 and to correlate the
quantitative data with sensory impact, rapeseed meal and a
cruciferin- and napin-rich rapeseed protein isolates were
sensorially analyzed in bitter intensity by means of taste
profile analysis, extracted with methanol/water, and analyzed
by UPLC−MS/MS using a solution of the purified kaempferol
3-O-(2‴-O-sinapoyl-β-sophoroside) as the external standard
(Table 2). The cruciferin-rich protein, exhibiting the strongest

bitter off-taste (1.5), also showed the highest levels of
compound 1 (475.6 μmol/kg). In comparison, rapeseed
meal and the napin-rich protein fraction both showed only
low levels of 32.0 and 32.9 μmol/kg of compound 1, well in
line with the low bitter taste intensity judged with a score of
0.8.
To assess the bitter taste activity of compound 1 in the

different protein samples, DoT factors were determined as
ratio of the concentration to the taste threshold of the
respective tastant.26−30 All three protein isolates exhibited high
DoT factors for compound 1; the most intensely bitter
cruciferin-rich protein isolate showed a DoT factor of 140.9,

Table 2. Concentrations, DoT Factors, and Bitter Taste
Intensity of Compound 1 in Rapeseed Meal and Protein
Isolates

sample

concentration
(μmol/kg) of
compound 1a

DoT factor of
compound 1b

bitter
intensityc

rapeseed meal 32.0 9.5 0.8
cruciferin-rich
protein isolated

475.6 140.9 1.5

napin-rich protein
isolated

32.9 9.7 0.8

aConcentration of kaempferol 3-O-(2‴-O-sinapoyl-β-sophoroside)
determined by means of LC−MS/MS (average of triplicates). bDoT
factor was calculated as the concentration over human taste threshold
(3.4 μmol/L). cBitter taste intensity was received by asking a trained
panel to rate different aqueous rapeseed protein suspensions on a
scale from 0 (not detectable) to 5 (intensely detectable). dRapeseed
protein isolates were prepared from rapeseed meal.
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while for the less bitter rapeseed meal and napin-rich isolate,
lower DoT factors of 9.5 and 9.7, respectively, were
determined (Table 2).
To confirm the key contribution of kaempferol 3-O-(2‴-O-

sinapoyl-β-sophoroside) to the undesired bitter taste of
rapeseed protein isolates, an aqueous suspension of bovine
casein was spiked with compound 1 to match the levels found
in an aqueous suspension of the cruciferin-rich rapeseed
protein. Sensory analysis of the casein suspension with and
without spiked compound 1 as well as the rapeseed protein
isolate revealed the same bitter taste intensity (1.5) as the
latter two models, while the non-spiked casein solution did not
show any significant bitter taste (Figure 4).
These data clearly confirm the key contribution of

compound 1 to the unpleasant bitter taste of rapeseed protein
isolates. The knowledge of kaempferol 3-O-(2‴-O-sinapoyl-β-
sophoroside) as the key bitter molecule will open new avenues
for a targeted biorefinery approach delivering sensorically
“clean” protein isolates suitable for rapeseed-protein-contain-
ing food and beverage products with superior taste profiles.
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