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ABSTRACT: The objective of this study was to verify whether the volatile organic sulfur compounds recently discovered in bell
pepper (Capsicum annuum, L. cultivars), such as the mercapto-ketones: 4-sulfanyl-2-heptanone and 2-sulfanyl-4-heptanone, the
mercapto-alcohols: 4-sulfanyl-2-heptanol and 2-sulfanyl-4-heptanol, and heptane-2,4-dithiol, originate from their corresponding
cysteine-S-conjugates. Analysis of aqueous extracts of red and green bell pepper by ultraperformance liquid chromatography—mass
spectrometry with electrospray ionization in the positive mode (UPLC—MS ESI") displayed masses corresponding to the expected
cysteine-S-conjugates. To confirm this observation, four cysteine-S-conjugates were prepared as authentic samples: S-(3-hydroxy-1-
methylhexyl)-L-cysteine, S-(3-hydroxy-1-propylbutyl)-L-cysteine, S-(3-oxo-1-propylbutyl)-L-cysteine, and (2R,2'R)-3,3’-(4-hydro-
xyheptane-2,6-diyl)bis(sulfanediyl) bis(2-aminopropanoic acid). By comparison with the fragmentation patterns and retention
times of synthetic mixtures of cysteine-S-conjugate diastereoisomers, the natural occurrence of cysteine conjugates was confirmed in
bell peppers. In addition, the cysteine-S-conjugates from red and green bell pepper extracts were concentrated by ion exchange
chromatography and the fractions incubated with a 3-lyase (apotryptophanase). The liberated thiols were concentrated by affinity
chromatography, and their occurrence, detected by gas chromatography—mass spectrometry, confirmed our predictions. Moreover,
3-sulfanyl-1-hexanol was also detected and the occurrence of S-(1(2-hydroxyethyl)butyl)-L-cysteine confirmed. A quantitative
estimation based on external calibration curves, established by UPLC—MS ESI" in selected reaction monitoring mode, showed that
cysteine-S-conjugates were present at concentrations in the range of 1 to 100 ug/kg (£20%).
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bis(sulfanediyl)bis(2-aminopropanoic acid)

B INTRODUCTION

The glutathione cycle is a biochemical pathway with various
benefits for living organisms, mainly as a detoxification agent.
Glutathione (y-glutamine-cysteine(SH)-glycine; GSH) reacts
with electrophiles, the conjugation being catalyzed by a large
group of enzymes classified as glutathione transferases. The
GSH-conjugates are metabolized to give cysteine-S-conjugates.' >
The cysteine conjugates can then be further degraded with f-lyases
from plants to form volatile organic thiols, pyruvate, and ammonia.*
An interesting feature of these cysteine-S-conjugates is that they are
hydrolyzed not only by plant enzymes but also by salivary enzymes
from bacteria in the mouth or even farther down the digestive
track.”> This feature explains the persistence of the perception of
sulfur odor in the mouth for fruits or vegetables that include sulfur
compounds.

Numerous publications describe the volatile constituents of
bell peppers, Capsicum annuum L. (Solanaceae),’™'® which
include a large number of cultivars. Methoxypyrazine derivatives
such as 2—methoxy'—?)—isobutylpyrazme,6 as well as sulfur com-
pounds such as 2-heptanethiol 1,'"" are recognized as 1mportant
contributors to the aroma of bell peppers. Buttery et al.® first
analyzed a steam-distillate of bell peppers, identifying unsatu-
rated C7- and C9-ketones. Recently, Naef et al. discovered 21
new sulfur compounds in red bell peppers, some of which had
structures that could be explained by the Michael addition of
cysteine to Q,3-unsaturated ketones discovered in bell pepper.'*
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In a previous study to search for the precursor of 1, we
prepared an extract from 1.5 kg of green bell peppers and proved the
occurrence of S-(2-heptyl)-L-cysteine 2° in a fraction obtained by ion
exchange chromatography. Out of curiosity, we analyzed this fraction
using ultraperformance liquid chromatography—mass spectrometry
electrospray ionization (UPLC—MS ESI") in single ion monitoring
(SIM) mode to find out whether any molecular weights would
correspond to the adduct of cysteine ,3-unsaturated C7 ketones.
We found compounds corresponding to C;oH;gNO3S M + H =
234, C1oH,1NO3S M + H = 236, C;3H,6N,0,45, M + H = 339,
possibly a double adduct of cysteine and CoH;oNO3;SM + H =222.

This paper describes the synthesis of the cysteine conjugates
prepared with (3E)-hepten-2-one 3 and (2E)-hepten-4-one 4, as
well as the analytical studies of two types of bell pepper to verify
their occurrence.

Bl MATERIALS AND METHODS

Materials. Green and red bell peppers were purchased from a local
market farm in August 2010 (www.mattines.ch). Chemical reagents and
solvents were of analytical quality and purchased from Fluka-Sigma-
Aldrich (Buchs, Switzerland), Novabiochem (Darmstadt, Germany),
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SDS Carlo Erba Reactifs (Val-de-Reuil, France), and Acros (Morris
Plains, NJ).

UPLC—MS. Analyses were performed on a Waters (Baden-Dattwil,
Switzerland) Acquity system coupled to a mass spectrometer. The
separations and quantifications were performed on an Acquity BEH-
C18 column (2.1 mmi.d. X 100 mm, 1.7 #m). The elution solvents were
CH;CN containing 0.1% of formic acid (solvent B) and water contain-
ing 0.1% of formic acid (solvent A). The gradient profile started at 10%
of B, which was held for 0.5 min, increased to 30% of B in 8.4 min, and
then to 90% of B in 2.1 min. The flow rate was 0.3 mL/min. The mass
spectrometer was a Thermo Finnigan LXQ with an ESI source (HESI-
II) operated in positive mode. The spray voltage was 4.0 kV. The
capillary temperature was 349 °C. The sheath gas was nitrogen at a flow
rate of 60 (Finnigan arbitrary units). The auxiliary gas was also nitrogen
at a flow rate of S (Finnigan arbitrary units). Authentic samples were
injected first in full MS mode and then in MS—MS mode, with wide
band activation at 35 eV. Analyses of bell pepper extracts were
performed in selected reaction monitoring (SRM) mode at 35 eV,
according to the fragmentation pattern of the target molecule.

Gas Chromatography (GC)—MS. Compound identifications
were performed on a GC 6890 (Agilent, Palo Alto, CA) equipped with
a fused silica SPwax-10 (30 m X 0.25 mm i.d., 0.25 um film thickness)
capillary column (Supelco, Bellefonte, PA). The initial oven temperature
was held at 50 °C for 5 min and then increased at $ °C/min to 250 °C.
The injection port was operated in split mode 1/10, the injection volume
was 1 4L, and the carrier gas was helium at a constant flow rate of 0.7 mL/
min. The column was coupled to a $973N Inert MS (Agilent). The mass
spectra in electron impact mode were measured at 70 eV in a scan range
from 30 to 300 m/z. The linear retention indices (LRIs) were calculated
by linear extrapolation from the retention times of the analytes and the
two closest alkanes eluting just before and just after the analyte.

Nuclear Magnetic Resonance (NMR) Spectra. 'H- and *C
NMR spectra were recorded in D,O on a Bruker Avance-500 (Zurich,
Switzerland) at 500.13 and 125.76 MHz, respectively. Sodium 3-(tri-
methylsilyl)tetradeuteriopropionate was used as an internal standard
(IS) to calibrate the chemical shifts.

Centrifugal Partition Chromatography (CPC). A CPC 1000
from Armen Instrument (Saint Avé, France) was used for preparative
liquid—liquid chromatography. The solvent mixture was butanol, acetic
acid, and water (3.8:1.2:5), prepared the day before the separation. The
rotation was 2600 rpm, the flow rate was 5 mL/min, and the volume of
the fractions collected was 20 mL.

5-(3-Oxo-1-propylbutyl)-L-cysteine 5. N-Boc-cysteine (2.0 g,
9 mmol), Cs,CO;3 (1.5 g, 4.6 mmol), (3E)-hepten-2-one 3 (1.57 g
14 mmol), and acetonitrile (3 mL) were stirred overnight at room
temperature (~22 °C), and then concentrated HCI (12 mL) was added
dropwise at 0 °C. After 1 h, the solution was loaded on a Dowex SOWXS,
H*, 400 mesh (70 g) column preconditioned with distilled water. The
column was eluted with water to neutrality (~200 mL) and then
stepwise eluted with 100 mL portions of 0.3, 0.6, 0.9, 1.2, 1.5, 1.8, and
2.1 molar solutions of aqueous ammonia. Compound § eluted with
0.9 M ammonia. We obtained 950 mg (yield 50%) after lyophilization.
UPLC—MS ESI" (rt 3.35 min). MS—MS: M + H = 234 (fragments
selected for SRM: 122 and 87). Mixture of two diastereoisomers: 'H
NMR (500 MHz, D,0) 6 4.11 (dd, J = 7.1, 3.8, 1H); 4.04 (dd, ] = 7.2,
3.9, 1H); 3.23—3.02 (m, 6H); 2.96—2.77 (m, 4H); 2.23 (s, 3H); 2.22 (s,
3H); 1.63—1.53 (m, 4H); 1.46—1.33 (m, 4H); 0.89 (t, J = 7.3, 6H).
Major diastereoisomer (55%/45%,): *C NMR (125 MHz, D,0) 9
216.7 (s), 174.7 (s), 56.4 (d), 50.9 (t), 43.4 (d), 39.8 (t), 33.7 (t), 32.8
(q), 22.3 (t), 16.0 (q). Minor diastereoisomer: >*C NMR (125 MHz,
D,0) 0 216.7 (s), 174.6 (s), 56.6 (d), 51.3 (t), 43.7 (d), 39.5 (t), 33.5
(1), 32.7 (q), 22.3 (t), 15.9 (q)-

Preparation of S-(3-Hydroxy-1-propylbutyl)-L-cysteine 7.
N-Boc-cysteine (2.0 g,9 mmol), Cs,CO; (1.5 g 4.6 mmol), (3E)-hepten-2-one

3 (1.57 g, 14 mmol), and acetonitrile (3 mL) were stirred overnight at
room temperature (~22 °C). NaBH, (304 mg, 8 mmol) was added
portionwise to the reaction mixture at 0 °C. The reaction was stirred for
1 h at room temperature, and then concentrated HCl (12 mL) was
added dropwise at 0 °C. After 1 h, the solution was loaded on a Dowex
S0WX8, H", 400 mesh (70 g) column preconditioned with distilled
water. The column was eluted with water to neutrality (~200 mL) and
then stepwise eluted with 100 mL portions of 0.3, 0.6, 0.9, 1.2, 1.5, 1.8,
and 2.1 molar solutions of aqueous ammonia. Compound 7 was eluted
in two fractions, 1.2 and 1.5 M NH,OH; after lyophilization, we
obtained 1.94 g (yield 91%). UPLC—MS ESI* (rt 2.59—2.70 min).
MS—MS: M + H = 236 (fragments selected for SRM: 147, 115, 97).
Mixture of four diastereoisomers: "H NMR (500 MHz, D,0) 6 4.15—
4.06 (m, 2H); 4.05—3.97 (m, 2H); 3.95—3.89 (m, 4H); 3.17—2.98 (m,
8H); 2.95—2.85 (m, 4H); 1.79—1.53 (m, 16H); 1.50—1.37 (m, 8H);
1.21(d,J=62,9H); 1.20 (d,] = 6.2, 3H); 0.91 (t, ] = 7.3, 12H). Mixture
of four diastereoisomers: "*C NMR (125 MHz, D,0) O 175.64 (s),
175.56 (s), 175.54 (s), 175.5 (s), 68.6 (d), 68.5 (d), 68.1 (2d), 57.02 (d),
56.96 (d), 56.95 (d), 56.87 (d), 46.0 (2t), 45.8 (2t), 45.7 (d), 45.4 (1),
453 (2d), 452 (d), 40.1 (t), 40.0 (t), 38.78 (t), 38.77 (t), 333 (t), 332
(t),33.1 (t), 33.08 (t), 25.3 (q), 25.2 (q), 25.0 (2q), 22.02 (t), 22.0 (t),
21.9 (t), 21.8 (£),16.04 (2q), 1601 (q), 15.99 (q).

Preparation of S-(3-Hydroxy-1-methylhexyl)-L-cysteine 8.
N-Boc-cysteine (2.0 g, 9 mmol), Cs,CO;3 (1.5 g 4.6 mmol), (2E)-
hepten-4-one 4 (1.57 g, 14 mmol), and acetonitrile (3 mL) were stirred
overnight at room temperature (~22 °C). NaBH, (304 mg, 8 mmol)
was added portionwise to the reaction mixture at 0 °C. The reaction was
stirred for 1 h at room temperature, and then concentrated HCI (12 mL)
was added dropwise at 0 °C. After 1 h, the solution was loaded on a
Dowex SOWX8, H", 400 mesh (70 g) column that had been conditioned
with distilled water. The column was eluted with water to neutrality
(~200 mL) and then stepwise eluted with 100 mL portions of 0.3, 0.6,
0.9, 1.2, 1.5, 1.8, and 2.1 molar solutions of aqueous ammonia. The
fractions were analyzed by liquid chromatography—MS (LC—MS), and
compound 8 was found in the fraction eluted with 1.5 M ammonia. The
fraction containing a mixture of diastereoisomers of compound 8 was
lyophilized to give 1.88 g (yield 88%). UPLC—MS ESI™* (rt 2.69—2.77
min). MS—MS: M + H =236 (major fragments for SRM: 97, 115, 147).
Mixture of four diastereoisomers: "H NMR (500 MHz, D,0) 6 3.96—
3.86 (m, 6H); 3.84—3.76 (m, 2H); 3.23—2.99 (m, 12H); 1.79—1.70 (m,
2H); 1.69—1.57 (m, 6H); 1.51—1.29 (m, 28H); 0.91 (t, ] = 7.2, 12H);
3C NMR (125 MHz, D,0) 8 175.63 (s), 175.6 (2s), 175.58 (s), 71.6
(2d),71.55 (d), 71.5 (d), 56.9 (d), 56.8 (d), 56.76 (d), 56.7 (d), 46.4 (t),
463 (2t), 46.0 (t), 41.7 (d), 41.68 (t), 41.6(t), 41.4 (t), 40.6 (d), 40.0
(d), 39.5 (d), 394 (d), 33.3 (t), 33.2 (t), 33.1 (2t), 24.6 (q), 244 (q),
22.7 (q), 22.6 (q), 20.9 (4t), 162 (2q), 16.1 (2q).

Syn/anti 2,4-Heptanediol 9. (3E)-Hepten-2-one (2.2 g, 20
mmol) 2, benzyl alcohol (19 g 180 mmol), and tetramethyl guanidine
(0.46 g, 4 mmol) were stirred at room temperature for 48 h. EtOH
(70 mL) and NaBH, (760 mg) were added. After 8 h, the solvent was
removed under vacuum and the residue extracted with Et,O and washed
with 0.1 M HCL. The organic phase was dried over MgSO, and
concentrated under vacuum. The crude oil was distilled on a 1 cm
Vigreux column under reduced pressure (1 mbar, oil bath 80 °C) to
remove benzyl alcohol. We obtained 2.5 g (yield 56%) of both syn and
anti diastereoisomers. The residue was then rediluted in EtOH (25 mL)
and deprotected by catalytic hydrogenation (Pd/C 5%, 250 mg) over-
night. The reaction mixture was filtered and the EtOH removed under
reduced pressure to obtain 1.2 g (yield 80%) of the syn and anti diols 9.
The structure was confirmed by GC—MS (same MS for both stereo-
isomers and same retention time on GCgpp.; column) and by 'H and
13C NMR. MS: m/z 132 (0), 114 (5), 89 (45), 73 (50), 71 (62), 55 (76),
45 (90), 43 (100). *C NMR (125 MHz, CDCl;) (syn or anti): O 72.7
(d), 69.1 (d), 44.7 (t), 40.4 (t), 24.1 (q), 18.5 (t), 14.1 (q). *C NMR
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(125 MHz, CDCl;) (syn or anti): 6 68.9 (d), 65.3 (d), 44.2 (t), 39.6 (t),
23.5 (q), 19.0 (t), 14.1 (q).

(2R,2'R)-3,3'-(4-Hydroxyheptane-2,6-diyl)bis(sulfanediyl)-
bis(2-aminopropanoic acid) 10. To a solution of the diol 9 (660
mg, S mmol) in toluene (S mL) containing triethylamine (3.35 mlL,
30 mmol), methanesulfonyl chloride (1 mL, 20 mmol) was added
dropwise at —30 °C. The reaction mixture was poured on a mixture of
ice and 2 M HCI and extracted with Et,0O, and the organic phase was
dried on MgSO,. The solvent was removed under vacuum to give 1.2 g
(yield 84%) of the bis mesilate. MS: m/z 288 (1), 175 (55), 149 (100),
123 (30), 97 (95), 79 (56), 71 (43), 55 (75). *C NMR (125 MHz,
CDCl;): 0 79.1 (d), 75.7 (d), 41.8 (t), 38.8 (q), 38.7 (q), 36.5 (t), 21.2
(9), 182 (t), 13.7 (q).

The doubly protected N,O(BOC),-cysteine (1.2 g, 4.5 mmol),
prepared according to Chevallet et al,"® was dissolved in N-methylpyr-
rolidone (2.5 mL) in the presence of Cs,CO; (1.5 g 4.6 mmol) and
stirred for 2 h at 22 °C before addition of the double-mesylated alcohol
prepared earlier (430 mg, 1.5 mmol). The mixture was heated at 80 °C
for 16 h. The reaction mixture was extracted with EtOAc, and salts were
removed by extraction with H,O. The organic phases were dried on
MgSO, and concentrated to obtain crude brownish oil (1.97 g). By thin
layer chromatography (HPTLC silica gel 60 F254, Merck 1.05628.0001)
with the elution system hexane/ethyl acetate (4:1), the starting material
had an Ry of 0.5, and two new spots with an Ry of 0.69 and 0.84 were
observed. This crude mixture was diluted in a solution of CH,Cl, (S mL)
and trifluoroacetic acid (TFA; 10 mL) and stirred for 2 h at 22 °C. The
TFA was removed by azeotropic distillation in the presence of toluene
(2 x 25 mL). The crude oil was then diluted in water, loaded on a
Dowex 50 X 8 column, and eluted as described earlier. By LC—MS, a
peak with molecular mass corresponding to the desired compound was
found in three fractions (0.4 g), which eluted with 0.9, 1.2, and 1.5 M
ammonia. The product was further purified by CPC (Armen In-
strument). The solvent system was butanol (3.8 parts), acetic acid
(1.2 parts), and water (5.0 parts), and the partition coefficient was K =
0.53. The flow rate was 6 mL/min, the mobile phase volume 100 mL, the
stationary phase 400 mL, the rotation 2500 rpm, and the pressure 37 bar.
By our calculations, the product should have been in fraction 26, and it
was effectively recovered in fractions 20 to 26. The solvent was removed
under reduced pressure, water was added, and the solution was finally
lyophilized to give 75 mg (yield 14.8%) of a white powder corresponding
to the desired compound 10. UPLC—MS ESI™* (rt 2.35 —2.46 min).
MS—MS: M + H = 339 (major fragments for SRM: 129, 154, 218). '*C
NMR (125 MHz, D,0) tentative description of a mixture of diaster-
eoisomers: 0 173.6—173.7 (2s), 55.8 (2d), 46.7 (d), 44.2—44.4 (t), 41.0
(d), (39.0, 39.1, 39.4) (), (32.0, 32.1, 32.3, 32.4, 32.5, 33.7) (1), (23.2,
23.3,26.1) (q), (20.0, 22.0, 22.2) (t), 16.0 (q).

Analysis of Cysteine-S-Conjugates in Bell Peppers. One
kilogram of green bell peppers and 1 kg of red bell peppers were mixed
with water (750 mL), ethanol (200 mL), and formic acid (S mL) and
processed in a food processor to obtain a slurry (2—3 min). An IS,
S-[1-(2-hydroxyethyl)-1-methylbutyl]-L-cysteinyl glycine (1.0 mg), was
added (M + H = 293)."* The emulsion was centrifuged at 8250g for
45 min at S °C. The clear supernatant (1550 mL) was concentrated
under partial vacuum at 30 °C to give 150 mL. This was used for
quantitative analysis (1 mL). The remainder was loaded on a Dowex
column. The column was eluted with water to neutrality (~250 mL) and
then stepwise eluted with 100 mL portions of 0.3, 0.6, 0.9, 1.2, 1.5, 1.8,
2.1, and 2.8 molar solutions of aqueous ammonia. Fractions that eluted
with 0.9 M ammonia to 2.1 M ammonia solutions were pooled together,
the ammonia was removed under vacuum, and the extracts were
lyophilized to give 3.89 g for the green bell pepper and 6.11 g for the
red bell pepper powder. These powders were used for enzymatic
treatment.

Calibration curves were established in SRM mode with the authentic
samples at different concentrations in 0.1% water/formic acid of 0.01,
0.10, 1.00, 10.00 ¢g/mL. Calibration curves had excellent values for the
square of the Pearson correlation coefficient, from 0.9994 to 1.0000.

Release of Free Thiols from Cysteine-S-Conjugates. A
buffered solution of potassium phosphate (100 mM, pH 8) contain-
ing ethylenediaminetetraacetic acid (1 mM), pyridoxal S phosphate
(0.1 mM), and vr-glutathione in reduced form (1 mM) was prepared.
Apotryptophanase (from Escherichia coli, activity 75—150 units/mg,
Sigma-Aldrich) was freshly prepared (1 mg in 0.5 mL of buffer). Two
solutions of standard containing S, 7,and 12 (0.01 mL, containing 10 #g
of each precursor) were added to the buffer (1.5 mL). Two solutions
containing the green and red bell pepper Dowex fraction (1 g) in the
buffer (S mL) were prepared. The enzyme (0.5 mL) was added to one of
the standard solutions and one of the green or red bell pepper solutions.
The six mixtures were incubated for 30 min at 35 °C in sealed vials. The
incubated mixtures were cooled in ice and dichloromethane (0.5 mL)
added. The solution was vigorously stirred and then centrifuged. The
organic phases were dried over Na,SO, and loaded on a Pasteur pipet
equipped with a small cotton plug and loaded with 1 mL of Affigel, and
then the free thiols were eluted as described previously.'>'* The
concentrated thiol fraction (about 20—S0 uL) was injected on the
GC—MS, and the occurrence of the thiols of interest was searched with
the MS in SIM mode. The structure was confirmed by MS fragmentation
pattern and by linear retention index (on polar columns) in accordance
with the authentic samples.'> The water phase was also injected on the
LC—MS to check whether the precursors were transformed.

B RESULTS AND DISCUSSION

Preparation of Authentic Samples. Authentic samples S—8
were synthesized from N-Boc-cysteine by Michael-type addition
to the corresponding a,-unsaturated ketones (E)-3-hepten-2-
one 3 and (E)-2-hepten-4-one 4 (Figure 1). The synthesis was
performed with cesium carbonate (Cs,COj3) as a base. Various
bases were used to perform the Michael addition of cysteine or
glutathione to of-unsaturated aldehydes, including NaOH,*
Na,CO5,"” and Et;N,'® but Cs,CO; is thought to be more
efficient because cesium thiolate is well soluble in organic solvent.
Cesium thiolate also displayed very good nucleophilicity'® and
was previously used for the addition of N-Boc-cysteine to (E)-2-
hexenal.*®

The nucleophilic sulfur atom can approach the sp> carbon of
the a,f-unsaturated aldehydes from the si-face or the re-face. In
basic conditions, we do not expect diastereoselectivity and
therefore we expect to obtain two diastereoisomers of 5 and 6.
In nature this reaction is catalyzed by glutathione transferase, but
the stereoselectivity of this class of enzyme has not been
reported. Compound § was carefully purified and analyzed by
NMR. It was obtained with a moderate yield of 50%, which could
be explained by the retro-Michael occurring during the Dowex
purification. The 'H NMR of 5 confirms the presence of the o
proton of at-amino acid at 4.11 ppm and at 4.04 of the two
diastereoisomers. The proton signal integration displayed a 3:2
diastereoisomeric ratio. All other signals, such as a singlet at 2.23
and at 2.22 ppm, which are typical for a methyl linked to a
carbonyl, are in agreement with the expected compound $. The
13C NMR also confirmed the structure with, for example, the
presence of a singlet at 216.74 and at 216.71 ppm for the ketone
function, or the typical doublet at 56.61 and at 56.40 for the a
carbon of 0-amino acids. Compound 6 was lost during purifica-
tion; a crude sample was analyzed by UPLC—MS and MS—MS
to record its spectral data. The two diastereoisomers of § or 6 are
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Figure 1. Structures of compounds 1 and 2 reported previously to occur naturally in bell peppers.® Synthesis of cysteine-S-conjugates 5—8 used as
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Figure 3. (A) UPLC—MS trace of diastereoisomers corresponding to 7 monitored in SRM MS—MS of M + H =236, collision energy: 35 eV [96.50—
97.50; 114.5—155.50; 146.50—147.50]. (B) UPLC—MS trace of compound 8, same SRM mode. (C) UPLC—MS trace of red bell pepper, same SRM
mode. (D) MS—MS fragment intensities of 7. (E) MS—MS fragment intensities of 8. (F) MS—MS of red bell pepper extract (C) from 2.55 to 2.63 min.

(G) MS—MS of red bell pepper extract (C) from 2.73 to 2.77 min.

not separated, but compounds § and 6 have different retention
times. The fragmentation in MS—MS of (M + H = 234)
displayed two major fragments, m/z 122 corresponding to
cysteine as a result of the retro-Michael, and m/z 87 as a result
of the elimination of H,S from cysteine (Figure 24, 2B).
Compounds 7 and 8 were prepared via the reduction of the
N-Boc protected adduct. The reduction is not stereoselective;
therefore, we obtained a mixture of the four possible diastereoi-
somers. The proton NMR analysis for compound 7 clearly
showed four embedded signals for the a proton of the at-amino
acid moiety at 4.15—4.06 and 4.05—3.97 ppm, as well as for the
corresponding carbon in 3C NMR: 57.02, 56.96, 56.95, 56.87
ppm. The NMR analysis of compound 8 displayed the same
pattern, confirming the expected structure of 8; however, it
contained 5% of cystine. These references were injected on the
UPLC—MS—MS. For compound 7, a cluster of peaks represent-
ing all of the possible diastereoisomers was observed at M + H =
236 (Figure 3A). The peak shape of compound 8 was even less
instructive about diastereoisomer distribution, but it eluted
slightly later compared with 7, which allowed us to selectively
look for it in bell pepper. The resolution of peaks between 7 and 8
was not good enough to quantify 7 and 8 independently
(Figure 3B). To prove the occurrence of 7 in bell pepper,
the mass of 236 was fragmented and monitored in SRM mode

m/z = 147 (C;H,508S), corresponding to the -elimination of
cysteine, and then to the loss of the sulfur atom m/z 115
(C5H,50), and finally to the loss of water m/z 97 (C;H,3)
(Figure 3D). Compound 8 displayed the same fragmentation
pattern (Figure 3D, 3E). These fragmentations were proposed by
Mass Frontier software (Thermo Scientific).

The preparation of 10 was more difficult. Benzyl alcohol was
added to (E)-3-hepten-2-one 4. After reduction, heptane-2,4-
diol 9 was obtained and treated with mesyl chloride to transform
the two hydroxyl functions into good leaving groups, which were
then substituted by the nucleophilic addition of doubly protected
cysteine (Figure 4). Ion exchange chromatography did not afford
product 10 in sufficient purity. For this reason, we further
purified the fraction by CPC.*' The advantage of this technology,
compared with preparative high-performance liquid chromatog-
raphy, is that it is possible to load more than 1 g per injection.
Once the solvent system is established, according to the K
(partition coefficient) and the operating parameters, it is possible
to determine the fraction in which the product should be
recovered.”” Therefore, when the natural extract is processed
under the same conditions, it is possible to locate quite precisely
the fraction in which the targeted compound should be present
(these results are not documented). The major drawback of the
CPC is the use of a large amount of solvent; in our case, the
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Figure 4. Preparation of bis-cysteine-S-conjugate 10.
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Figure S. (A) UPLC—MS trace of diastereoisomers of 10 monitored in SRM: MS—MS M + H = 339, collision energy 35 eV [128.50—129.50; 153.5—
154.50; 217.50—218.50]. (B) Red bell pepper extract. (C) Intensity of 10 fragments at 2.35—2.46 min. (D) Fragments observed in red bell pepper

extract at 2.36—2.39 min (from B).

solvent system was butanol, acetic acid, and water, which was
difficult to remove. We also observed background noise from
contaminants originating from butanol and acetic acid. We
obtained a white powder that was soluble in 0.1 M DCI to
measure NMR. The spectra are complicated because of the
presence of all diastereoisomers, but in "H NMR at 4.35—4.25
there is a typical signal for the 0-proton of cysteine, as well as a
broad signal at 3.28—3.10 corresponding to the —CH,— of
cysteine. The doublet accounting for the methyl CH;—
CH—(SR)—R was attributed to complex signals of embedded

doublets at 1.3 ppm. The methyl at the end of the chain gave a
triplet at 0.9 ppm. The >C NMR is also very complex and
tentatively described in the Materials and Methods and added as
Supporting Information. The UPLC-ESI" displayed M + H =
339, corresponding to the chemical formula C;3H,6N,0,S, in
ESIT™ MS—MS. The fragments used in SRM mode were (m/z =
218) resulting from the loss of one cysteine, and then a fragment
resulting from the beta elimination of a second cysteine (m/z =
154) (although no fragments were suggested by Mass Frontier),
and finally m/z = 129, which seems to correspond to the chemical
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Table 1. Summary of the Results Obtained by Quantification
in SRM Mode for Red and Green Bell Peppers

concentration” (ug/kg)

bell pepper type 2 S 7+8 12 1S

green 47+02 33405 67.7+13.5 32+0.6 587+ 329
red 02£0.1 145£02 107.7£214 0.8£02 549+£86.2
“Values represent the mean =+ SD. IS, internal standard.

formula C;H,5S™ (Figure 4A, 4B). We are confident that we
detected the authentic sample of the precursor of 2,4-heptane-
dithiol 11 or the corresponding dithiolane,'* in the volatile of the
bell pepper.

Analysis of Bell Peppers. Fresh extracts were prepared from
red and green bell peppers. Compound 5 was searched at 3.35
min in all bell peppers, in SRM mode m/z 122 and 87 coming
from M + H = 234. Its occurrence was obvious in green bell
pepper (Figure 2C, 2E). We also observed the other expected
compound 6 at 3.42 min (Figure 2D, 2F), but only in red bell
pepper and with less abundance. The alcohol derivatives 7 and 8
were detected in all bell peppers analyzed; Figure 3C, 3F, and 3G
illustrate their occurrence in red bell pepper. The presence of the
two diastereoisomers of 2,4-heptane dithiol 11 in the volatile
portion of green bell pepper'” led us to postulate the occurrence
of 10. This postulate was positively confirmed by the detection at
2.36 and 2.42 min of a mass of M + H = 339 having the same
fragmentation pattern as the authentic sample (Figure SB, SD),
even though the peak shape of the four possible diastereoisomers
10 is quite different from that of the diastereoisomer distribution
in the natural product. The occurrence of (E)-2-hexenal was
documented in green bell pepper;”'° for this reason, we expected
to find S-(1-(2-hydroxyethyl)butyl)-L-cysteine 12, which was
prepared previously.”® In all extracts we detected it at 2.04 min,
which was the same retention time of reference 12, fragments
m/z 187, 101, and 83 coming from M + H = 222. This finding
also confirms the occurrence of 12 in bell peppers.

Quantitative Analysis of the Precursors 2, 5, 7, 8, and 12.
The calibration curves were made with the authentic samples.
Compound 6 decomposed during its purification, and thus we
omitted this compound from the analysis. The '"H NMR of
compound 8 displayed the presence of cystine (11%); because of
this contamination, no calibration curves were made for 8. The
"H NMR of compounds 2, 5, 7, and 12 displayed purity of more
than 95%, and no other compounds were detected by UPLC—
MS. These compounds are considered to be obtained in their
neutral form (R—COO~, R—NH;") according to the condi-
tions used for the elution of the Dowex column. Although we
have no information regarding the possible presence of water, the
powders were free-flowing; therefore, we ignored the possible
presence of water, in agreement with the observations of other
groups that have also performed several quantifications with
cysteine—S-conjugates.16’18 For compounds 7 and 8, we consid-
ered a peak area from 2.57 to 2.75 min and we used the
calibration curve for 7. This gave a reasonable idea of the content
of these conjugates, as the objective was not to obtain precise
quantification. Previous results obtained for 2° demonstrated
variations in the content of these precursors by a factor of close to
20 between different lots. The quantification was performed on
the crude extract of one red bell pepper lot and one green bell
pepper lot, repeated twice. The results are summarized in Table 1,
the values representing the average of two measures in SRM

NH,
RIS |
HO. s OH Plyase SH
R > /W\OH
© RIS
12 13
NH:  ris RiS B-lyase SH OH SH QH
s R » :
HO\H)R\/ W 1 Rz)\/'\R1 TRy Ry
o} R, OH RIS R/S RIS RIS
syn anti

7-8
14: R, = CHy; R, = CgHy
15; Ry = C4H7; Ry = CHy

Figure 6. Chemical scheme of volatile thiols obtained after enzymatic
treatment.

mode and the variation (£) reflecting the standard deviation
(SD). The more abundant conjugates were 7 and 8. Compound
S was present in red and green bell pepper. Compounds 2 and 12
were more abundant in green bell pepper, but to confirm these
trends, more data should be obtained from many different lots of
green and red bell pepper (Table 1). The IS quantified at 587
(£33) ug/kg in the green bell pepper and at 549 (£86) ug/kgin
the red bell pepper indicated a recovery factor of 59% and 55%,
but the recovery factor was not used to adjust the concentration
values of 2, 5, 7 + 8, and 12.

Release of Volatile Thiols. Thiols can be released from
cysteine-S-conjugates by enzymes called fB-lyases.* Confirming
proof of the occurrence of cysteine conjugates as precursors of
volatile thiols would be to release the corresponding free thiol
from the fraction containing them when treated with a f-lyase.
Apotryptophanase (EC 4.1.99.1) is a commercially available f3-
lyase. It was used according to a protocol published by Peyrot des
Gachons et al. in 2000.”> The incubation was performed on a
model system containing 10 ug each of 5, 7, and 12 in 1.5 mL of
buffer (Figure 6). After incubation, no precursors were detected
in the water phase. The volatile organic sulfur, extracted with
dichloromethane and injected on GC—MS, confirmed the for-
mation of compounds 13 and 14, as well as 4-sulfanyl-2-
heptanone from $. Conjugate 7 was found to release the two
expected syn and anti diastereoisomers 14, LRIs 1742 (reference
1746) and 1760 (reference 1763).2

The estimated concentration of conjugates in the Dowex
fraction was 107.7 (+21.4) ug/kg for 7 and 8 together in red
bell pepper. From 1 g of the Dowex fraction, if the enzymatic
transformation converts all of the precursors in the volatile thiols,
after concentration of the CH,Cl, extract, we expect to obtain a
concentration of free thiols of about 1 mg/kg, which is close to
the detection limit in GC—MS-SIM (signal/noise <S). The
problem was the presence of many other compounds extracted
with dichloromethane. Therefore, we had two options: to further
purify the fraction containing the cysteine-S-conjugates or to
purify the organic extract containing free thiols by affinity
chromatography (Affigel).'”'* The concentration of the volatile
organic thiols was the option chosen, after which we were able to
confirm by GC—MS the formation of the stereoisomers of 14
and 15 with LRIs, consistent with those published (1720,
reference 1722 and 1740, reference 1745)"* in red bell pepper
and of §, 7, 8, and 12 in green bell pepper.

This work confirms that cysteine-S-conjugates previously
detected in Vitis 1/inifem,23’24 Allium sp.,25 Asparagus,26 and
Citrus®® are ubiquitous in natural products and represent one
major precursor pathway to volatile organic sulfur compounds.
Cysteine-S-conjugates are important flavor precursors,27 and
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agronomists should take into account the importance of this
metabolic pathway to develop tasty new bell peppers.
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