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High-performance liquid chromatography combined with diode array and electrospray ionization mass
spectrometric (MS) detection was used to study phenolic compounds in berries of black, green, red,
and white currants (Ribes spp.). UV—visible spectrometry was a valuable tool for the identification of
the class of the phenolic compound, whereas MS and MS-MS fragmentation data were useful for
further structural characterization. Distinct similarities were found in the relative distribution of
conjugated forms of phenolic compounds among the four currants. Phenolic acids were found mainly
as hexose esters. Flavonol glycosides and anthocyanin pigments were mainly found as 3-O-rutinosides
and second as 3-O-glucosides. However, cyanidin 3-O-sambubioside and quercetin hexoside—
malonate were notable phenolic compounds in red currant. Flavonol hexoside—malonates were
identified and quantified in the berries of currants for the first time.

KEYWORDS: Food analysis; berries; currants; phenolic compounds; HPLC; mass spectrometry; diode
array detection

INTRODUCTION analysis of phenolic compounds (8, 9, 13—15). The UV—

. henoll ds h ved h . visible absorption spectra of phenolic compounds enable
Dietary phenolic compounds have received much attention ;e nification and classification of chromatographic peaks into
during recent years due to their antioxidant and other biological classes, but the combination of these data with mass spectra

properties imparting possible benefits to human hedlth4). (MS) data and information from the respective literature can

Berries and fruits are rich sources of phenolic compousdls (e jsed for tentative identification of the conjugated forms
including anthocyanins, flavonols, ellagitannins, and hydroxy- (15—18).

benzoic and hydroxycinnamic acid derivatives as well as flavan-
3-ols and their polymeric forms proanthocyanidifs-0). The

evaluation of berries as a source of dietary phenolic antioxidants
involves questions about their absorption, distribution, metabo-
lism, and excretion. It was suggested that the number, position,
and nature of conjugated sugars have an influence on the
absorption and bioavailability of flavonolsl@—12). Hence,

Soft ionization electrospray mass spectrometry provides the
molecular masses of chromatographically separated molecules,
and tandem mass spectroscopy (MS-MS) provides extra struc-
tural details of thermally labile, nonvolatile polar phenolic
compounds. lonization may be performed in the positive and/
or negative ion mode. In the negative ionization mode, acidic
_studies on the quanti_fication of phenolic cor_npounds should take ?lyéj_r%?)/b::dz ?rllctﬁg %Qgﬁ%ﬁ%ﬂgggcg c?tlj(jes %Z@r?;(:;ag;f;!y
into account the variable structures of their conjggated forms. with the cations in the sample or mobile phase, for example,

The most frequently used analytical technique for the gsodjum ions (1722, 23). Depending on the chromatographic
separation of phenolic compounds is reversed-phase high-conditions, monomeric flavan-3-ols and dimeric and trimeric
performance liquid chromatography (RP-HPLEFY Detection  proanthocyanidins favor both protonation to positive ic2)(
techniques for HPLC methods are various, but diode array ang deprotonation to negative ior20(25—-27); the latter takes
detection (DAD) is currently the most widely available and pj3ce more easily with the longer proanthocyanidin chags. (
commonly used technique for routine qualitative and quantitative Fjgyonol glycosides also show response in both positive and
negative ionization modes (184, 29, 30), and anthocyanins

* Corresponding author (telephon¢358-17-163103; fax+358-17- are mainly identified in positive ion mode in their native forms,
163322; e-mail Kaisu.Maatta@uku.fi). ) that is, positive flavylium cations (31—33).
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OR, Hydroxybenzoic acids and derivatives R R: R by Méitta et al. ). Frozen berries were homogenized, and samples
R D e s hooside 1 B heose were weighed in centrifuge tubes for extraction. Hydroxycinnamic acid
Pryarogpenzoyihexose @8) B e derivatives, flavan-3-ols, dimeric and trimeric proanthocyanidins, and
0P or Vanilloylhexose (3) CH;O hexose H flavonol glycosides were first extracted using ethyl acetate with
’ intermittent mixing and centrifugation. The residue of the berry matrix
OR, N o was acidified with hydrochloric acid (2 M, 2 mL), and anthocyanins
R Hydroxycinnamic acids and derivatives R Rz Rs . . . . .
" Caffeic acid OH H H and some residues of flavonol glycosides and hydroxycinnamic acid
podsandiel o hexose H derivatives were extracted into methanol. The ethyl acetate extract and
-Coumaric acid 4-O-glucoside (@ H H lucose i
P OSSR @ 0 et an aliquot of_the mgthanol extract were sepa_trately evaporated to dry_ness
Ferulic acid CH:O H H and reconstituted into methanol for analysis by HPLC. Anthocyanins
0% 0R, Feruloylhexose (12) CH:O hexose H

of black currant were analyzed directly from the methanol extract. The
occurrence of quercetin hexosigimalonate in the red currant was

FI -3-ol d th: idi Ry R: 1 H H H H H
an o o cpedtechin = B0 81 - K H confirmed according to the modified method of Lin et 8K, in which
@ §;F)’ggca_l('g§§g°(*1")” =Ecces) o (HE)GC an ethyl acetate extract reconstituted in methanol was heated in a sealed
Ho @ O \ gg%g%g)s) H ggc vial at 70°C for 30 h and cooled to room temperature prior to analysis.
c - .
oH (E)GC-E)GC-EC 6B) oH (B)ac-BC LC-DAD and LC-MS Analyses. The HPLC apparatus consisted
oH R, of a Hewlett-Packard instrument with a 1100 series quaternary pump,
an autosampler, and a diode array detector linked to an HP-ChemStation
F o g ones and glycosides B & & data handling system (Waldbronn Analytical Division, Germany). The
Myricetin 3-O-rutinoside (15) OH  OH  rutinose separation of the phenolic compounds was achieved on a LiChroCART
Myricetin 3-O-glucoside (16) OH OH  glucose i
Quercetin o OH H H Purospher RP-18e column (1253 mm i.d., 5um, Merck, Darmstadt,
e S e o S Germany) protected with a guard column of the same material 44
K: ferol H H H i i i
Koomoord .0-utnoside 238 h H wtnose mm). The system used for LC-MS analysis was a Flnnlg'an MAT LCQ
Kaempferol 3-O-glucoside (24) H H  glucose ion trap mass spectrometer (San Jose, CA) equipped with a Rheos 400
HPLC pump (Danderyd, Sweden). Conditions for the initial ionization
Anthocyanidins and anthocyanins ROORR in the positive and negative ionization modes included capillary voltages
el nidin
Delphindn 30-glucosice (anf) ~ OH  OF  glucose at+4.5 and—3 kV and a temperature at 22&. The MS data were
e 3-0-glucoside (An) S0 s acquired as full scan mass spectrardz 150—1500 by using 200 ms
for collection of the ions in the trap. Tandem MS (MS-MS) was
Figure 1. Structures of aglycons and conjugates of phenolic compounds performed using helium as the collision gas, and the collision energy

was set at 30%. MS revealed the positive or negative molecular ions;
MS-MS broke down the most abundant ones with dependent collision-

Grossulariaceae; syn. Saxifragace&®) Black Ribes nigrum induced dissociation.

and red Ribes x pallidum) currants are widely cultivated in For the analysis of hydroxycinnamic acid derivatives, flavan-3-ols,
North America and Europe, but their unpigmented variants dimeric and trimeric proanthocyanidins, and flavonol glycosides in LC-
green (Ribes nigrum) and whit®ipesx pallidum) currants, DAD and all phenolic compounds in LC-MS, a 20 min linear gradient

| The ai f thi is tentativelv to identi from 5 to 30% acetonitrile in 1% formic acid in water was used. The
are less common. The aim of this paper is tentatively to identify gradient for LC-DAD was achieved using acetonitrile and 1% formic

the structures of the conjugated forms of phenolic compounds 5 in the separate bottles, but for the accurate performance of the
in currants by combining data obtained by DAD and electrospray pump in LC-MS, 10% of organic solvent was premixed in the water
ionization MS after separation by RP-HPLC. The sample phase. For the quantification of anthocyanins in LC-DAD, the separation
preparation is based on sequential extraction, which meanswas achieved using 5% formic acid in water and acetonitrile according
prefractionation of anthocyanins from the other phenolic to the following gradient: 510% acetonitrile (85 min), 10%
compounds (9). After identification, individual derivatives of ~acetonitrile (5-10 min), 16-40% acetonitrile (16-25 min), and finally

hydroxycinnamic acids, flavonol glycosides, and anthocyanins 40—90% acetonitrile (25—35 min). Both gradients were at a flow rate
(Figure 1) were quantified using LC-DAD of 0.5 mL/min. Because different gradients were used for anthocyanins

and the other phenolic compounds, the retention times for these classes

are not comparable.

MATERIALS AND METHODS LC-DAD was used for spectral and chromatographic analysis and
Samples and StandardsBerries of black R. nigrumcv. Gjebyn), quantification. Identification and quantification of the peaks in DAD

green (R. nigruncv. Vertti), red R. x pallidumcv. Red Dutch), and chromatograms were the same as in the previous st@par{d in

white (R.x pallidumcv. White Dutch) currants obtained from a local ~accordance with common practicd3). Peak assignment of the

market in 1999 were used for the identification of phenolic compounds conjugated forms of phenolic compounds in the chromatograms was

with LC-DAD and LC-MS. For the quantification, fresh berries were based on the comparison of their spectral characteristics with those of

found in Ribes spp. (peak numbers in parentheses).

harvested at maturity in 2000 and analyzed within 2 d&ys ( the representative standards of the phenolic classes (9). UV—visible
The phenolic compounds-hydroxybenzoic acid (H5376), vanillic spectral maxima were approximated from the isoplot of the peak within

acid (V2250), chlorogenic acid (C387&}coumaric acid (C9008);#)- a variation of+2 nm. The conjugated forms of phenolic compounds

catechin (C1251), )-epicatechin (E1753), rutin (quercetin-C& were quantified using the response factors of their representative

rutinoside or quercetin-8-glucose-rhamnoside) (R5143), quercetin  standards near their characteristic wavelengths of maximum absorption
(Q0125), and kaempferol (K0133) were purchased from Sigma Chemi- (hydroxycinnamic acids at 320 nm, flavonol glycosides at 360 nm, and
cal Co. (St. Louis, MO), and myricetin was obtained from Fluka (Buchs, anthocyanins at 520 nm). Response factors of anthocyanins were
Switzerland). Delphinidin and cyanidin@G-3-glucosides were obtained  determined in acidified methanol (0.6 M HCI). The contents of
from Polyphenols AS (Sandnes, Norway), and delphinidin (0904S) and hydroxycinnamic acid derivatives and flavonol glycosides in the ethyl
cyanidin (0909S) chlorides were purchased from Extrasynthese (Geneyacetate extract and their residues in the methanol extracts were
Cedex, France). These commercial standards were dissolved in methanotombined. The minimum for the shown quantified values (0.4 mg of
to a concentration of~1 mg/mL and stored at-20 °C as stock aglycon/kg of fresh weight) was determined by the lowest concentration
solutions. A base hydrolysate of flaxseed extract containin@-4-  of standards in the calibration curves.
glucosides op-coumaric acid and ferulic acid was obtained as described  The conjugated forms of phenolic compounds were further identified
by Johnsson et al. (22). by HPLC with electrospray ionization mass spectrometric (ESI)
Sample Preparation. The extraction of berries in a two-step  detection. The parameters for positive ionization were adapted from
procedure with ethyl acetate and methanol has previously been describedHékkinen et al. 29) and those for negative ionization from Mammel&a
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Figure 2. Chromatograms of LC-DAD and LC-MS in positive and negative
ionization modes for ethyl acetate extract of white currant. Peak numbers
refer to Table 1.

Time (min)

Figure 3. Chromatograms of LC-DAD and LC-MS in positive and negative
ionization modes for ethyl acetate extract of green currant. Peak numbers

et al. @5). The ionization conditions were optimal in the positive refer to Table 1.

ionization mode for {)-catechin, (—)-epicatechin, rutin, flavonols
(quercetin, myricetin, and kaempferol), and anthocyanins (delphinidin for jdentification of the chromatographic peaks. The bound sugar
and cyanidin 30-f-glucosides) and in the negative ionization mode ieties consist of hexoses with a mass unit of 162 (glucose or
for chlorogenic acid, rutin, and flavonols. galactose), deoxyhexoses with a mass unit of 146 (rhamnose),
and pentoses with a mass unit of 132 (xylose or arabinose).
When the conjugated phenolic forms presented bathochromic
Identification of the Chromatographic Peaks. In the shifts in the UV—visible absorption spectra compared to their
previous paper (9), we examined the contents of phenolic respective aglycons (shifts to longer wavelength), this indicated
compound classes in black, green, red, and white currants usingesterification of the aglycons with sugars, and when they
LC-DAD. Peaks in the chromatograms were classified into presented hypsochromic shifts to shorter wavelengths, this
hydroxybenzoic and hydroxycinnamic acid derivatives, flavonol indicated glycosidation. Whenever possible, chromatographic
glycosides, and anthocyanins by comparison of theirWigible retention was used to support the tentative identification of some
spectra with those of the available standards. In this study, we peaks. However, this was sometimes complicated by the fact
used LC-MS and MS-MS in both positive and negative that retention is governed not only by the polarity of the
ionization modes in order to obtain more information on the molecules but also by their size.
structural features of the conjugated forms of phenolic com-  Figures 2and3 show the LC-DAD chromatograms recorded
pounds. The masses of the sugars bound to the aglycons anat 280 and 360 nm and the LC-MS ion chromatograms obtained
the specific fragmentation patterns of the compounds were usedin the positive and negative ionization modes for the ethyl

RESULTS AND DISCUSSION
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Table 1. Identification of Phenolic Compounds in Ethyl Acetate Extracts of Black, Red, Green, and White Currants by Using Their Spectral
Characteristics in LC-DAD, Positive and Negative lons in LC-MS and MS-MS, and Respective Standards

spectral charac- positive ions? negative ions
peak(s)  tz(min) teristics® (nm) MW MS (m/z) MS-MS (m/z) MS (m/z) MS-MS (m/z) tentative identification®
Hydroxybenzoic Acid Derivatives
2A 5.3 262 300 323 (138 +162+23) 185,226,249 ND ND p-hydroxybenzoylhexose
3 6.3 264, 296 330 353 (168 + 162 +23) 185, 226,231 ND ND vanilloylhexose
Hydroxycinnamic Acid Derivatives
4 6.5 234,296 326 ND ND ND ND p-coumaric acid 4-O-glucoside (std)
5A 6.9 244,300sh, 330 342 365 (180 + 162 + 23) 185, 226,243 341 (180 + 162 — 1) 161,179  caffeoylhexose
6A,7,8A, 7.3-9.1 236,300sh,314 326 349 (164 +162 +23) 185, 226 325 (164 +162 - 1) 145, 163 p-coumaroylhexose
10
11 9.7 236,300sh, 314 326 349 (164 + 162 + 23) 187, 228 325 (164 + 162 - 1) 145,163,  p-coumaroylhexose
265
12 10.1 244,296sh,330 356 379 (194 + 162 + 23) 185,226,257 ND ND feruloylhexose
20 14.9 ND 535 536 (180 + 96 + 162 + 98) 276, 438 ND ND caffeic acid hexose derivative
25 175 236, 300sh, 314 520 520 (164 + 96 + 162 + 98) 260, 358,422 421 (164 +96 +162 - 1) 163 p-coumaric acid hexose derivative
26 17.8 234,296, 330 452 452 (194 + 96 + 162) 290, 177 ND ND ferulic acid hexose derivative
Flavan-3-ols and Proanthocyanidins
1 5.1 270 610 611 (305+305+1) 305, 317,425, 609 (305 +305—1) 441 (E)GC—(E)GC
443
2B 55 ND 594 595 (289 +305 + 1) 287,427,443 593 (289 +305 - 1) 425 (E)C—(E)GC
5B 7.0 ND 578 579 (289 + 289 +1) 409, 427 ND ND (E)C-(E)C
6B 7.8 ND 898 899 (304 + 305 + 289 + 1) 595,609, 611 897 (304 +305+289—-1) 607,718  (E)GC—(E)GC—(E)C
8B 8.4 ND 306 307 (306 +1) 139, 289 305 (306 — 1) 137,179, EGC
261
9 8.6 236, 278 290 291(290 +1) 139, 165,273 ND ND (+)-catechin (std)
13 11.3 236, 278 290 291(290 +1) 139,165,273 ND ND (—)-epicatechin (std)
Flavonol Glycosides
15 13.0 254, 300sh, 354 626 627 (318 + 162 + 146 + 1) 319, 481 625(319+162+146—-1) 316 myricetin hexose—deoxyhexoside
16 13.3 254, 300sh, 354 480 481 (318 +162 +1) 319 479 (319 +162 - 1) 316 myricetin hexoside
18A 14.2 254, 300sh, 354 566 567 (318 +248 +1) 319 521 (319 + 248 - 45) 316 myricetin hexoside—-malonate
19 147 254, 262sh, 610 611 (302 +162 +146 +1) 303, 465 609 (303 +162 +146-1) 301 quercetin 3-O-rutinoside
300sh, 354 (std, syn. rutin)
21 15.4 254, 262sh, 464 465 (302 + 162 + 1) 303 463 (303 + 162 - 1) 301 quercetin hexoside
300sh, 354
23A 16.4 254, 300sh, 354 550 551 (302 +248 + 1) 303 505 (303 + 248 - 45) 301 quercetin hexoside—malonate
23B 16.6 ND 594 595 (286 + 162 + 146 + 1) 287, 449 ND ND kaempferol hexose—deoxyhexoside 1
24 17.1 264,290,348 448 449 (286 +162 +1) 327, 287 447 (287 +162 - 1) 285 kaempferol hexoside
27 18.2 264, 348 594 595 (286 + 162 + 146 + 1) 287, 449 593 (286 +162 +146 —1) 285 kaempferol hexose—deoxyhexoside 2
28 18.8 264, 348 534 535 (286 +248 +1) 287 489 (287 + 248 — 45) 285 kaempferol hexoside—malonate
29 23.0 ND 756 757 (302 + 162 + 146 + 146 + 1) 611 ND ND quercetin hexose—deoxyhexose—
deoxyhexoside
Group of Unidentified Compounds
14 114 270, 278sh, 337 338(164+173+1) 176,218,320 673 (337 +337-1) 336
286sh
17 138 234, 266 304 ND ND ND ND
18B 144 340sh, 400 448 449 (286 + 162 + 1) 287 447 ND
22 16.3 234,274 ND ND ND ND ND

aIn MS-MS, the most abundant parent ion of LC-MS is fragmented; in the case of several ions, the most abundant one is shown in boldface. Masses in parentheses
refer to supposed structural units: the identified phenolic residues, sugars (162 to hexose, 146 to deoxyhexose, 248 to hexose-malonate), adducts (1 to hydrogen, 23 to
sodium), and lost functional groups (45 to carboxyl). ® ND, not detected; sh, maximun of the shoulder in the spectrum. Spectral characteristics were obtained from the
samples where the signals of the respective compounds were most intense and pure. ¢ Abbreviations for flavan-3-ols: (E)GC, (epi)gallocatechin; (E)C, (epi)catechin.

acetate extracts of green and white currants. Peak numberdo 262 nm in the case of p-hydroxybenzoic acid derivative
(1—29 and Ant-An8) in this paper are in the same order of (peak 2A) and from 262 to 264 nm and from 292 to 296 nm in
retention times as before (9), whereas additional overlappingthe case of a vanillic acid derivative (peak 3). Previously
peaks are indicated with letters A and B. The differences in the published UV—visible spectral maxima were at 249 nm for a
absolute retention times between different chromatograms werep-hydroxybenzoic acid 4-O-glucoside, at 254 and 293 nm for a
caused by the different HPLC devices used for LC-DAD and vanillic acid 4-O-glucoside (19), and at 265 and 294 nm for
LC-MS analyses and the time period between the runs. vanilloylglucose (23). These data reveal that sugar esters cause
Table 1 shows the tentative identification of the chromato- bathochromic shifts, where&glycosidic bonds cause hypso-
graphic peaks on the basis of the data obtained for the ethylchromic shifts compared to their aglycons. On this basis, peaks
acetate extracts of black, red, green, and white currants in LC-2A and 3 are assumed to be sugar esters of hydroxybenzoic
DAD, LC-MS, and MS-MS analysesTable 2 shows the acids, despite the general notion that these acids exist mainly
respective detection data of anthocyanins for the acidified as glycosides (5).
methanol extracts of black and red currants. In the following,  The positive ion mass spectra of peaks 2A and 3 showed
we discuss the characterization of the peaks with regard to eachthat these hexose esters of phenolic acids form sodium adduct
phenolic compound class. ions atm/z 323 and 353, respectivelyéble 1). In MS-MS,
Hydroxybenzoic Acid Derivatives (Peaks 2A and 3). both hydroxybenzoic acid derivatives fragmented to the sodium
Bathochromic shifts were observed for hydroxybenzoic acid adduct ions of the hexose moiety (a route is suggestedjime
derivatives compared to their respective aglycons: from 256 4A). To our knowledge, this assumed fragmentation pattern of



6740 J. Agric. Food Chem., Vol. 51, No. 23, 2003 Maatté et al.

Table 2. Identification of Anthocyanins in Methanol Extracts of Red and Black Currants by Using Their Spectral Characteristics in LC-DAD, Positive
lons in LC-MS and MS-MS, Respective Standards, and the Literature

itive i a
spectral charac- positive ions

peak(s) tz(min) teristics (hnm) MW MS (m/z) MS-MS (m/z) tentative identification literature data®
Anl 9.5 278,524 465 465 (303 + 162) 303 delphinidin 3-O-glucoside (std) delphinidin 3-O-glucoside
An2 10.4 278,524 611 611 (303 + 162 + 146) 303, 465 delphinidin hexose—deoxyhexoside delphinidin 3-O-rutinoside
An3 9.9 280, 516 611 611 (287 + 162 +162) 287 cyanidin hexose—hexoside cyanidin 3-O-sophoroside
And 10.6 280, 516 757 757 (287 +162 + 162 + 146), 611 287 cyanidin hexose—hexose—deoxyhexoside cyanidin 3-O-(2C-glucosylrutinoside)
Anb 115 280, 516 581 581 (287 + 162 +132) 287 cyanidin hexose—pentoside cyanidin 3-O-sambubioside
An6 12.0 280, 516 449 449 (287 + 162) 287 cyanidin 3-O-glucoside (std) cyanidin 3-O-glucoside
An7 12.2 280, 516 727 727 (287 +162 + 132 + 146) 287,581 cyanidin (hexose + pentose)—deoxyhexoside  cyanidin 3-O-(28-xylosylrutinoside)
An8 138 280, 516 595 595 (287 + 162 + 146) 287, 449 cyanidin hexose—deoxyhexoside cyanidin 3-O-rutinoside

2 See Table 1. Substituent 132 refers to pentose. ® Identification of the sugars of anthocyanins is based on literature data obtained by partial acid hydrolysis of anthocyanins
and identification of sugar moieties by thin-layer chromatography (47).

A N O p-coumaric acid ferulic acid
Na HO
e Y b + 185 nom]
HO o
HO OH J
185 ="
226 oH > °
\ + 226
OH
O
B HO
/
. 240 280 320  nm 240 280 320 nm
o ﬁ_l . + 185 Figure 5. On-line UV-—visible spectra of 4-O-glucoside (A), aglycon (B),
o © o HG  OH hexqse e;ter_(C), and less polar hexose derivative (D) of p-coumaric and
ferulic acids in HPLC-DAD.
HO OH o
243 d . .
185 5og - = + The LC-MS data were used to obtain the molecular weights
226 of p-coumaroyl-, caffeoyl- and feruloylhexoses (Table 1). The
HO O ugd o positive MS-MS fragmentation spectra of the hydroxycinnamic

acid esters consisted of the sodium adducts of hexose, as did
those of the hydroxybenzoic acid esters (Tabld-igure 4B).

In the negative ion LC-MS, caffeoylhexose (peak 5A) and
p-coumaroylhexose (peak 10) exhibited deprotonated ions with
very low responses amh/z341 and 325, respectivelyigures

2 and3). In the MS-MS spectra, these two compounds displayed

ions of p-coumaric and caffeic acids at/z163 and 179, after
elimination of a hexose moiety, and mtz161 and 145, after

Figure 4. Proposed diagnostic MS-MS fragmentation of sodium adducts
of p-hydroxybenzoylhexose (A) and caffeoylhexose (B).

sodium adducts of phenotithexose structures has not so far
been described in the literature. In this stu@igi§le 1), phenolic
acids did not deprotonate in the negative ionization mode as
expected from the literaturel, 20, 21). According to one

previous study, the detector sensitivity of LC-MS is lower for o .
phenolic acids than for other phenolic compoun28)( the subsequent elimination of wateffaple 1). Previous

Hydroxycinnamic Acid Derivatives (Peaks 4, 5A, 6A, 7, identification of caffeoylgIucosep-coumaroylglucose, and
8A, 10—12, 20, 25, and 26)Because hydroxycinnamic acid feruloylglucose in black currgnt by.Nl\/.IR and d|ﬁerept chemlcal
derivatives are not commercially available, 4-O-glucosides of ProPerties (36) supports our identification. Other derivatives such
p-coumaric and ferulic acids isolated from flaxseed and identi- @S quinic acid esters and glucosides of hydroxycinnamic acids
fied using LC-MS and NMR (22) were used as authentic "eported before (37) were not found in this study.
standards. The UV—visible spectrum and the retention time of The UV spectra of the less polar derivatives of caffeic,
peak 4 matched that gf-coumaric acid 49-glucoside. The ~ p-coumaric, and ferulic acids (peaks 20, 25, and 26) have the
glycosylation of the hydroxyl group ip-coumaric acid caused  same spectral characteristics as the corresponding hexose esters
a hypsochromic shift (from 310 to 296 nm) and the disappear- (peaks 5A, 6A, 7, 8A, 10, 11, and 12ZJ4ble 1; Figure 5).
ance of the typical spectral feature of the aglycbiy(re 5). The structures responsible for the positive molecular ions at

UV—visible spectral identification allows the assignment of m/z536, 520, and 452 (peaks 20, 25, and 26) were difficult to
peaks 6A, 7, 8A, 10, 11, and 25 pscoumaric acid derivatives  interpret. The eliminated structural units in MS-MS included
and peaks 5A, 12, 20, and 26 as caffeic and/or ferulic acid an unknown mass unit 98, a hexose, a hex#se8, and a
derivatives (Table 1;Figures 2 and 3). These peaks have hexoset 96 (Table 1). According to our knowledge, the masses
experienced a shift of the major absorption maximum from 310 96 and 98 do not correspond with any of the common acylation
to 314 nm p-coumaric acid) and from 326 to 330 nm (caffeic moieties known to form conjugates with phenolic acids in fruits
and ferulic acid) compared to the respective free standards(5). It is not possible, on the basis of LC-DAD, LC-MS, and
(Figure 5). These bathochromic shifts suggest that the substit- MS-MS data alone, to identify the exact structures of these less
uents are esterified to the carboxylic functions of the hydroxy- polar hydroxycinnamic acid derivatives. For this purpose,
cinnamic acids as found in a previous stu@g) additional NMR data will be required.
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Flavan-3-ols and Dimeric and Trimeric Proanthocyanidins
(Peaks 1, 2B, 5B, 6B, 8B, 9, and 13)n the previous study
using LC-DAD (9), (+)-catechin (C, peak 9) was present in
red and white currants ane-§-epicatechin (EC, peak 13) was

present in black and green currants, but no other flavan-3-ols

or dimeric and trimeric proanthocyanidins were detected. LC-
MS in the positive ionization mode confirmed the presence of
(+)-catechin and+)-epicatechin and showed that (epi)gallo-

catechin (peak 8B) is present in all of the currants. The close

retention time of peak 8B to that ofH)-catechin supports the
assumption that this peak is epigallocatechin (EGZD), 88,
39). The respective MS-MS fragmentation of flavan-3-ols was
described by Lin et al. (24).

Positive and negative ion LC-MS also revealed the presence

of dimeric and trimeric proanthocyanidins (peaks 1, 2B, 5B,
and 6B) that were not detected in LC-DAD. The MS-MS
fragmentation pathways led to the tentative identification of the
proanthocyanidins (E)GE(E)GC (peak 1), (E)E(E)GC (peak
2B), (E)C—(E)C (peak 5B), and (E)GC—(E)GC—(E)C (peak
6B) (Table 1) as described by Friedrich et aR7). The
published U\~ visible spectral characteristic of G&4,8)-GC
with the absorption maximum at 271 nm support this identifica-
tion (39).

The existence of «)-catechin, (-)-epicatechin, EGC,
GC—(4,8)—-GC, C—(4,8)—GC and C—(4,8)—C (dimer B3) in
red currant was consistent with previous resujsagd provided
more precise identification data for the dimers found in our
study. In another previous study} Y-catechin was detected in
black, red, and white currants, but)-epicatechin was detected
only in black currant and GC only in red curradt0].

Flavonol Glycosides (Peaks 15, 16, 18A, 19, 21, 23A/B,
24, and 27-29).Peaks 15, 16, 18A, 19, 21, and 23A displayed
UV spectra similar to that of rutin (quercetin G-glucose-
rhamnoside) with two absorption maxima at 254 and 354 nm.
Peaks 24, 27, and 28 showed a shift of the UV maximum from
354 to 348 nm compared to rutin. The lack of additional
hydroxyl groups attached to ring B in kaempferol, compared
to quercetin and myricetin, is responsible for this stigre
1). Systematic identification of flavonol glycosides was feasible
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Figure 6. Assumed decarboxylation of quercetin hexoside—malonate (23A)
to quercetin hexoside—acetate in the heating process. The partial LC-
DAD chromatogram at 360 nm shows the ethyl acetate extract of red
currant before (solid line) and after (dotted line) heating.

flavonol glycosides indicate the presence of a malonyl group
(OCCH,COOH) attached to the glycosyl part of the molecule
(34). In the negative ionization mode, the carboxylic function
(mass unit 45) of the malonyl group was lost from the
pseudomolecular ion. Acyl functions in glycosides were reported
in red clover, lettuce, and endivd4, 42) but were considered

to be a rare phenomenon in berries and frus However,
6'-O-malonylated glycoconjugates have been found in raspberry
and strawberry, allowing the authors to conclude that malony-
lation of glycoconjugates is a common pathway in plant
secondary metabolism (43). When the ethyl acetate extract of
red currant was heated, quercetin hexosithalonate (peak
23A) decomposed easily, probably by decarboxylation to an
artifactual hexosideacetate as described by Horowitz and Asen
(44), whereas the other flavonol glycosides (peaks 19 and 21)
did not change (Figure 6). The labile structure of glycoside—
malonates is known to easily decompose by heat, light, and other
environmental stress factors, producing respective glycosides,
glycoside—acetates, or other derivatives (83). It is possible

because they have intense peaks of positive protonated moleculaghat this instability makes some sample preparation conditions
and negative deprotonated pseudomolecular ions in LC-MS ynfavorable, which might explain why glycosidmalonates

(Figures 2 and 3). The tentative identification of flavonol
O-glycosides on the basis LC-MS and MS-MS data is previously
described by Hakkinen and Auriola9). In agreement with our

were not detected in berries in previous studiés, 41).
Unidentified Peaks in the Ethyl Acetate Extracts (Peaks
14, 17, 18B, and 22)Peaks 14, 17, and 22 remained without

results, and as additional identification of the nature of the sugar jjentification according to LC-DAD and LC-MS data (Table

moiety of peaks 15, 16, 19, 21, 23B, and 24, myricetin,

1). One coeluting peak, 18B, could be assumed to be kaempferol

quercetin, and kaempferol have previously been identified as heyoside, according to the LC-MS and MS-MS specTiable

3-O-glucosides and 3-O-rutinosides in black currant (41).

1). However, the UV spectrum of this peak reached the longer

The sensitive LC-MS detection revealed the occurrence of wavelengths and had a shorter retention time than another
myricetin glycosides (peaks 15, 16, and 18A) and kaempferol kaempferol hexoside (peak 24)gble 1). There is a wide range
glycosides (peaks 23B, 24, 27, and 28) in the ethyl acetate of phenolic compounds in nature, but this BVisible spectrum

extracts of red and white currariigure 2). The peak intensity
for these compounds in LC-DAD was too weak for any
identification on the basis of UVvisible spectral characteristic
(9). LC-MS revealed the late-eluting peak as quercetin hexose

refers to aurone, and the MS-MS data could be from tetrahy-
droxyaurone glucosidetp, 46). Isolation and NMR identifica-
tion are needed for an unequivocal identification of all uniden-
tified peaks.

deoxyhexose—deoxyhexoside (peak 29) in white and red Anthocyanins (Peaks AntAn8). Anthocyanins (anthocya-

currants. Although triglycosides of flavonols are quite rare in
fruits, the previous identification of quercetin 3-dirhamnesyl

nidin glycosides) are responsible for the black and red pigments
in currants. The identity of anthocyanins in black and red

glucoside in red currants supports the identification of peak 29 cuyrrants is well-known and documente?R( 48, 49). Antho-

(41).
Peaks 18A, 23A, and 28 of flavonol glycosides showed a

cyanins showed very intense peaks in the positive ionization
mode of LC-MS because of acidic flavylium cations, their

loss of 248 mass units from the parent compound in the positive natural and most stable forms. The identification on the basis
ionization mode of MS-MS (Table 1). The loss of this mass of the MS and MS-MS data of anthocyanins in black and red
unit and a UV~visible spectrum similar to those of other currants (Table 2) is in good agreement with the literat &2, (
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Table 3. Contents? of Individual Hydroxycinnamic Acid Derivatives, In our previous study, we quantified the hexose esters of
Flavonol Glycosides, and Anthocyanins in Black, Green, Red, and p-hydroxybenzoic and vanillic acids in red and white currants
White Currants (9). However, it should be noted that our quantification did not

include hydroxybenzoic acid glycosides, which were previously

currant quantified after methanolic acid hydrolysis in black, green, red,
compound (peak) black green red  white and white currants by Héakkinen et alf)( Flavan-3-ols and
Hydroxycinnamic Acid Derivatives dimeric and trimeric proanthocyanidins were overlapped by the
caffeoylglucose (5A) 22 1 NA®  NA major hydroxycinnamic acid glucose esters in LC-DAD and
callc acd hexose derivatie (20) 2o 3 0 were, therefore, not quantified in the present study.
p-coumaric acid 4-O-glucoside (4) 28 16 19 34 The same hydroxycinnamic acid derivatives were found in
p-coumaroylglucose and hexoses 34 67 29 9 black, green, red, and white currants. The most abundant
(6A-10,11) o derivatives of hydroxycinnamic acids were glucose esters (60
prcoumare acid hexose derivative (25) }é gg QD TZA 87% of all the derivatives) Table 3). Previous knowledge
feruloylhexose (12) 6 15 06 56 reve_als that 30aff_eoquwmc acid and caffeoylgll_Jcose_ were the
ferulic acid hexose derivative (26) 31 4.0 25 15 dominant acids in black currant, amcoumaric acid 4-O-
total 10 19 3 7 glucoside was dominant in red currar®7j. As an aglycon,
Flavonol Glycosides p-coumaric acid dominated in black (57%), green (67%), red
myricetin 3-O-rutinoside (15) 16 4.0 NA  NA (41%), and white (54%) currants in agreement with the literature
myricetin 3-O-glucoside (16) 18 13 04 NA (7, 50).
{gg,c i hexoside-malonate {134) 264 3'1 8;3 m Flavonols and anthocyanidins were found as glycosides. In
rutin (19) 23 30 22 35 black, green, and white currants, quercetin was found mainly
quercetin 3-O-glucoside (21) 17 23 18 11 as 3-Orutinoside (47-68%) and 3-Qglucoside (21-36%)
?é’tzrlce“" hexoside-malonate (23A) 27 ég 5-4 g.e (Table 3). Exceptionally, quercetin hexoside—malonate (38%)
kaempferol 3-O-rutinoside 1 (238) NA NA NA D domlnatedl in rgd currant. Delphinidin and cyan!dln were found
kaempferol 3-O-glucoside (24) 37 33 NA  ND as 3-O-rutinosides (65 and 78%) andD2glucosides (35 and
kaempferol hexoside—deoxyhexoside 2 (27) 0.8 NA ND  ND 22%) in black currant, similar to flavonols and consistent with
kaempferol hexoside—malonate (28) 104 37 04 NA the literature 82). Cyanidin 3©-sambubioside (40%) was the
total 15 ! 04 major anthocyanin in red currant in agreement with the literature
o _ Anthocyanins (48).
32:22:2:3:2 2:8:%%%:%2 ((QT]?) g;g “B HB HB In the case of aglycons, thfe amounts of myricetin qo_mpared
total 1518 to quercetin as well as delphinidin compared to cyanidin were
cyanidin 3-O-sophoroside (An3) ND ND 24 ND approximately at the same level in black currant. The higher
cyanidin 3-O-(26-glucosylrutinoside) (An4) ~ ND ~ ND 29 ND content of myricetin for the same cultivar of black currant in a
g:ﬂ:g:g g:g:;ﬁj”gg;z'gs(fséfna 2‘??1 mg Zé mg previous study might be explained by a different maturity level
cyanidin 3-0-(28-xylosylrutinoside) (An7) ND ND ND and the sample extraction techniques (51).
cyanidin 3-O-rutinoside (An8) 1163 ND 10 ND Conclusions.LC-DAD and LC-MS with MS-MS provided
total 1494 177 a valuable tool for studying the conjugated forms of phenolic
— y y compounds of black, green, red, and white currants. LC-MS
2 Contents are expressed in milligrams per kilogram of fresh weight, for the revealed overlapping signals of flavan-3-ols and some proan-

weight of the aglycon. Our previously published standard errors for contents of

the phenolic classes in berries of Ribes spp. were low (SE < 4 mg/kg) (9) and thocyanidins, which could possibly be detected with LC-DAD

therefore are not shown for individual derivatives in this study. ® ND, not detected; after removal of phenolic acid dgrlvatlves. Ethyl acetaFe
NA, not analyzed in LC-DAD because of an overlapping peak (23B) or the peak extraction was found to be Use_fUI in the anaIyS|s_ of easily
area was below the minimum of the calibration curve (0.4 mg/kg). ¢ Cyanidin 3-O- destructable structures of hexosig@alonates and minor fla-
(2C-xylosylrutinoside) coeluted with cyanidin 3-O-glucoside. vonol glycosides in white and red currants. Hexose esters of
hydroxybenzoic acids, acylated derivatives of hydroxycinnamic
acids, and malonylated flavonol glycosides were detected for
The first time inRibesspp. Distinct similarities were found in
the relative distributions of the conjugated forms of phenolic
compounds in black, green, red, and white currants, even though
the contents of phenolic compounds differed significantly.

48,49). Recent research has revealed that black currant contain
15 anthocyanins, of which the 4 major ones (An-1, -2, -6, and
-8) analyzed in this study represen®7% of the total content
(32).

Contents and Relative Distributions of the Individual
Phenolic Compounds.The contents of phenolic classes in  ,~xNOWLEDGMENT
black, green, red, and white currants have previously been
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amounts of different conjugated forms of phenolic compounds |nner Savo (Suonenjoki, Finland), Alahovi’'s Berry Farm
(Table 3). Because the method presented in this paper was not(Kuopio, Finland), and the Research Garden of the University
validated, the quantitative results presented here are considere@f Kuopio for providing the berry samples. We gratefully
as the best estimations assuming complete recovery. Theacknowledge the assistance of Johanna Hulkko in sample
standards (p-coumaric, caffeic, and ferulic acids, rutin, and preparation and Dr. Seppo Auriola in LC-MS analysis.
cyanidin and delphinidin &-glucosides) were used to quantify
the respective conjugates in LC-DAD. Because the weight of
the sugar varies in the conjugates and interest is focused on th
phenolic residue, the quantified results are expressed for the (1) Haslam, E. Natural polyphenols (vegetable tannins) as drugs:
weight of aglycon. possible modes of actiod. Nat. Prod.1996,59, 205—215.
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