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ABSTRACT: Proanthocyanidins (condensed tannins) are important in food chemistry, agriculture, and health, driving demand for
improvements in structure determination. We used ultrahigh resolution Fourier transform-ion cyclotron resonance mass
spectrometry (FT-ICR MS) methods to determine the exact composition of individual species in heterogeneous mixtures of
proanthocyanidin polymers from Sorghum bicolor grain and Neptunia lutea leaves. Fragmentation patterns obtained with FT-ICR ESI
MS-MS (electrospray ionization) confirmed structural details from thiolysis-high-performance liquid chromatography (HPLC)—
diode array detection (DAD) and "H—"3C heteronuclear single quantum coherence (HSQC) NMR. We found that A-type linkages
were characteristic of shorter polymers in predominantly B-linked proanthocyanidin. We suggest that supramolecular complex
formation between proanthocyanidins and matrix components such as 2,5-dihydroxybenzoic acid was responsible for anomalous 152
dalton peaks, incorrectly assigned as 3-O-galloylation, when using FT-ICR matrix-assisted laser desorption ionization (MALDI-MS).
Our data illustrate the power of the ultrahigh resolution FT-ICR methods but include the caveat that MALDI-MS must be paired
with complementary analytical tools to avoid artifacts.

KEYWORDS: proanthocyanidin, tannin, supramolecular complex, dihydroxybenzoic acid, (epi)catechin gallate, (epi)gallocatechin gallate,
H-13C HSQC NMR, FT-ICR, FT-IR

B INTRODUCTION of polymeric proanthocyanidins in part because isolation of
individual molecular species is challenging.18 In most studies,
isolated fractions consisting of mixtures of polymers with
different chain lengths and compositions are described in terms
of bulk properties, often simply in terms of their subunit
composition (procyanidin/prodelphinidin) and mDP. This
information is generally obtained with a depolymerization
technique such as thiolysis followed by high-performance
liquid chromatography (HPLC) analysis.'”*° Other methods

The plant natural products known as tannins are differentiated
from other members of the polyphenol family by their ability
to precipitate protein. In common with other polyphenols,
tannins are potent antioxidants and bind metals avidly.”™*
Tannins are produced by most higher plants and are not only
important to ecological processes’ but also play roles in human
. 767 89
and animal nutrition,”" in food and beverage processing,”” and
. . . . . 10,11 . .
in agricultural and industrial practices. Given their 1 A .
Lo . s that assess the intact proanthocyanidins include various mass
ubiquitous occurrence and broad importance, it is not ; ) U )
. ) spectrometric methods often in combination with HPLC. For
surprising that methods continue to be developed to . L
o o . 1214 example, HPLC coupled with electrospray ionization-mass
qualitatively and quantitatively analyze tannins. ) 1
. . o spectrometry (ESI-MS) is useful for proanthocyanidin
Hydrolyzable tannins are derived from gallic acid; a core . ’ A
. ) LS s oligomers, but neither the chromatography nor the ionization
polyol such as glucose is esterified to gallic acid, with additional

esterified or cross-linked galloyl groups to yield the ellagitannin work ngll for Fhe la}rger polymers tyRicall?' flour%d in. plant
moiety.”® Hydrolyzable tannins can be isolated as single extracts.” Matrix-assisted laser desorption ionization-time of

molecular species with a variety of chromatographic tools, and flight mass spectrometry ( DI-TOF-MS) is now frequently

exact chemical structures of more than 1000 hydrolyzable used to conﬁrm monomer  composition .and. to provide
tannins have been reported.lé’17 Condensed tannins, also supportive ev1denc.e for degree of .po%ymAe rization, altbough
known as proanthocyanidins, are oligomers and polymers of the data can be limited by poor ionization of the higher-
flavan-3-ol units with variations in hydroxylation patterns, cis-
and trans-stereochemistry of C-ring substituents, position and Received:  July 30, 2020 RS TRy
nature of the interflavan bond (4 — 8 or 4 — 6, A- or B-type Revised:  September 30, 2020
bonds), mean degree of polymerization (mDP), and degree of Accepted:  October 29, 2020
esterification (Figure 1). Published: November 10, 2020
In contrast to hydrolyzable tannins, it has been difficult to
establish robust methods for elucidating the structural details
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Figure 1. Structural formulae depicting the matrix 2,5-dihydrox-
ybenzoic acid (DHB) and key features of proanthocyanidins. The
matrix 2,5-dihydroxybenzoic acid (DHB) is a simple phenolic acid
(1). In the proanthocyanidins, the B ring (2) can be substituted with
1, 2, or 3 phenolic groups yielding chain extender units classified as
propelargonidin (2), procyanidin (3), and prodelphinidin (4). The
stereochemistry on the C ring can be either trans (3) as in catechin or
cis (4) as in epigallocatechin. The polymer is often esterified by gallic
acid on the 3-hydroxyl of the C ring (5). Interflavan 4 - 8 C—C

bonds between the A and C ring are most common (5), but the ether-
containing A-type linkage (6) is typical of some plants.

molecular-weight species.”” Other limitations of these widely
employed methods include incomplete depolymerization
during thiolysis, lack of commercial standards for the thiolysis
products, and complex spectra arising from mixtures of
cationized species in positive reflectron mode MALDI-TOEF-
MS.>>** NMR can reveal additional details, including presence
of contaminating lipid or carbohydrate with simple proton
NMR. 'H-'*C heteronuclear single quantum coherence
nuclear magnetic resonance (HSQC NMR) spectroscopy
determines subunit composition and mDP, extent of
galloylation, stereochemistry, and position of linkages between
monomers,”” but the method requires relatively large amounts
of the sample and there is a significant barrier due to the
expertise required to interpret the spectra.26

Ultrahigh resolution Fourier transform ion cyclotron
resonance matrix-assisted laser desorption ionization mass
spectrometry (FT-ICR MALDI-MS) has received limited
attention as a tool to determine structural details and linkage
types of proanthocyanidin molecules.””** While thiolysis and
NMR provide overall average structural information for the
mixture of polymers in the typical heterogeneous samples,
ultrahigh resolution FT-ICR MALDI-MS provides exact
elemental composition of individual proanthocyanidin species
in the mixtures. For example, the accurate mass measurement

of the m/z 3025.55520 peak in the FT-ICR-MALDI-MS
spectrum of the proanthocyanidin from Neptunia lutea resulted
in a chemical composition of C,4H;;,0,9 and the structure
was assigned as [catechin, gallocatechin(y), gallate(z)l_].27

We have recently noted that a significant shortcoming of
MALDI-MS analysis of proanthocyanidins is the ambiguity of
information about galloylation provided by the spectra.
Galloylation is easily established with thiolysis or 'H—'C
HSQC NMR, but MALDI-MS provides less useful data about
gallate esters. Proanthocyanidins with gallate esters have
characteristic clusters of peaks separated by 152.011 mass
unit from the major flavan-3-ol polymer peaks, as expected for
the addition of the C,H,0, gallate group.”” However, the same
peaks are found in MALDI-MS spectra from some
proanthocyanidin samples that are not galloylated based on
chemical or NMR data®”*° (Figure 2). In this study, we used
purified proanthocyanidin from Sorghum bicolor (L. Moench)
grain, which is reported to be a simple procyanidin,®' as a tool
to examine more closely the basis for 152.011 mass differences
in MALDI-MS data. Our goal was to provide insights that
would ensure accurate interpretation of proanthocyanidin
structures revealed by this powerful mass spectrometric
method.

B MATERIALS AND METHODS

Polyphenols. Mature grain from two genetically distinct lines of
high tannin S. bicolor (L.) Moench was obtained and stored at 4 °C
(Hi-Tannin Sumac NMO03-9905, Scott Bean, USDA Manhattan
Kansas and ICRISAT line IS8260, Gebisa Ejeta, Purdue University
Department of Agronomy). Analysis was performed on at least two
different preparations of proanthocyanidin from each variety of
Sorghum for each of the techniques utilized.

Sorghum tannin was extracted from ground grain with methanol
containing ascorbic acid and purified by ethyl acetate extraction to
remove small phenolics, followed by Sephadex LH-20 chromatog-
raphy to purify the high-molecular-weight fraction.””** The freeze-
dried powder was stored at —20 °C.

N. lutea proanthocyanidin was a gift from Harley Naumann,
University of Missouri, Columbia, MO. Tannins were obtained from
acetone—water extracts of the Neptunia leaf tissue followed by
purification on a Sephadex LH20 column.**

Epigallocatechin gallate (EGCg) was a gift from Lipton Tea,
Newark, NJ. Catechin, epicatechin, 2,5-dihydroxybenzoic acid
(DHB), toluene-a-thiol, trifluoroacetic acid (TFA), and Sephadex
LH-20 were obtained from Sigma Chemicals, St. Louis, MO, and used
without further purification.

Thiolysis-HPLC—DAD. Purified proanthocyanidins were analyzed
by thiolysis, according to published procedures."” Briefly, approx-
imately 1 mg of proanthocyanidin was dissolved in 200 uL of
methanol containing 30 L of the HCl reagent (32% (v/v) HCl in
methanol) and 72 uL of the thiol reagent (5% (v/v) toluene-a-thiol in
methanol) and incubated at 40 °C for 30 min. The thiolytic
degradation products were analyzed by HPLC using an Agilent 1100
HPLC with diode array detection and controlled by ChemStation
Rev. A.09.03 software. The column was a Thermofisher Hypersil Gold
C8 (160 X 4.6 mm, 3 yum). Sample injection volume was 10 uL. The
gradient program employed 0.13% (v/v) trifluoroacetic acid (TFA) in
nanopure water (A) and 0.10% (v/v) TFA in acetonitrile (B) at a flow
rate of 0.5 mL/min at 27.0 °C for a 48 min duration, as follows: 0—3
min, isocratic at 15% B; 3—8 min, increase to 20% B; 8—10 min,
increase to 30% B and hold isocratic until 28 min; 28—32 min,
increase to 70% B; 37—40 min, decrease to 15% B, and re-
equilibrate.'® Reaction products were detected at 220 nm and were
identified by their retention times and spectral characteristics
compared to authentic standards.'”*° Products were quantitated
based on peak areas and converted to moles of extender and terminal
units. The chromatograms from control samples that did not contain
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Figure 2. Ultrahigh resolution FT-ICR MALDI-MS spectra in the negative ion mode obtained with proanthocyanidin from S. bicolor var. Sumac
grain (A) and N. lutea leaves (B). The matrix was 2,5-dihydroxybenzoic acid.

acid or thiol and were not heated were used to confirm that all of the
proanthocyanidin was degraded by thiolysis and to confirm that the
proanthocyanidin did not contain any flavan-3-ol monomer
contamination that would interfere with terminal unit determination.

NMR. 'H, 1*C, and '"H-"3C HSQC NMR spectra were recorded at
27 °C on a BrukerBiospin DMX-500 ('H 500.13 MHz, C 125.76
MHz) instrument equipped with TopSpin 3.5 software and a
cryogenically cooled 5 mm TXI 'H/C/"N gradient probe in
inverse geometry. Spectra were recorded in DMSO-ds and were
referenced to the residual signals of DMSO-dy (2.49 ppm for 'H and
39.5 ppm for *C spectra). *C NMR spectra were obtained using 1K
scans (acquisition time 56 min). For '"H—"C HSQC experiments,
spectra were obtained between 200 and 620 scans (depending on
sample size and instrument availability) obtained using the standard
Bruker pulse program (hsqcetgpsisp.2) with the following parameters:
Acquisition: TD 1024 (F2), 256 (F1); SW 16.0 ppm (F2), 165 ppm
(F1); O1 2350.61 Hz; 02 9431.83 Hz; D1 = 1.50 s; CNST2 = 145.
Acquisition time: F2 channel, 64 ms, F1 channel 6.17 ms. Processing:
SI =1024 (F2, F1), WDW = QSINE, LB = 1.00 Hz (F2), 0.30 Hz
(F1); PH_mod = pk; Baseline correction ABSG = S (F2, F1), BCFW
= 1.00 ppm, BC_mod = quad (F2), no (F1); Linear prediction = no
(F2), LPfr (F1). Sample sizes used for these spectra ranged from § to
10 mg providing NMR sample solutions with concentrations of 10—
20 mg/mL.

Ultrahigh Resolution FT-ICR MALDI-MS, Negative lon
Mode. Solutions of purified proanthocyanidin samples were prepared
(15 mg/mL) using reagent grade methanol and 1 L was then mixed
with 10 pL of saturated DHB matrix solution (ca. 0.1 M in
acetonitrile:water, 1:1, containing 0.1% formic acid). A 1 L aliquot of
this sample—analyte mixture was deposited on a conventional
stainless steel MALDI plate and allowed to dry before inserting into

14040

the Bruker 15T SolariX XR FT-ICR MALDI-MS (Bruker Daltronics
GmbH, Bremen, Germany). External calibration was run on a
standard peptide mix (Bruker Daltonics, Billerica, MA) in the negative
ion mode, while a more accurate internal calibration was performed
using DHB cluster peaks. Typically, 20% of the YAG/Nd (351 nm)
laser power was used for the spectral acquisition and 100 scans were
accumulated. The FT-ICR mass resolution was set to about 400 000.

FT-ICR ESI-MS, Negative lon Mode. Ultrahigh resolution mass
spectra were acquired on a Bruker SolariX XR FT-ICR MS (Bruker
Daltronics GmbH, Bremen, Germany) equipped with a 15 Tesla
superconducting magnet (Magnex Scientific Inc., Yarnton, GB) and
an Apollo II ESI source (Bruker Daltonics GmbH, Bremen,
Germany) operated in the negative ionization mode. (Note that the
SolariX XR instrument has a double ionization source used for both
the MALDI and the ESI instruments). Negative ionization has already
been proven to be the preferred ionization mode in fingerprinting
wines by FT-ICR MS?® and, more recently, humic acid derivatives.>®
Proanthocyanidin samples were dissolved in acetonitrile:water 1:1
solvent mixture in a concentration range of 3—5 M. These solutions
were then introduced by direct infusion into the electrospray source at
a flow rate of 120 pL/h. FT-ICR-MS was externally calibrated using
an Agilent calibration standard (Agilent Technologies, Santa Clara,
CA) diluted 10-fold with acetonitrile:water 1:1. Some well-known
background ions (generated e.g., from alkylbenzene sulfonate
detergents) were also used for calibration of the lower m/z range.
The mass resolution was set to about 400 000 and the mass accuracy
was <2 ppm.

Methanolysis/HPLC. Equal volumes of 2 mg/mL proanthocya-
nidiin in methanol and 1 M HCI in methanol were mixed, evacuated
to remove oxygen, and incubated at 70 °C for 24 h. The methanolized
samples and controls without HCI were diluted 10-fold with MeOH

https://dx.doi.org/10.1021/acs.jafc.0c04877
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Table 1. FT-ICR MALDI-MS Data for Proanthocyanidin from S. bicolor var. Sumac and N. lutea”

peak (m/z) calculated mass (m/z) error (ppm) m/z +288" m/z +304° m/z +1527 # A-type linkages apparent composition®
S. bicolor

863.1838 863.1823 1.73 3 0 0 1 caty
1015.1946 1015.1933 1.32 3 0 1 1 cat; g
1151.2466 1151.2457 0.77 4 0 0 1 caty
1303.2591 1303.2567 1.83 4 0 1 1 caty g
1439.3087 1439.3091 0.29 S 0 0 1 catg
1591.3218 1591.3200 1.07 N 0 1 1 catg g
1727.3731 1727.3725 0.32 6 0 0 1 catg
1881.3973 1881.3991 0.98 6 0 1 0 catg g
2017.4456 2017.451S5 298 7 0 0 0 cat,
2169.4595 2169.4625 1.41 7 0 1 0 cat; g
2305.5144 2305.5149 0.25 8 0 0 0 caty
2457.5217 2457.5259 1.71 8 0 1 0 catg g
2593.5740 2593.5783 1.66 9 0 0 0 caty
2745.5873 2745.5893 0.72 9 0 1 0 caty g
2881.6502 2881.6417 2.94 10 0 0 0 catyy
3033.6495 3033.6527 1.05 10 0 1 0 catro

N. lutea

911.1681 911.1671 1.11 0 3 0 1 gallocat;
1047.184S 1047.1831 1.36 1 2 1 1 catgallocat, g
1063.1793 1063.1780 122 0 3 1 1 gallocat; g
1199.1963 1199.1941 1.84 1 2 2 1 cat; gallocat, g,
1217.2065 1217.2046 1.55 0 3 2 0 gallocat; g,
3025.5552 3025.5596 1.45 1 8 2 0 cat,gallocatg g,

“The samples were mixed with the matrix, 2,5-dihydroxybenzoic acid (DHB), before spotting on the plate and obtaining the high-resolution
spectra. “Mass unit value 288 dalton represents the number of (epi)catechin subunits. “Mass unit value 304 dalton represents the number of
(epi)gallocatechin subunits. “Mass unit value 152 dalton represents the number of apparent galloyl ester groups. “Abbreviations (epi)catechin
(cat), (epi)gallocatechin (gallocat), and 3-O-gallate ester (g). The reported gallate ester values ignore the contribution of supramolecular complexes

with the matrix, DHB.

before injecting 10 uL on the HPLC system described above. The
gradient utilized 0.13% (v/v) trifluoroacetic acid in water (A) and
0.10% (v/v) TFA in acetonitrile (B) at a flow rate of 0.5 mL/min at
27 °C for a duration of 40 min, as follows: 0—4 min, 2% B; 4—8 min,
increase to 20% B; 8—10 min, increase to 30% B and hold isocratic
until 30 min; 30—35 min, increase to 70% B; 40—41 min return to 2%
B followed by re-equilibration. Reaction products were detected at
220 nm and were identified by their retention times and spectral
characteristics, as compared to authentic standards. Commercial
methyl gallate (>99.5%) was used to determine that the lower limit of
detection was 0.3% galloylation or less than 1 gallate ester group per
100 flavan-3-ol subunits in the proanthcyanidin.

Fourier Transform Infrared Spectroscopy. Infrared spectra
were collected with a Harrick SplitPea ATR microscope interfaced to
a PerkinElmer Spectrum 100 Fourier transform infrared spectrometer.
This accessory employed a germanium internal reflection element
(IRE) and the standard deuterium triglycine sulfate (DTGS) detector
on the Spectrum 100 macro bench. Spectra collected using this device
represent the average of 32 individual scans possessing a spectral
resolution of 4 cm™". About 1—2 mg of each sample was pressed into
a pellet and was brought into intimate contact with the IRE using a
loading of 0.5 kg.

NMR of Matrix-Proanthocyanidin Mixtures (Complexation).
'H NMR spectra were recorded at 298 K on a Bruker AVS500,
equipped with a Topspin, S mm BBO probe with Z-gradients. Spectra
were recorded in D,0, using water suppression on the solvent signal
at 4.8 ppm, and were obtained using a one-dimensional nuclear
Overhauser effect spectroscopy (1D NOESY) method (10 ms mixing
time) with 8—16 scans (acquisition time less than 2 min). Solutions
were prepared by dissolving 4 mg of proanthcyanidin or matrix in §
mL of D,0 and diluting the matrix solution 1:1 with tannin solution
or D,O.

B RESULTS AND DISCUSSION

MALDI-MS provides insights into proanthocyanidin structure
by revealing overall composition of the tannin, although the
amounts of higher-molecular-weight species are underesti-
mated due to ineflicient ionization. By using high-resolution
FT-ICR-MALDI-MS, the exact subunit composition of
individual chemical species that comprise purified proantho-
cyanidin mixtures can be established.”” The overall composi-
tion can be established by examining the intervals between
clusters of peaks in either MALDI-TOF or FT-ICR-MALDI-
MS spectra. The intervals between the major clusters of peaks
correspond to the flavan-3-ol subunits, for example, (epi)-
catehin (288 dalton difference) or (epi)gallocatechin (304
dalton difference) (Figure 2).”° Intervals between minor peaks
reveal modifications on the polymer such as the relatively
common addition of a gallate ester at position 3 on the C-ring
of the parent subunit (152 dalton difference) (Figures 1 and
2). With high-resolution data, details of the structure can be
extracted by matching subunit composition and modifications
including galloylation to the accurate masses corresponding to
individual peaks in the spectrum. The molecular weight
resolution is sufficient to easily identify and quantify structural
variations such as A-type linkages (—2.01565, corresponding to
2 hydrogens),”**” and theoretical isotopic distribution patterns
can be modeled to confirm structural identifications (Support-
ing Information, Figure S1).

When assessing various preparations with FT-ICR MALDI
MS, we were surprised to find the mass difference of 152
dalton between peaks in the spectra of proanthocyanidins that
are reported not to contain gallate esters, including

https://dx.doi.org/10.1021/acs.jafc.0c04877
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Table 2. Thiolysis-HPLC—DAD and "H—"3C HSQC NMR Structural Data for Condensed Tannin from S. bicolor var. IS8661

and N. lutea”

mDP % cis % PD % gallate % A-type
plant thiolysis NMR thiolysis NMR thiolysis NMR thiolysis NMR NMR
Sorghum 16.3 16.6 91.2 90.4 4.0 0 0 0 5.3
Lutea 11.5 8.1 93.0 91.5 88.0 91.8 32.0 34.4 0

“Peak areas from thiolysis and integrated areas of "H—'C HSQC NMR cross peaks were used to calculate mean degree of polymerization (mDP),
epicatechin composition (% cis), tri- vs dihydroxylation on the B ring (% prodelphinidin), % 3-O-gallate esters, and A-type linkages.
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is not evident in the Sorghum tannin sample.

procyanidin from Sorghum grain (Figure 2).**' The data
suggested that each of the proanthocyanidin species (trimer,
tetramer, etc.) exists as both an ungalloylated oligomer and as a
monogallate (Table 1), implying that the 16-mer Sorghum
tannin could be about 5% 3-O-galloylated. To establish the
basis for these 152 mass differences, we did a detailed analysis
of the proanthocyanidin from Sorghum grain. Proanthocyani-
din from N. lutea served as a model compound for galloylated
tannin.”” Samples of epigallocatechin gallate and catechin
acted as galloylated and ungalloylated monomeric controls,
respectively.

We evaluated the composition and especially the degree of
galloylation of the two proanthocyanidins with chemical and
spectroscopic methods. Based on previous reports, thiolysis
indicated that Sorghum proanthocyanidin was mainly com-
prised of epicatechin and contained little to no (epi)-
gallocatechin, in contrast to the Neptunia tannin, which was
88% epigallocatechin (Table 2). Most importantly, the
thiolysis confirmed previous reports that Sorghum proantho-
cyanidin did not contain gallate esters’"*® but that Neptunia
proanthocyanidin is highly galloylated (Table 2).”’

"H-"*C HSQC NMR establishes the interflavan bonding
pattern as well as the composition of proanthocyanidins, as
described in detail in earlier publications.””*” Cross peaks
centered around (4.4, 36) ppm and (4.4, 38) ppm were
identified as H/C-4 signals corresponding to epi(gallo)-
catechin and (gallo)catechin flavan-3-ol subunits, respectively.
Based on the ratio of the areas, the compositions established by
thiolysis were confirmed, with Sorghum proanthocyanidin
predominantly based on epicatechin and Neptunia proantho-
cyanidin on epigallocatechin subunits (Table 2). Unlike
thiolysis, NMR provides direct evidence for interflavan
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bonding patterns, with cross peaks centered at (4.4, 36/38)
ppm and (4.3, 29) ppm characteristic of B-type linkages and A-
type linkages, respectively. Based on the relative peak areas, it
was determined that the Sorghum proanthocyanidin contained
5.3% A-type linkages, while the Neptunia proanthocyanidin was
100% B-type linkages (Table 2). Most relevant for our analysis
were the cross peaks for the 2”, 6” C—H bonds (6.8, 110 ppm)
of the galloyl group that indicate the presence of gallate esters.
The 'H-"C HSQC NMR spectrum of Sorghum did not
provide any evidence for galloylation, while the Neptunia
proanthocyanidin contained 34.4% 3-O-gallate esters, consis-
tent with the thiolysis data (Table 2 and Figure 3).

Infrared (IR) spectra provided additional support for the
conclusion that the Sorghum proanthocyanidin did not contain
gallate groups despite the evidence from the FT-ICR-MALDI-
MS. The Fourier Transform IR spectrum of epigallocatechin
gallate, a simple flavan-3-ol gallate ester, displays a character-
istic ester carbonyl peak at 1690 cm™, while the IR spectrum
of catechin, the ungalloylated flavan-3-ol, did not exhibit an
ester band (Figure 4). Consistent with our other analyses, the
spectrum of Neptunia proanthocyanidin possessed an ester
band but the Sorghum proanthocyanidin spectrum did not have
any peaks in this region (Figure 4).

We established methanolysis reaction conditions for
releasing methyl gallate from esterified proanthocyanidins
with a limit of detection of 0.3% galloylation or less than one
gallate group per 100 subunits. No detectable methyl gallate
was released from Sorghum proanthocyanidin under these
conditions, but methyl gallate was a dominant peak in the
products from the Neptunia proanthocyanidin methanolysis
reaction (Supporting Information, Figure S2).
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Figure 4. FTIR spectra of epigallocatechin gallate (black), catechin
(orange), N. lutea proanthocyanidin (green), and S. bicolor var.
1S8260 proanthocyanidin (purple). The characteristic ester band
(1690 cm™) is indicated with a dotted blue line.

We carried out negative ion FT-ICR ESI-MS measurements
as an alternative mass spectrometric method that is distinct
from MALDI-MS because it does not require the small-
molecule matrix and because it promotes fragmentation that
facilitates identification of specific ions. Positive ion mode
spectra of the samples had complex patterns of associated ion
complexes (sodium, potassium, or ammonium) but the
patterns in negative mode corresponded to the expected series
of peak clusters separated by 288 dalton (C,H;,O¢) for
Sorghum proanthocyanidin. The series of apparent gallate
esters noted in the MALDI spectra (e.g,, m/z 1015, m/z 1303
etc.) were not detected in the FT-ICR-MS spectra. Peaks with
—2 charge were common, with —1 and —3 charged peaks also
populating the spectra. There were no intervals corresponding
to (epi)catechin gallate (440 dalton) or (epi)gallocatechin
gallate (456 dalton), confirming that the Sorghum proantho-
cyanidin does not have galloyl esters.

Peaks with multiple charges generally give more character-
istic fragments, so we did tandem MS/MS analysis with gas
phase collisional induced dissociation (CID) on the ion at m/z
864.19078, identified as [(epi)catechin](4)*” (CgoH;,Os6
Table 3). The main fragments clearly correspond to quinone
methide (QM) fission with losses of 288 (C;sH;,04), see e.g.,

ions at m/z 287, 289, 575, 577, 863, 865, and 1151 (Figure S
and Table 3).** This pattern of fragmentation indicates
predominantly B-type interflavan linkages. Fragments charac-
teristic of heterocyclic ring fission (HRF) were detected
(Figure S and Table 3) but there was no evidence for reverse
Diels—Alder fragmentation (RDA).”° Galloylated proantho-
cyanidins yield fragments corresponding to loss of 169 dalton
in ESI-MS, due to cleavage of the ester bond and release of
gallic acid (C,H;O4'7),*" but this product was not found in
our Sorghum MS-MS spectra. Note that due to low signal
intensity a relatively wide window (Am = S) was used for ion
selection, thus some ions with low intensities at around the
selected m/z 864 ion may result in some low-intensity
fragments, identified by comparison of the parent ion spectrum
to the theoretical isotope pattern (Supporting Information,
Figure S1). The appearance of these fragments does not
influence the main conclusion that almost exclusively B-type
fragments are observed with a mass difference of 288 dalton.
Overall, the MS-MS data are consistent with the other data on
Sorghum obtained by chemical and spectroscopic methods
described here and support the conclusion that gallate esters
do not comprise structural elements in this proanthocyanidin.

To better understand the anomalous 152.011 dalton mass
differences in the FT-ICR-MALDI data, we re-examined the
MALDI spectra in more detail. We were able to identify
Sorghum proanthocyanidin polymers consisting of (epi)-
catechin subunits with degrees of polymerization up to 13
(Table 1). The apparent discrepancy between this polymer
distribution and the mDP 16 established by thiolysis and NMR
is a consequence of the inefficient ionization of higher-
molecular-weight species in MALDI experiments.”’ Higher
polymers are under-represented in the MALDI-MS and the
method cannot be used to establish accurate mDP. Peaks were
also assigned as species containing A-type linkages (Table 1),
consistent with our other chemical and spectroscopic data.

A unique feature of the ultrahigh-resolution FT-ICR MALDI
is the ability to assign structural feature such as linkage type to
individual molecular species. For example, this data revealed
that in Sorghum proanthocyanidin, A-type linkages were more
common in shorter oligomers, with degrees of polymerization

Table 3. FT-ICR ESI-MS/MS Data of the (Epi)cateching (m/z 864.190713%7) Species in Condensed Tannin from S. bicolor

var. 8661“

m/z measured m/z calculated formula error (ppm)
864.19078  864.190713  [(C,sH,,0¢)¢H, — 2H]> 0.08
1151.2461 115124627  [(CysH,,0¢), — H] 0.15
86519841  865.198538  [(CysH,0¢)s + HI™ 0.15
863.18232  863.182888  [(C,H,,04); — H] 0.66
73916632  739.166844  [(C,sHp,0¢)s + CsHyO5 + H]” 071
73715074 737.151194  [(CysH,,04), + CoHgO5 — H]™ 0.62
70115123 701151194  CyH,O,4 0.05
69513974  695.140629  CyH,0y, 1.37
693.12408  693.124979  CyHysOy4 1.30
$77.13477  $77.135150  [(CsH,0¢), + HI™ 0.66
575.11911 575.119500 [(C\sH,04), — H]™ 0.68
45110320 451.103456  [C,Hp,0¢ + CoHeO, + H]™ 0.57
449.08740  449.087806  [CysH,04 + CoHyO5 — H]™ 0.90
289.07122  289.071762  [C,sH,04 + H]™ 1.87
287.05601  287.056112  [CyH,,04 — H]™ 0.36

M — 2H — 3C,sH,,0 — C¢H;O; + H]~  HRF
M — 2H — 3C;sH,,04 — CH;O, — H]™  HRF

unassigned

assignment cleavage type
M - 2H]* parent ion (hexamer) (—2)
[M — 2H — 2C,H,,04]" QM
[M — 2H — 3C3H,,04 + H]™ QM
[M — 2H - 3C;H,,04 — H]~ QM
[
[

unassigned
unassigned
QM
QM
[M — 2H — 4C,(H,,04 — CH,0; + H]~  HRF
[M — 2H — 4C,H,,04 — CH,0,-H]™ HRF
monomer QM

monomer QM

“The MS/MS products are formed by quinone methide (QM) fission and heterocyclic ring fission (HRF). The spectrum is provided in Figure S,
and details of the fragmentation pathways for proanthocyanidins with B- and A-type linkages are summarized in ref 25.
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Figure 5. FT-ICR ESI MS/MS of S. bicolor var. IS8260 proanthocyanidin. The molecular ion m/z 864.190782- (CogH,,05) is the hexamer of
(epi)catechin. The inset shows the typical fragmentation pattern for a proanthocyanidin illustrated for a dimer.”® Quinone methide (QM)
interflavan bond cleavage (red line) releases the upper unit as catechin (C;sH,304'~, 289 Da) and the lower unit as the quinone (C;sH;,0,4'", 287
Da). Heterocyclic ring fission (HRF, pink line) releases phloroglucinol (C¢HgO,'", 125 Da) and rearranges the residual flavonol fragment
(CoH405'", 162 Da). Reverse Diels—Alder (RDA) reactions (blue line) release CgH,O;'~ (151 Da) and rearrange the residual fragment
(C;H05'7, 137 Da). A comprehensive fragment list is provided in Table 3.

from 3 to 6, and less common in the more highly polymerized
species (Table 1). A similar pattern was revealed in a structural
survey of proanthocyanidins from a wide range of fruits, with
A-type linkages more prevalent in tetramer—heptamers and
less abundant in octamers and larger oligomers,42 although in
peanuts the percentage of A-type linkages was higher in
octamers than in smaller oligomers.”’ It has been suggested
that A-type linkages are formed through oxidation of B-linked
proanthocyanidins either by polyphenol oxidase or laccase™***
or by free radical mechanisms.*® The preferential distribution
of A-type linkages in shorter polymers may provide indirect
support for the enzymatic mechanism if there is a substrate size
limitation to the oxidizing activity of participating enzymes. An
alternative hypothesis is that addition of A-type linkages during
the normal polymerization process may halt further polymer-
ization of the proanthocyanidin, preventing extension to longer
polymers. Additional research into factors dictating the
number and positions of A-type linkages in proanthocyanidin
is warranted based on the many studies suggesting unique
bioactivity for A-linked proanthocyanidins.*’

More detailed analysis of the FT-ICR MALDI-MS data
obtained with Neptunia tannin showed that this proanthocya-
nidin existed in multiple galloylated forms including mono-,
di-, and triesterified polymers (Table 1). Similar highly
galloylated proanthocyanidins have been reported in Rumex,

such as procyanidin dimers, trimers, and tetramers esterified
with two gallates (e.g., dimer B2 digallate).”® The variation in
galloylation implies a high level of heterogeneity in the
Neptunia proanthocyanidin but is consistent with the average
assessment of about 33% gallate ester from thiolysis and NMR
studies (Table 2). The simplest interpretation of the FT-ICR
MALDI-MS data for the Sorghum proanthocyanidin was that
each species consisted of an ungalloylated form and a
monogallate (Table 1), but this was inconsistent with all our
other chemical and spectroscopic data.

All of our other methods of analysis supported the
conclusion that Sorghum proanthocyanidin does not contain
gallate ester groups. The peaks with intervals of 152 dalton
(C,H,0,) in the FT-ICR MALDI-MS appear to be an
unreliable indicator of galloylation of proanthocyanidins. Even
the ultrahigh-resolution data do not discriminate between
galloylated proanthocyanidins (e.g, Neptunia) and ungalloy-
lated forms (e.g., Sorghum). We postulated that the intervals of
152 dalton are an artifact of the DHB matrix employed in
MALDI-MS and the strong binding properties of proantho-
cyanidins.*’

Supramolecular structures are complexes that form due to
strong noncovalent interactions between molecules, including
forces such as ion pairing, electrostatic interactions, ion—zx
interactions, hydrogen bonding, solvophobic interactions,

https://dx.doi.org/10.1021/acs.jafc.0c04877
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dispersive interactions, and stacking interactions.”’ Formation
of supramolecular complexes via 7—7 stacking is characteristic
of polyphenols including flavonoids, hydrolyzable tannins, and
phenolic acids. For example, co-pigmentation, the well-known
phenomenon that dictates the hue, intensity, and stability of
color, for example, in wines and ornamental flowers, results
from supramolecular complex formation between an antho-
cyanin pigment and one or more other phenolic compounds.”'
Although proanthocyanidins appear to bind only weakly to
anthocyanins,””>? formation of supramolecular complexes
between proanthocyanidins and proteins or other biomolecules
has been exploited to create materials with unique properties.>*

We used 'H NMR to evaluate whether proanthocyanidins
form supramolecular complexes with 2,5-dihydroxybenzoic
acid (DHB, Figure 1), the matrix that we employed to facilitate
ionization in the FT-ICR MALDI-MS experiments. Supra-
molecular complexes involving 7—7 stacking interactions can
be detected by an upfield shift in the resonances of the
aromatic protons due to increased shielding in the complex.”’
The '"H NMR spectrum of DHB had three doublets at 7.24
ppm, 6.95 ppm, and 6.79 ppm that were shifted upfield, &
0.026 to 0.049 ppm, when the DHB was mixed with Sorghum
proanthocyanidin (Figure 6). A similar upfield shift was

3E+6
2E+6
2E+6
1E+6 “
il

e

.
6.7

5E+5

VRt

T
6.8

T e R A

72 71 70

Figure 6. "H NMR spectra of DHB (red) and of the mixture of DHB
plus S. bicolor var. IS8661 proanthocyanidin (blue) in D,O.

observed with mixtures of DHB and Neptunia proanthcyanidin,
leading us to conclude that galloylated proanthocyanidins also
complexed the phenolic acid (Supporting Information, Figure
S3). Complexation of small aromatic molecules by ungalloy-
lated and galloylated proanthocyanidins follows the precedent
established in studies of flavan-3-ol gallates and flavan-3-ols
with caffeine, a flat aromatic molecule that forms strong
complexes with phenolics.*’

We propose that a strong supramolecular complex is formed
by the insertion of DHB between the aromatic rings of the
flavan-3-ol subunits of the proanthocyanidins. Our data suggest
that the complexes are stable during the “soft” ionization
process of MALDI, so that the spectra include discrete mass
peaks for the proanthocyanidin itself [M~] and for its DHB
complexes [M~ (+) DHB~]. This model is supported by
previous studies in which an interval of 152.26 dalton was
identified as an oligosaccharide—DHB supramolecular complex
stabilized by hydrogen bonds between the deprotonated
saccharide alcohol and deprotonated DHB carboxylate.>® For
the proanthocyanidins, the deprotonated DHB and the gallate
ester have identical molecular formulas (C,H;O,). The
proposed supramolecular complexes comprising deprotonated
proanthocyanidin plus deprotonated DBH are indistinguish-
able from deprotonated proanthocyanidin 3-O-gallates even
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with ultrahigh-resolution FT-ICR MALDI-MS. For ungalloy-
lated proanthocyanidins, the DHB-related peaks would be
incorrectly attributed to galloyl esters, while for galloylated
proanthocyanidins, association with DHB could lead to
overestimation of the degree of esterification.

Many other matrices are available for MALDI-MS, but we
and others have found that DHB typically provides the best
ionization and the best-quality spectra with proanthocyanidin
samples.”” For example, dithranol, @-cyano hydroxycinnaic
acid (HCA), and sinapinic acid (SA) gave much lower-quality
spectra than DHB in our hands, consistent with the
literature.”® We used 'H NMR to assess complex formation
with SA to evaluate if this class of compounds could provide
noninteracting matrices. In this case, we observed a downfield
shift (6 —0.007 to —0.01S ppm) in the aromatic proton signals
when the Sorghum proanthocyanidin was added to the SA
(Supporting Information, Figure S4). The hydroxycinnamic
acids have a short unsaturated side chain that must alter
interaction with proanthocyanidin so that the aromatic protons
are deshielded in the complex compared to the shielding that
takes place when the proanthocyanidin binds a benzoic acid.””

In addition to highlighting the need to find better matrices
to fully realize the potential of ultrahigh-resolution FT-ICR
MALDI-MS, our study re-emphasizes the importance of using
more than one analytical technique to obtain structural
information about complex natural products such as
proanthocyanidins. In particular, we note that different
ionization techniques can reveal different components of
complex mixtures.> Finally, MALDI-MS has received little
attention as a method for analyzing hydrolyzable tannins,
because these compounds are amenable to purification to
single species that can be identified with routine HPLC-MS
analysis. Attempts to employ MALDI-MS for hydrolyzable
tannins and other polyphenols™ should address the potential
for matrix effects given the strong tendency of gallate groups to
bind small aromatic molecules.*’
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FT-ICR-ESI-MS for S. bicolor var. 8661 tannin. Inset
table shows calculated m/z values for the isotopomers of
the parent ion, CooH,,O5, [(epi)catechin](s)*~ (Figure
S1); HPLC data from typical methanolysis analysis;
samples of N. lutea proanthocyanidin or S. bicolor
proanthocyanidin were methanolized to release gallate
esters as methyl gallate; the products were separated by
RP-HPLC with detection at 220 nm; products include
anthocyanidins produced from the flavan-3-ol mono-
mers of the proanthocyanidin in addition to methyl
gallate from Neptunia (green) but not from Sorghum
(purple); the methyl gallate standard (gray) elutes at
15.1 min (Figure S2); 'H NMR spectra of 2,5-
dihydroxybenzoic acid (red) and of the mixture of
DHB plus N. lutea proanthocyanidin (blue) in D,0O
(Figure S3); "H NMR spectra of sinapinic acid (red)
and of the mixture of sinapinic acid plus S. bicolor var.
1S8661 proanthocyanidin (blue) in D,O (Figure S4)
(PDF)
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