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Abstract

Two types of the nonprotein proteinase inhibitors, P and B samples were previously isolated from dried figs by gel permeation and
high-performance liquid chromatography. In the present study, we investigated the chemical structure of the B sample using both mass
spectrometry (MS) and solid-state nuclear magnetic resonance. Fast atom bombardment and matrix-assisted laser desorption ionization-
time of flight MS experiments showed losses of 16, 44, 176, and 338 Da. By electrospray ionization tandem MS, the product-ion spectra
of m/z 712, 731, and 750 in the parent ions indicated that the fragmentation ion at m/z 175 was the repeated structure of the parent ions.
We propose here that the 176- and 338-Da compounds might aggregate each other, probably by polymerizations, ether linkages, and
hydrogen bonding, which would result in a mass variety of the B sample as observed in the MS analyses.
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1. Introduction

The fig tree (Ficus carica) is cultivated for its fruit in
temperate zones, and the dried fruit has been a food famil-
iar to human beings since B.C. 3000. Nutritionally, dried
figs provide a high quantity of calcium, potassium, and die-
tary fiber as compared with any other common fruit (Vin-
son, Zubik, Bose, Samman, & Proch, 2005); in addition,
human beings have taken them as a laxative, an expecto-
rant, and a hemorrhoidal drug since ancient times.
Recently, Hatano has found that dried figs possess weak
inhibitory activities against some proteinases, and the rela-
tionship between their effects as a laxative and the inhibi-
tory activities have become a point of interest. In a
previous study (Hatano, 2006), he purified the inhibitory
components, P and B samples, from dried figs, measured
their inhibitory activities against some digestive enzymes,
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and briefly characterized their molecular structures. The
inhibitory components were revealed to inhibit a ficin-like
proteinase papain as well as a digestive enzyme chymotryp-
sin. The UV-Vis and infrared absorption (IR) spectra indi-
cated that they might be a kind of humic substances, the
environmental degradation products of plant, fungal, and
bacterial biopolymers. Humic substances are divided into
three operationally defined fractions: humine, which is
insoluble in aqueous solution at all pH values; humic acid,
which is soluble only in alkaline aqueous solution; and ful-
vic acid, which is soluble in aqueous solution at any pH
value.

Elemental analysis, '*C nuclear magnetic resonance
(NMR), and IR spectrometry have been used to evaluate
the chemical structure such as humic substances. These
methods, however, do not give definite information about
specific components but instead describe an ‘average’ char-
acteristic of the bulk material. In recent years, electrospray
ionization (ESI) mass spectrometry (MS) has provided
considerable progress in the characterization and analysis
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of fulvic acid, since this technique makes intact molecules
accessible to MS. Structural regularities have been deter-
mined in the product-ion spectra of fulvic acid by ESI tan-
dem MS (ESI-MS/MS) technique as well as in the spectra
by ESI-MS (Plancque, Amekraz, Moulin, Toulhoat, &
Moulin, 2001). On comparing the various spectra, it
appears that fulvic acids from very different origins exhibit
very similar molecular mass patterns and nearly identical
fragmentation behavior (Reemtsma & These, 2003). These
various studies using ESI-MS indicated that fulvic acid is
not a mixture of a virtually indefinite number of unique
molecules. Previously, Hatano measured the preliminary
spectra of the P and B samples using matrix-assisted laser
desorption ionization-time-of-flight MS (MALDI-TOF-
MS). He demonstrated that these samples consist of rela-
tively small molecules with molecular masses around
500-1400 Da, although the detailed chemical and confor-
mational structure could not be determined (Hatano,
2006).

In this paper, we focused on the B sample due to its
high ionization efficiency and chose several MS techniques
to obtain insight into the structural regularities as
observed in the fulvic acids. On the other hand, we worry
that the MS data may only provide the structural informa-
tion derived from the ionized sample. Therefore, we com-
bined the MS data with the data of solid-state NMR and
elemental analysis that provide us with information
regarding both the ionized and unionized sample. As a
result, the regularities of molecular mass patterns were
observed on the MS spectra of the B sample. However,
the elemental analysis and solid-state NMR spectra
showed that the sample was not the typical humic materi-
als, fulvic acid and humic acid, indicating that this sample
is a novel organic matter. At last, based on the above-
mentioned data, we propose the putative chemical struc-
ture of the B sample.

2. Materials and methods
2.1. Materials

Dried fig fruit in California (Black Mission) was pur-
chased from a local market, and the P and B samples were
purified as described previously (Hatano, 2006). Stock
solutions of the samples for MS analysis were prepared
in Milli-Q water at a concentration of 1 mg/mL. 2,5-
Dihydroxybenzoic acid (DHB) was purchased from
Sigma-Aldrich (St. Louis, MO). All other reagents used
were of the highest grade commercially available.

2.2. Elemental analysis

The samples were characterized for their carbon and
nitrogen content using a Sumigraph model-NC22 (Sumika
Chemical Analysis Service, Tokyo, Japan). The carbon and
nitrogen content was obtained by burning 3.0 mg of each
sample in reactor and reduction ovens at 8§30 and 600 °C,

respectively. Acetanilide was used as a calibration standard
(N =10.36% and C = 71.09%).

2.3. Solid-state NMR spectroscopy

All NMR experiments were carried out with a Varian
Unity INOVA 400WB spectrometer (Varian Technologies,
Tokyo, Japan) operating at resonance frequencies of
399.847 MHz for 'H and 100.559 MHz for '*C. One hun-
dred milligrams of each sample were packed into 7-mm zir-
conia rotors and placed in the spinning module of a
Jakobsen cross polarization/magic angle spinning (CP/
MAS) probe. CP was achieved with variable-amplitude
spin-lock fields (Peersen, Wu, Kustanovich, & Smith,
1993). The typical 90° pulse length for '*C was 3.1 ps,
and a CP contact time of 4 ms was used to minimize back-
ground signals. The 'H radio frequency field strength for
heteronuclear two-pulse phase modulation decoupling
was approximately 72 kHz (Bennett, Rienstra, Auger,
Lakshmi, & Griffin, 1995). Typical recycling delays were
5's, and acquisition times were 80 ms. '*C and "H chemical
shifts were referenced externally to tetramethylsilane
through adamantane and water, respectively. Sample spin-
ning speeds were regulated to 5208 Hz using a Varian
pneumatic control unit. The digital resolution (DR) was
calculated by the following equation:

DR =2 x SW/FN = 2 x 50k/16k = 6.3 Hz/point

where SW is the spectral width, and FN means data points
after Fourier transformation.

The conventional 'H-'*C heteronuclear correlation
(HETCOR) experiment was carried out, based on the
sequence of Bielecki and coworkers (Bielecki, Burum, Rice,
& Karasz, 1991). Typical radio frequency pulse lengths were
40pus for *C and 'H. Multiple-pulse 'H decoupling
(BLEW-12) was applied during evolution to suppress
"H-'H homonuclear interactions. Additional multiple-pulse
13C irradiation (BB-12) was performed synchronously with
BLEW-12 to suppress 'H-'*C dipolar interactions. Follow-
ing the evolution period, the 'H intensity was selectively
transferred to carbon with a single cycle of the multiple-pulse
sequence WIM-24, which causes cross-polarization while
effectively suppressing 'H spin diffusion. In case of the P
sample, the DR was 2 x 50k/4k = 25 Hz/point in the f>
dimension and 2 x 10k/4k = 5 Hz/point in the f; dimension;
on the other hand, that of the sample B was 2 x 50k/8k =
12.5 Hz/point in the f, dimension and 2 x 10k/4k = 5 Hz/
point in the f; dimension. The other conditions were the
same as those for the CP/MAS experiments.

2.4. Mass spectrometry

FAB-MS was carried out on a JEOL JMS-SX102 spec-
trometer (JEOL, Tokyo, Japan) for the initial characteriza-
tion. Thioglycerol and 1-N hydrochloric acid were added
to the stock solution in a volume ratio of 5:1. The JMS-
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SX102 has a mass range of 3500 Da at 8-kV accelerating
potential, and approximately 0.5-0.7 pL of the thioglycerol
matrix containing the sample was applied to a stainless
steel sample stage mounted on the end of a high-vacuum
push rod.

MALDI-TOF-MS analysis was performed on a KOM-
PACT MALDI-4 mass spectrometer (Shimadzu/Kratos,
Manchester, UK). A DHB matrix-saturated solution
was prepared in a 3:7 mixture of acetonitrile and Milli-
Q water containing 0.1% trifluoroacetic acid. The dried-
droplet technique was used for MALDI-TOF-MS sample
preparation. The mass spectra were recorded on both lin-
ear and reflection modes, and the mass range was m/z 0—
3000.

MS/MS experiments were conducted using a Q-TOF-II
mass spectrometer (JASCO International/Micromass,
Manchester, UK) equipped with a Nanoflow ESI interface.
Sample solutions were prepared by 10-fold dilution of the
stock solutions in methanol/0.28% ammonia (1:1) and
introduced into a Nanoflow capillary with a flow rate set
to 10-50 nL/min. The capillary needle voltage was set at
1-1.5kV. The best conditions were: source temperature
80 °C, cone voltage 50 V, and collision energy 25 eV.

We were not able to obtain the MALDI-TOF and ESI-
Q-TOF mass spectra of the P sample with good quality,
which would be due to the low ionization efficiency (Hat-
ano, 2006).

3. Results and discussion
3.1. Elemental analysis

The carbon and nitrogen content of the B sample
showed 34.3 +0.1% and 6.5 £ 0.0%, respectively. On the
other hand, the elemental analysis of the P sample is
reported 40.9 &+ 0.1% for carbon and 1.5 + 0.0% for nitro-
gen. In general, the carbon and nitrogen content of typical
fulvic acids (humic acids) from ground water, river, and sea
indicates 51.0-59.7% (50.5-62.1%) and 0.7-1.1% (0.6—
3.2%), respectively (Thurman, 1985). Obviously, the car-
bon content of the organic matter from dried figs, espe-
cially the B sample, was lower than that of the fulvic and
humic acids; therefore, it seems that the chemical structure
of the B sample is considerably different from that of the
humic materials.

Only the analysis of carbon and nitrogen can be per-
formed with the Sumigraph model-NC22. Accordingly,
we calculated only the C/N ratio and revealed that the
ratios of the samples P and B were 27.3 and 5.3, respec-
tively. Generally, it is believed that the C/N ratios of humic
acid, rice straw, legume, and microbial origin are 15-25, 60,
20-30, and 4-9, respectively (Thurman, 1985). The ratio of
the B sample therefore indicates that this novel substance is
likely from microbial origin. There could be humic acid
from microbial origin, but here the B sample showed the
lower carbon content, indicating that this sample is not
humic acid.

3.2. Solid-state NMR spectra

Plates A and B of Fig. 1 display the '*C-CP/MAS NMR
spectra of the B and P samples from dried figs, respectively.
The CP/MAS spectrum of the B sample was dominated by
two sharp signals at 61.6 and 57.5 ppm, and that of the P
sample showed several broad resonances around 171.7,
131.2, 121.1, 104.1, 79.3, 70.0, and 18.3 ppm. These reso-
nances were assigned to nonpolar carbon atoms such as
the aromatic/olefin (160-110 ppm) and aliphatic carbons
(45-0 ppm), and to polar carbon atoms such as the car-
boxyl/carbonyl (190-160 ppm), C-O and C-N groups,
and anomeric carbons (110-45 ppm). The spectral pattern
of the P sample was similar to that of fulvic and humic
acids from the Suwannee River; however, the intensities
of the peak regions of >100 ppm and <50 ppm were much
lower than the intensities in the fulvic and humic acids
(Thurman, 1985). The spectral pattern of the B sample
was simple and quite different from that of the fulvic and
humic acids, indicating that the chemical structure of the
B sample is different from that of the humic matters.

The 'H-'>C HETCOR spectra of the B and P samples
are shown in Fig. 1C and D, respectively. Four cross peaks
(a—d) were visible in the spectrum of the B sample, while
there were six cross peaks (a—f) in that of the P sample.
Interestingly, the carbon resonance at 57 ppm in Fig. 1C
gave three cross peaks in the '"H dimension (b—d peaks),
indicating that hydrogens bonded to the carbon exist in
three different environments. Especially, the proton reso-
nance at 12.2 ppm (peak d) suggests that this proton would
form a strong hydrogen bond, since proton NMR chemical
shifts have significant correlation with the length of hydro-
gen bonds (Wagner, Pardi, & Wiithrich, 1983). Similarly,
in case of the P sample, three cross peaks in the 'H dimen-
sion (b—d peaks) were observed in the resonance at 70 ppm
for carbon (Fig. 1D). As is seen, the NMR spectra of the B
sample revealed very simple and this sample appears to be
suitable for further structural analysis.

3.3. FAB and MALDI-TOF mass spectra

The FAB-MS spectra of the P and B samples in a posi-
tive ion mode were very similar to each other (data not
shown), although the signal-to-noise ratio (S/N) was rela-
tively poor. The mass-distribution shapes of the B sample
indicated a shifted sinebell function with a periodicity of
44 Da, and the maximum molecular weight of the B sample
was estimated approximately 1500 Da (data not shown).
We call the fragment of 44-Da a quark (Q) module for
an explanation of the fragmentation scheme.

Fig. 2A illustrates the MALDI-TOF mass spectrum of
the sample B on a linear mode. The spectrum showed obvi-
ous regularities in peak appearance, as indicated in Table 1.
There were two peak-appearance groups (higher peaks
at m/z 361, 699, 1037, and 1375; lower ones at m/z
537, 875, 1213, and 1566). The mass difference between
the two groups (for example, peaks at m/z 361 and 537)
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Fig. 1. Solid-state NMR spectra of the B and P samples from dried figs. The '3C-CP/MAS spectra of the B and P samples are shown in (A) and (B),
respectively. Plates C and D indicate the 2D '*C-'H HETCOR spectra of the samples B and P, respectively. Carbon chemical shifts are referenced to

adamantane and are accurate to +0.05 ppm.

certainly indicated 176 Da, while the differences among the
peaks within each group (for instance, peaks at m/z 361
and 699) were 338 Da (Table 1). Here, we respectively des-
ignate the fragments of 176 and 338 Da atom modules, Al
and A2. Each peak had some additional peaks, probably
the precursor ions [M—O]" and [0—M—O]" (Table 1),
indicating that each precursor ion has two ether-linkage
sites.

Fig. 2B shows the post-source decay (PSD) spectrum of
the B sample on a reflection mode. The most intense prod-
uct ion at m/z 361 would probably be a starting material
for the polymerization of the B sample, since sample frag-
mentations in the source region are strongly induced in the
PSD experiments. The product ions at m/z 355, 361, and
377 would be the oxygen and sodium adduct of the A2
module,  probably  [A2—-O]", [A2—Na]", and
[O—A2—Na]", respectively (Table 1). Actually, sodium
ions were detected as a peak at m/z 23 in the spectrum
(Fig. 2B).

3.4. ESI-Q-TOF tandem mass spectra
The ESI-Q-TOF mass spectrum and the zoomed one

(m/z 600-900) of the sample B are shown in Fig. 3A
and the inset, respectively. Two mass distributions (m/z

100400 and 1000-1500) indicated monovalent anions
with 1.0-Da inter-peak spacing (Fig. 3A); in contract,
the distribution in the range between m/z 600-900
showed divalent anions that were observed at every
half-mass (Fig. 3A, inset). We observed three peak clus-
ters at the beginning m/z 624, 712, and 800 in the
enlarged spectrum, each of which would have two bind-
ing sites such as [M—K] and [K—M-K] (Table 2).
The mass difference between the three clusters appeared
to be 88 Da, which corresponded to singly charged ions
at m/z 176 (Table 2).

Fig. 3B-D shows the product-ion spectra of m/z 712,
731, and 750 (intense signals in the inset of Fig. 3A),
respectively. The fragmentation ion at m/z 175 was the
most intense among the other peaks and was considered
as a representative repeated structure of the parent ions
(Table 2). Accordingly, these product ions would be assem-
bled by a number of the Al modules. We also observed the
other important fragments of 113, 131, 193, and 351 Da in
Fig. 3B-D, indicating elimination of water from three Q
modules, three Q modules, the addition of water to the
Al module, and two Al modules, respectively (Table 2).
Thus, we could explain the constitution of all the product
ions using the Q module, which is consistent with the
results of the FAB-MS experiment.
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Fig. 2. MALDI-TOF mass spectra of the B sample: (A) normal spectrum
on a linear mode; (B) post-source decay spectrum on a reflection mode.

Table 1
MALDI-TOF mass spectra of the B sample at m/z 300-1100

Experimental Mass gain (Da) Relative  Assigned fragment
mass (m/z) intensity
(*4)

Normal spectrum

338 338 41 A2 [=113 x 3]

361 338, 23 100 A2(Na)

377 361, 16 44 A2(0)

393 361,16 x 2 6 A2(0,0)

537 361, 176 27 Al+ A2(Na)

553 361, 176, 16 10 Al + A2(Na,0)

699 361, 338 60 A2+ A2(Na)

715 361, 338, 16 33 A2+ A2(Na,0)

731 361, 338, 16 x 2 7 A2+ A2(Na,0,0)

875 361, 338, 176 14 Al + A2+ A2(Na)

891 361, 338, 176, 16 8 Al+ A2+ A2(Na,0)

908 361, 338, 176, 16 x 2 2 Al + A2 + A2(Na,0,0)
1037 361, 338 x 2 30 (A2), + A2(Na)
1053 361, 338 x 2, 16 18 (A2), + A2(Na,0O)
1069 361,338 x 2,16 x 2 6 (A2), + A2(Na,0,0)
PSD spectrum
355 338, 16 70 A2(0)
361 338, 23 100 A2(Na)
3717 338, 23, 16 15 A2(Na,0)

3.5. Putative molecular structure

Humic materials have the ability to form rather stable
complexes cations, probably carboxylic and phenolic
groups as the main complex functionalities (Aiken,

McKnight, Wershaw, & MacCarthy, 1985; Hayes, Mac-
Carthy, Malcolm, & Swift, 1989; Stevenson, 1985). For
instance, Plancque et al. (2001) discovered the existence
of product ions at m/z 133, 177, and 371 by the ESI-Q-
TOF-MS experiments of groundwater fulvic acid. Simi-
larly, Leenheer and coauthors (2001) demonstrated the
chemical structure of product ion at m/z 329 from fulvic
acid from the Suwannee River. In this work, we were able
to observe product ions at m/z 131 and 176 in the B sample,
and the solid-state NMR study revealed that this sample
contained neither carboxyl/carbonyl groups nor aro-
matic/olefin (Fig. 1A). Therefore, we concluded that the
B sample is not these humic substances, not only because
the sample has neither carboxyl nor aromatic nor olefin,
but also because the sample has a C/N ratio that is less
than half of the minimum reported for the substances.
On the other hand, dried figs contain a large amount of
sugar, some of which appeared to be condensed and dehy-
drated. Considering that the color of the B sample is
brown, the sample might be produced by the typical
browning reaction in foods, the Maillard reaction or sugar
caramelization. However, we could not detect the represen-
tative >*C NMR signals (140 and 110 ppm) of the main
product from these reactions, furfural derivatives
(Fig. 1A).

We propose here the fragmentation scheme of the sam-
ple B, which allows us to predict the preliminary molecular
structure (Q module) as follows:

H H
\ /
P—<
H OH m/z=44

The sample would be composed of the modules Al and
A2, each of which is made of the Q module. The Al mod-
ule would be formed by polymerization of four Q modules
(Fig. 4A and B), while the module A2 might be formed by
trimerization of the dehydrated polymer from three Q
modules (Fig. 4C). The modules Al and A2 might connect
with each other, probably by polymerizations, ether link-
ages, and hydrogen bonding, leading to a mass variety of
the B sample (designed as a molecular module) as observed
in the MS spectra. For example, the precursor ion of
891 Da, one of the molecular (M) module, might be com-
posed of one Al module and two A2 modules, one of
which is the sodium and oxygen adduct (Table 2). Thus,
we could explain almost all M modules of the sample B
using the modules Q, Al, and A2. However, we must
remember that these product ions were observed just by
ionization of the MS experiments. In this scheme, we do
not address the large amounts of nitrogen observed in
the elemental analysis. Probably, the nitrogen atoms would
constitute a part of the unionized moiety, which might be
involved in hydrogen bonding like O-H---N. Similarly,
the P sample would be composed of the Q module
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Fig. 3. Negative-ion ESI mass spectra of the B sample acquired under optimized conditions (A) and the product ion spectra obtained by ESI MS/MS of
the selected anions of m/z 712 (B), 731 (C), and 750 (D).

Table 2 A
ESI-MS/MS spectra of the negative precursor ion at m/z 712, 731, and 750 c OH
in the B sample
m/z=131

Experimental Mass gain (Da) Relative Assigned fragment OH
mass (m/z) intensity (%)

_ OH OH OH
Precursor-ion peaks (Fig. 4A, the inset) m/z =44 \
624% 1248 81 (Al)s + A1(O) e 113
643 1248, 38 70 (Al)s + A1(O,K)
662 1248, 38 x 2 36 (Al)s + A1(O,K.K) B OH OH o
712% 1248, 176 100 (Al); + A1(O) m/z=338 f
731° 1248, 176, 38 90 (A1), + A1(0.K) OH OH
750* 1248, 176, 38 x 2 58 (Al); + A1(O,K,K)
800 1248, 176 x 2 60 (Al)s + A1(O) OH OH
819° 1248, 176 x 2, 38 67 (Al)s + A1(O,K)
838 1248, 176 x 2,38 x 2 47 (Al)s + A1(O,K.,K) m/z = 176
MS/MS of m/z 712 (Fig. 4B-D) Fig. 4. Schematic representation of the Q (A), Al (B), and A2 modules
113 44 x 3, —18 15 (Q); — H,O (C). Triangles indicate the backbone of the Q module, and available
131 44 x 3 28 Q)3 double bonds in the Q module are shown as solid lines from the triangles.
175 44 x 4 100 Al [=Q x 4] The A2 module at m/z 338 would be formed by trimerization of the
193 44 x 4, 18 27 Al + H,O dehydrated tri-Q polymer at m/z 113.
351 44 x 8 58 (A1),

# Doubly charged ions.

basically, since we also observed the 44-Da inter-peak spac-
ing in the FAB-MS spectrum. The molecular structure of
the P sample would be much more complicated than that

of the B sample.

Dialysis against water using a membrane of MWCO
10000 (Pierce Chemical, Rockford, IL) brought on little
loss of the B and P samples (data not shown); therefore,
these samples would form considerable large aggregates
of the M module. This is one reason why the solid-state
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NMR instead of solution NMR was used for the samples.
The M modules of the B sample might associate each other
mainly by hydrogen bonding, resulting in the formation of
such a macromolecule. With regard to hydrogen bonds,
Taylor and Kennard (1982) reported interesting evidence
based on a survey of 113 published crystal structures that
have been determined very precisely by neutron diffraction.
In the report, they concluded that the majority of short C—
H---O, C-H--‘N, and C-H---Cl contacts are attractive
interactions that can be reasonably described as hydrogen
bonds. Therefore, in our case, such hydrogen bonds of
C-H---O(H)-C, C-H-: - -O(C)-C, and C-H- - -N might exist
in the aggregates. This is consistent with the solid-state
NMR data (Fig. 1C).

The B and P samples have inhibitory activities against
several proteinases, and the optimal pH was around 5, indi-
cating that the inhibitory activities depend on the molecu-
lar shape or electrostatic potential (Hatano, 2006).
Accordingly, it is conceivable that some of the hydrogen
bonds are involved in the inhibitory activity, since the
hydrogen bonds play an important role for the aggregation
of the M modules. In the near future, we plan to investigate
the molecular shapes of the B and P samples in detail by
light scattering, which would contribute to even better
understanding of the mechanisms of the molecular forma-
tion and proteinase inhibition.
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