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ABSTRACT

Background: Peptides have diverse and important physiological roles in plants and are ideal markers for
species identification. It is unclear whether there are specific peptides in Panax quinquefolius L. (PQ). The
aims of this study were to identify Quinetides, a series of diverse posttranslational modified native
peptides of the ribonuclease-like storage protein (ginseng major protein), from PQ to explore novel
peptide markers and develop a new method to distinguish PQ from Panax ginseng.
Methods: We used different fragmentation modes in the LTQ Orbitrap analysis to identify the enriched
Quinetide targets of PQ, and we discovered Quinetide markers of PQ and P. ginseng using ultrahigh-
performance liquid chromatography—quadrupole time-of-flight mass spectrometry analysis. These
“peptide markers” were validated by simultaneously monitoring Rf and F11 as standard ginsenosides.
Results: We discovered 100 Quinetides of PQ with various post-translational modifications (PTMs),
including a series of glycopeptides, all of which originated from the protein ginseng major protein. We
effectively distinguished PQ from P. ginseng using new “peptide markers.” Four unique peptides (Qui-
netides TP6 and TP7 as markers of PQ and Quinetides TP8 and TP9 as markers of P. ginseng) and their
associated glycosylation products were discovered in PQ and P. ginseng.
Conclusion: We provide specific information on PQ peptides and propose the clinical application of
peptide markers to distinguish PQ from P. ginseng.
© 2020 The Korean Society of Ginseng. Publishing services by Elsevier B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

proteomics research study [13] on wild and cultivated P. ginseng
has been published in Journal of Ginseng Research, and another

Panax quinquefolius (PQ) exhibits antitumor, antioxidant, and
neuroprotective effects [1,2]. PQ and Panax ginseng are very similar
morphologically and pharmacologically but show subtle differ-
ences in terms of bioactivities and chemical compositions.
P. ginseng is a good invigorator, whereas PQ is capable of heat-
clearing and refreshing [3—5]. Ginsenosides are considered to be
the main active ingredients in these species [6—8]. Previous
studies have revealed that more than 600 compounds have been
identified by MS [9], and approximately 70 ginsenosides have been
isolated from P. ginseng and PQ [10]. Approximately 26,000
expressed sequence tags of P. ginseng have also been determined
[11], and more than 100 proteins were identified [12]. A

study has aimed to reveal the recent progress in proteomics
studies of ginseng [11]. A report has revealed that the proteins
isolated from P. ginseng and PQ possess antifatigue, antifungal, and
antiviral activities [2]. Ginseng major protein (GMP) is a major
protein present in ginseng [14—16], and it may function as a stor-
age protein [11,17]. GMP exhibits anticomplementary activity
during hemolysis of red blood cells [18] and plays a role in plant
defense against salt stress [19]. Peptidomics can be defined as
studies of low-molecular-weight fraction of proteins, including
endogenous peptides, protein fragments, and protein degradation
products [20,21]. For research on native peptides, our research
team has identified a total of 308 peptides in P. ginseng [22], some
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of which originated from GMP. Peptides are involved in a variety of
physiological processes [23], such as the regulation of growth and
immunity [24,25] and estimation of genetic variability. However,
little is known about the peptides in PQ as its entire genome has
not been sequenced.

Furthermore, the chemical differences between the two
ginseng species have not been fully clarified [26,27]. Many
analytical approaches have been used to identify Panax species
including HPLC and MS. F11 and Rf are two reference compounds
used for the identification [28—30], but because they share the
same molecular weight, they often coelute. Only trace amounts of
F11 are present in P. ginseng [31]; therefore, it cannot be used to
fully depict the chemical differences between the two species. A
great demand thus exists to establish reliable markers to differ-
entiate the Panax species. Markers used to distinguish different
species should be easily detectable with high sensitivity and
specificity [32—34].A comparative peptidomic study highlighted
the utility of identifying peptides as potential biomarkers [35].
Peptides appear to be promising and ideal candidates as they can
be effectively used to study the dynamic expression of genes. To
date, there have been no reports on peptide biomarkers for PQ
and P. ginseng.

Ultrahigh-performance liquid chromatography (UHPLC)—MS
and nano—LC—MS allow detection at high resolution, sensitivity,
and throughput for the discovery of novel peptides [36].
Because most peptides are multiple charged (z > 1) in the
electrospray ionization (ESI) program [37], their charge state can
be used to speculate whether the ions present are peptide
candidates.

Besides proteomics research using digested peptides, we
performed peptidomics research following our previous work
[22]. By combining the three aforementioned factors, we
discovered and characterized Quinetides as markers abundantly
present in PQ. To our knowledge, this is the first report on
peptide markers used for distinguishing between PQ and
P. ginseng species.

2. Materials and methods
2.1. Chemical reagents and reference standards

HPLC-grade acetonitrile, methanol, and Tris were purchased
from Sigma-Aldrich, Germany. Formic acid, ethanol, ethyl acetate,
n-butanol, urea, and NH4HCO3 were purchased from Tianjin
Kemiou Chemical Reagent Co, Ltd, China, and distilled water was
obtained by purification using a Milli-Q gradient system
(MilliPore Ltd, France). Dithiothreitol (DTT, 99% purity), iodoace-
tamide (IAM, 98% purity), urea, Tris buffer, and reference ginseno-
sides Rf (98% purity) and F11 (98% purity) all were obtained from
Aladdin Industrial Corporation, China.

2.2. Plant materials

Dried samples of PQ (n = 84) and P. ginseng (n = 82) roots were
collected from various provinces in China. Detailed information for
the samples is provided in Supplementary TableS1. Samples of PQ
(n = 84) and P. ginseng (n = 82) were each used for two types: for
Sample Type 1, 10 PQ and 10 P. ginseng samples were used to
identify Quinetides and identify peptide markers and for Type 2, 74
PQ and 72 P. ginseng samples were used to authenticate PQ and
P. ginseng based on peptide markers. Sample identification was
performed by Professor Daixian Chen of the Dalian Institute of Drug
Administration.

2.3. Sample preparation

2.3.1. PQ extract for nontargeted component analysis

Dried PQ powder (100 mg, n = 10) of Type 1 was weighed and
treated with 1 mL of 50% aqueous ethanol and shaken vigorously.
The tube containing this mixture was then placed in an ultrasonic
cleaner (1130 W, 37 kHz) for 30 min. The solution was then dried
under nitrogen and reconstituted in 0.2 mL of water. The resulting
solution was centrifuged at 15000 rpm for 10 min at 4°Cto obtain
the test solution that was used to identify peptides in PQ for
UHPLC—quadrupole time-of-flight (Q-TOF)-MS analysis.

2.3.2. Preparation of enriched Quinetides

Dried PQ powder (100 g) of one of the Type 1 samples was
extracted with 800 mL of 50% aqueous ethanol and shaken vigor-
ously. The tube was then placed in an ultrasonic cleaner (1130 W, 37
kHz) for 30 min, and the obtained residue was repeatedly extracted.
The two obtained solutions were pooled and concentrated; the
solvent was recovered and then reconstituted in 100 mL of water.
The extract was added to ethanol (300 mL) to remove small polar
substances, and the precipitate of the suspected peptide candidate
was dissolved in 40 mL of water. Ethyl acetate (120 mL) and n-
butanol (120 mL) were used separately to remove other compo-
nents; this removal process was repeated three times. Quinetides
were found in the aqueous layer using UHPLC—Q-TOF-MS. An
Amicon Ultra-4 centrifugal filter device (Millipore Corporation,
USA) with a molecular weight cutoff of 3 kDa was then used to
separate the different fractions, and the upper layer was fraction-
ated using a preparative column. The preparative separation sys-
tem consisted of a pump and a 996 photodiode array detector. The
peptides were primarily separated using an Innoval C18-
Preparative column (5 pm, 4.6 x 250 mm; Agela Technologies,
China) and monitored at 190 nm and 200 nm. The flow rate was 1
mL-min~! at 25°C. The binary elution system contained 0.5% formic
acid in water (A) and acetonitrile (B). Separation was achieved using
the following gradient conditions: O min, 10% B, flow rate = 1 mL/
min; 5 min, 20% B, 1 mL/min; 10 min, 30% B, 1 mL/min; 15 min, 40%
B, 1 mL/min; and 17 min, 100% B, 1 mL/min. The target peptide
enrichment product was concentrated in the 10—12.5 min
fraction and subjected to the conventional LTQ Orbitrap Elite
(Thermo Fisher Scientific, Bremen, Germany) and nano—LC—MS
analyses.

2.3.3. Reduction and alkylation of the enriched Quinetide product

Reduction and alkylation of the enriched Quinetide products
were performed by the classical DTT/IAM reaction. First, 1 mg of the
enriched product was dissolved in 100 pL of 6 M urea and 100 mM
Tris buffer (pH = 7.8). A 20-pL volume of the reducing agent (800
mM DTT in 100 mM Tris buffer, pH = 7.8) was added to the mixture,
and the reaction was performed in the dark at room temperature
for 4 h. An alkylating agent (80 puL, 200 mM IAM in 100 mM Tris
buffer, pH = 7.8) was added to further hydrolyze the mixture placed
in the dark at room temperature for 4h. Thereafter, an additional 30
uL of the reducing agent was added to consume any unreacted [AM.
The sample was then desalted using an Amicon Ultra-4 centrifugal
filter device with a molecular weight cutoff of 3 kDa, followed by
nano—LC—MS analysis.

2.3.4. Preparation of PQ and P. ginseng for comparison and
authentication

The stock solutions of the standard ginsenosides, Rf (1 mg/mL)
and F11 (1 mg/mL), were prepared in methanol. A total of 72
P. ginseng and 74 PQ samples of Type 2 extracts were obtained,
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using the sample preparation method described in section 2.3.1, for
UHPLC—Q-TOF-MS analysis.

2.4. UHPLC—Q-TOF-MS and LTQ Orbitrap conditions

2.4.1. UHPLC—Q-TOF-MS data acquisition conditions

Analysis of the PQ and P. ginseng extracts was performed using
an Agilent 1290 LC system (Agilent Technologies, Waldbronn,
Germany) coupled to an Agilent 6520 Q-TOF mass spectrometer
(Agilent Technologies, Santa Clara, CA, USA). Chromatographic
separation was performed using a ZORBAX Eclipse plus RR HD C18
column (2.1 mm x 50 mm, 2.7 pm; Agilent, USA). The column
temperature was maintained at 60°C. A two-component mobile
phase composed of 0.5% formic acid in water (A) and acetonitrile (B)
was used. Separation was achieved using a 5 pL sample injection
volume and the following gradient conditions: 0 min, 5% B, flow
rate = 0.3 mL/min; 10 min, 100% B, 0.3 mL/min.

The mass spectra were obtained using the following conditions:
ESI source operated in both negative and positive ion modes, deso-
lation gas flow rate = 8.0 L/min at 350°C, capillary voltage = —2.5 kV,
cone voltage = 120V, and source offset voltage = 80 V. Nitrogen was
used as the atomizing and drying gas, and argon, as the collision gas.
The acquisition time for each scan was 970.8 ms, with data acqui-
sition performed using Mass Hunter software (Agilent Technologies
Inc, USA). Centroid data were acquired for each sample ranging from
100—3000 Da. The experimental data were calibrated using real-
time reference ions m/z 121.0508 and 922.0098 in the positive
mode and m/z 112.9855 and 1033.9888 in the negative mode.

2.4.2. Conventional LTQ Orbitrap data acquisition conditions for
peptide characterization

The enriched Quinetide product used for peptide sequencing
was analyzed using the Thermo LTQ Orbitrap Elite (Thermo Fisher
Scientific, Bremen, Germany) system. The total run time per in-
jection was 11 min, with the injection volume set to 5 pL. The
conditions for LC—MS analysis included linear gradient elution of
solvent A (0.5% formic acid) and solvent B (100% acetonitrile), with
the following stepped gradient program: O min, 5% B, flow
rate = 0.3 mL/min; 7 min, 100% B, 0.3 mL/min; and 9 min, 100% B,
0.3 mL/min.

Data acquisition on the LTQ Orbitrap Elite system included a full
Fourier transform mass spectrometry scan event, with an m/z range
of 500—1700 and a resolution (full width at half maximum) of
6,000. The peptides detected in full-scan MS were selected for
collision-induced dissociation and higher-energy collisional disso-
ciation (HCD) fragmentation. For data-related acquisitions, the
method was set to analyze the five strongest ions with the
normalized collision energy set to 22%, 28%, and 30%.

2.4.3. Nano—LC—MS data acquisition conditions for the
characterization of glycopeptides

Reduction/alkylation of the enriched Quinetide product was
analyzed for disulfide bond formation and to determine glycosyl-
ation sites for electron transfer dissociation (ETD), using the Orbi-
trap Fusion™ Tribrid™ mass spectrometer (Thermo Fisher
Scientific, Massachusetts, USA). An Ultimate 3000 nano-LC
pump and a self-packed C18 column (75 pm x 15 cm) in which
the packing material was ReproSilPur C18 AQ particles (3 pm, 100 A;
Dr. Maisch GmbH, Germany) were coupled to the mass spectrom-
eter through a nanospray ion source.

The total run time per injection was 90 min, and the sample
injection volume was set to 5uL. For LC—MS analysis, linear gradient
elution using solvent A (0.1% formic acid) and solvent B (acetonitrile
containing 0.1% formic acid) was performed using the following
step gradient procedure: 0—3 min, 3—8% B, 0.4 uL/min; 3—73 min,

8—35% B, 0.4 pL/min; 73—85 min, 35—60% B, 0.4 pL/min; 85—88
min, 60—90% B, 0.4 puL/min; and 88—90 min, 90% B, 0.4 pL/min.
Mandate acquisition was performed with an m/z range of 500—
1700. Peptides detected in full-scan MS were selected for HCD and
ETD fragmentation. The method was configured to analyze, with
the normalized collision energy set to 35%.

2.5. Data processing and sequence analysis

2.5.1. Data extraction

We used Progenesis QI software (Water Company, USA) to
obtain accurate masses. During data analysis, retention times (tg)
and m/z values were used to identify each peak, and a list of
detected peak intensities was generated. For screening, the filter
was set to 0.3. The data (including sample information and vari-
ables) were subsequently exported in a list for analysis.

2.5.2. Sequence analysis

All raw data obtained by conventional nano—LC—MS/MS anal-
ysis were uploaded in Peaks Studio 7 (BSI, Canada) software to
determine the primary structures of these Quinetides. Peaks Studio
allows data refinement, automatic de novo sequencing and peak
search. Data refinement allows the calibration of the m/z value and
charge states of the parent ion, providing more accurate mono-
isotopic my/z values. Peak centroiding and charge deconvolution and
depolarization were also performed with strict control in the error
tolerance (precursor: 10.0 ppm; the main fragments observed in
the MS/MS spectra should also satisfy the result with an error less
than 0.5 Da). Filters with a mass value > 0.3 were saved, with no
enzymes specified for cleavage.

Variable PTMs were selected including methylation
(Amass, +14.02), deoxygenation (Amass, —15.99), dehydration
(Amass, —18.01), hexose addition (Amass, +162.052), addition of 2
hexoses (Amass, +324.11), oxidation (Amass, +15.99); the fixed
PTM was disulfide bond formation (Amass, —1.0078). For alkylated
samples, fixed PTM, carbamidomethylation (Amass, +57.02), at the
cysteine site was selected. Data retrieval was from a specific
ginseng protein database downloaded from the www.uniprot.org
website in the SwissProt database.

3. Results

3.1. Discovery of high-abundance Quinetides including a series of
glycopeptides in PQ

We first analyzed the extract from the PQ sample by UHPLC—Q-
TOF-MS analysis, which was performed in the positive ion mode.
The data (m/z, tg, intensity, and charge) for each ion was then
aligned using Progenesis QI software and exported in the CSV file
format. Because most peptides are multiple charged (z > 1) in the
ESI program [37], their charge state can be used to speculate
whether the ions present are peptide candidates. Many of the
components detected in the research were multiple charged (z = 4-
7) in this research, with a retention time of 2.8—3.4 min; these
compounds were speculated as the peptide candidates. For the 4+,
5+, 6+, and 7 + ions formed by ESI, their corresponding my/z values
were the same after calculation. The base peak ion chromatograms
of PQ were recorded, as shown in Fig. 1A. Fig. 1B shows the
representative MS peaks of PQ (peak 1 and peak 2 in Fig. 1A give
examples of the location of the 6-charged ions selected). Owing to
the natural abundance of the >Cisotope, the isotopic peaks for each
ion were observed at 0.1667 atomic mass unit (amu) intervals for
the 6-fold charged ions. Most peptide candidates were of high
polarity and were essentially eluted during the first phase of the
entire elution process.
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Fig. 1. Chromatogram and mass spectrum of PQ. (A) Base peak ion chromatograms (BPC) of the PQ sample were recorded over an analysis time of 10 min. (B) MS peaks of two
representative chromatograms (Peak 1 and Peak 2, take 6-charged ions as an example) of PQ. ESI, electrospray ionization; PQ, Panax quinquefolius.

These promising representative PQ peptides are listed in Table 1
(the 6-charged ions are an example). The molecular weights of ions
1, 2, 3, 4, and 5(M) were 4,975.4770, 4,991.4678, 5,005.4825,
5,007.4250, and 5,021.4693, respectively, as shown by the “M” in
Table 1. The molecular weight differences of ions 1, 3, 4, and 5
were —15.9900, +14.0147, +15.9660, and +30.0015, respectively,
compared with 2 (M1). The molecular weight difference among
ions 1/, 2/, 3/, 4, and 5 (as shown by the “M’” in Table 2)
was +162.05 compared with 1, 2, 3, 4, and 5 listed in Table 2. These
peptides [referred to as glycopeptide (GP)] exhibited glycosylation
characteristics. In addition, some unlisted ions had a mass differ-
ence of n x 162.05 (n > 1). The molecular weight of the PQ peptide
candidates was mainly distributed in the 4000—6000 Da range;
they were temporarily referred to as high-concentration peptides
because of their high abundance.

Previous studies have provided little information on these
peptides. Thus, to further investigate the properties of these PQ
Quinetides, such as their primary structures, the raw LTQ-Orbitrap
MS/MS data were analyzed.

3.2. Enrichment and analysis of the Quinetides including GPs in PQ

As various types of compounds are found in PQ, it is necessary to
establish an efficient method to extract peptides by combining the
ultrasonic cleaner process with organic solvent extraction, high-
concentration alcohol precipitation, and other solvent extraction
techniques. An Amicon Ultra-4 centrifugal filter device was used
with a molecular weight cutoff of 3 kDa. After several rounds of
primary separation as described previously, the fractions were
separated using a preparative column. The results of the peptide
enrichments were then obtained (Fig. 2) and analyzed using nano—

Table 1
Detailed information on promising representative peptides (1, 2, 3, 4, and 5) of PQ

LC—MS. All raw data of the PQ peptides were subjected to Peaks
Studio 7 (BSI, Canada) to determine the primary structures. We
tested the accuracy of the method by comparing the peptide se-
quences identified by the database search and the results of de
novo sequencing; manual inspection was performed thereafter.

Based on these results, we concluded that 100 peptides named
Quinetides as shown in Supplementary TableS2 originated from the
following fragments “SEYVLTDINVC (-1.01), VNQQATRFVDC
(-1.01), PTDDATDDYRLKFVRLPSKMK(186-228)." The peptide
sequence of ion 2 in Table 1 was obtained from the related pre-
cursor protein, the GMP. These 100 peptides were cataloged based
on their peptide sequences and comprised 8 to 43 amino
acid residues with molecular weights ranging from 973.5742 to
5345.54 Da.

The results of this sequence formation suggest the possibility of
truncation in the C-terminal regions of the GMP proteins. The
molecular weight, sequence, PTMs, precursor mass error, and —10
logP of the identified peptides are summarized in Supplementary
TableS2. Most of the PTMs that occurred in these peptides were
disulfide bond formation, deoxygenation, methylation, dehydra-
tion, oxidation, and addition of hexoses. The relatively high abun-
dance of acidic amino acids of these peptides may confer a specific
function as they may play a physical role in the interaction with
carbohydrates [16]. Based on the BLAST search performed, the
peptide sequence of ion 2 in Table 1 had significant sequence ho-
mology to the peptide of the RNase-like major storage protein of
Panax notoginseng, with an 81% identity. Proline in PQ is replaced by
leucine in P. notoginseng. Using the online Swiss-Model website, we
conducted a search of the SWISS-MODEL template library with
BLAST and HHblits to predict the 3D structure of the peptide

Table 2
Detailed information on promising representative peptides (1/,2’, 3,4/, and 5') of PQ

ID Mass (M, Da) tg (min) m/z (Z = 6) M-M1 (Da) ID Mass (M, Da) tg (min) m/z (Z=6) M’ = M+162.05 (Da)
1 4975.4770 3.32 830.2535 -15.99 1 5137.5182 3.32 857.2606 1+ 162.05
2 4991.4678 3.26 832.9186 0 2 5153.5174 3.26 859.9268 2 + 162.05
3 5005.4825 332 835.2538 14.0147 3 5167.5241 3.32 862.2613 3 + 162.05
4 5007.4250 3.18 835.5781 15.966 4 5169.5352 3.18 862.5965 4 + 162.05
5 5021.4693 3.27 837.9188 30.0015 5 5183.5281 3.27 864.9286 5+ 162.05
PQ, Panax quinquefolius PQ, Panax quinquefolius
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Fig. 2. The total ion chromatogram of the enriched peptides. ESI, electrospray ionization.

sequence (Supplementary Fig.S1). Because the template’s detected
Global Model Quality Estimation score was 0.43 and 28% sequence
identity relative to the template, some of the alignments were
deemed reliable.

One of the Quinetides identified is shown in Fig. 3, and its
spectral identification details are provided. The most common
peptide fragments observed in HCD collisions were the b and y ions.
The b ion extended from the N-terminus, and the y ion, from the C-
terminus. As shown in the annotated spectrum in Fig. 3, the peptide
bond between two adjacent amino acids was cleaved from the C-
and N-termini at several sites. Evidently, most of the peaks in the
mass spectrum were automatically interpreted by the software;
however, the few peaks that were not assigned values required
manual assignments to their origins to improve the identification
rate. For example, the 939.5385 Da peak was a product ion from yg-
NH3 Da that lost an H3O0" during fragmentation.

imensity o) D[¥[R[L[K[E[V[R[L[E]S [K[m K

3.3. Analysis of GPs of Quinetides

Although many GPs have been described in previous research
[38,39], glycosylation of Quinetides from PQ is yet to be explored.
Determining peptide-modified glycosylation sites is important. As a
consensus sequence for “N”-glycosylation sites (N-X-S/T) was not
found using the amino acid sequence, this GP might be an “O”-
glycopeptide.

The reduction and alkylation of peptide extracts including a
series of GPs from the enriched peptides were performed using the
classical DTT/IAM reaction. Nano—LC—MS data acquisition condi-
tions for HCD and ETD analysis were used to confirm the sites of GP
glycation. As the condensation of a hexose molecule leads to an
increased mass of 162 Da, we calculated the number of hexose
residues in the peptides. The glycation level for the peptides of
interest was determined by comparing their molecular weights.
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Fig. 3. The peptide (sequence = DYRLKFVRLPSKmK) has been sequenced using the database search. (A) MS/MS spectrum. (B) Spectrum alignment. (C) Error map. Tag

length = 14; —10 IgP = 76.57; m/z = 599.6810; z = 3; ppm = 4.6.



These values existed within the estimated range of 900—5500 Da,
which corresponds to the condensation of different numbers
(ranging from 1 to 5) of hexose molecules in the peptides. Based on
the data obtained from nano—LC—MS/MS for GPs, the major sites
linked to a hexose or two hexoses were Y31, K34, and S40 of
SEYVLTDINVC (-1.01), VNQQATRFVDC (—1.01), and PTDDATD-
DYRLKFVRLPSKMK (186-228), respectively.
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Table 3
Detailed information on common peptides to both PQ and P. ginseng
ID Common peptide Mass (Da) tg (min) m/z (Z = 6) M-M1 (Da) PTM
TP1 RS/XYS 4746.389 3.40 792.0721 14.0147 M2+CH3
TP2 RS/XYS 4991468 3.26 8329186 O M1
TP3 RS/XYS 5005483 3.32 835.2538 14.0147 M1+CH3
TP4 RS/XYS 5007.434 3.18 835.579 15.966 M1+0
TP5 RS/XYS 5021.469 3.27 837.9188 30.0015 M1+CH3+0

One of the identified GPs is shown in Fig. 4, and its spectral
identification details are provided. The most common peptide
fragments observed in ETD were the c and z ions. As shown in the
annotated spectrum in Fig. 4, most of the peaks in the mass spec-
trum were automatically interpreted by the software; A few peaks
required manual assignments to their origins. For example, for
“c10,” the 1,439.7893 Da peak was produced by glycosylation on the
serine residue (S40), and the 720.3955 Da peak was produced by
the 22-charged ion form of “C10.”

PQ, Panax quinquefolius; PTM, posttranslational modified native peptide

and their glycosylation products were common to both species
(Table 3). We confirmed the identities of Quinetides TP1-TP5 as
M2+CH3, M1, M1+CH3, M1+0, and M1+CH3+O0, respectively.
Among these common Quinetides, the PTMs were characterized as
methylation, oxidation, and hexose addition products, with
4,991.4678 and 4,732.3741 as the molecular weights of M1 and M2,
respectively. The fragment sequences of M1 and M2 were

3.4. Discovery of unique quinetide markers between PQ and SEYVLTDINVC (-1.01) VNQQATRFVDC (-1.01) PTDDATD-
P. ginseng DYRLKFVRLPSKMK ~ (186-228) and SEYVLIDINVC (—1.01)
VNQQATRFVDC (-1.01) PTDDATDDYRLKF VRLPSK (186-226),

We also discovered a series of Quinetides in P. ginseng, which are
found in PQ; these peptides were less prominent in the P. ginseng
samples. We compared 10 PQ and 10 P. ginseng samples to deter-
mine peptide markers using UHPLC—Q-TOF. A comparative analysis
of the two relatives indicated that the number of Quinetides in
P. ginseng was similar to that in PQ, and some peptides such as
Quinetides TP1—TP5 (Their molecular weight is expressed by M)

A iy ) v[R[L[k[E[v[R[L]e|s [R[n]K
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respectively.

In addition to these common peptides, those peptides with
specialized PTMs (used as markers to identify PQ and P. ginseng,
Quinetides TP6 and TP7 and their glycosylation products were
found to be specific for PQ. As shown in Table 4, TP6 and TP7 (Their
molecular weight is expressed by M) were very prominent in PQ
but absent in P. ginseng; thereby functioning as two potential PQ
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Fig. 4. The peptide (sequence = YRLKFVRLPSKmK) has been sequenced using the database search. (A) MS/MS spectrum. (B) Spectrum alignment. (C) Error map. Tag length = 13;
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Table 4 Table 5
Detailed information on specific peptides of PQ Detailed information on specific peptides of P. ginseng
ID Specific peptide Mass tr m/z M-M1 PTM ID Specific peptide Mass tr m/z M-M1 PTM
(existence) (Da) (min) (Z=6) (Da) (existence) (Da) (min) (Z=6) (Da)
TP6 XYS 4716427 340 787.0785 —-15.99 M2-O0 TP8 RS 4968.371 34 829.0691 -23.0968 M1-23
TP7 XYS 4975477 3.32 830.2535 -15.99 MI1-O0 TP9 RS 4984.364 3.34 831.7346 -7.1039 M1-7

PQ, Panax quinquefolius; PTM, posttranslational modified native peptide

biomarkers, with the peak at m/z 830.2535(TP7, M = 4975.48) as
one such example. Based on the extracted ion chromatograms of
TP7 for the 5 batches of PQ and 5 batches of P. ginseng samples in
Fig. 5A, TP7 which is considered a biomarker of PQ was not present
in the P. ginseng samples. TP6 and TP7 were identified as M2-0 and
M1-0, with masses of 4,716.4272 and 4, 975.4770 Da, respectively.
The PTM of both markers was characterized as deoxygenation.
Analogously, it was found that TP8 and TP9 (Their molecular weight
is expressed by M) with masses of 4968.3710 and 4984.3639 Da,
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respectively, and their glycosylation products were specific to
P. ginseng (Table 5). Based on the extracted ion chromatograms for 5
batches of the PQ and 5 batches of the P. ginseng samples in Fig. 5B,
the feature with m/z 831.7346 (TP9, z = 6, M = 4,984.3639) used as
a biomarker of P. ginseng was absent in the PQ samples. The mo-
lecular weight differences between ions TP8 and TP9 were 23.0968
and 7.1039, respectively, when compared with M1.

We analyzed the maps of the aforementioned peptides for PQ
and P. ginseng, as shown in Figs. 5C, 5D, respectively. TP1—TP5
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Fig. 5. The presence of marker peptides in PQ and P. ginseng. (A) and (B) represent the extracted chromatograms of TP7 and TP9, respectively, with the first and last five representing
PQ and P. ginseng, respectively. (C) and (D) represent peptide maps of PQ and P. ginseng, respectively, and black circles represent the peptides they share. Green circles and red circles

represent PQ- and P. ginseng—specific peptides, respectively.
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represents common peptides between the two. TP6—TP7 and TP8—
TP9 represent PQ- and P. ginseng—specific peptides, respectively.
The differences between the two were evident, thereby, allowing
ease of differentiation using TP6—TP9 and their glycosylation
products.

3.5. Authentication of PQ and P. ginseng based on F11 and Rf and
the quinetide markers

In the past, the two major marker compounds that could be used
to discriminate between the two species were the ginsenosides, Rf
and F11 [31]. To validate the peptide markers that we developed,
our present method provided two independent types of bio-
markers, F11 and Rf, and specific peptides Quinetide TP6—TP9 to
identify PQ and P. ginseng. It was predicted that combining the two
types of markers would achieve the same results. We analyzed 146
commercial ginseng products including 74 PQ and 72 P. ginseng
samples to confirm the effectiveness of the unique peptide markers.

The ginsenosides, Rf and F11, were separated at baseline, with a
retention time of 4.33 and 4.40 min, respectively. Their purities
were >95% by UHPLC—MS analysis, as shown in Supplementary
Fig.S2. Table 6 summarizes the number of samples used for posi-
tive identification of the two types of markers. As shown in Table 6,
among these products, 69 samples that appeared as PQ were found
to contain TP7 and F11, which were derived from PQ. TP7 was
extremely evident in 100% of the 69 PQ samples; however, they
were either undetectable or absent in all the P. ginseng samples.
This confirmed the robustness of the TP7 biomarker of PQ. TP6 was
clearly indicated in 91.13% of the 69 PQ samples and was either
undetectable or absent in all P. ginseng samples. We speculate that
the peak intensity of TP6 of some of the PQ samples was weak and
could not be detected. The other five samples that appeared as PQ
contained Rf, TP8, or TP9, with two brands derived from P. ginseng,
as F11, TP6, and TP7 were absent. Another three brands were
however made from a mixture of PQ and P. ginseng, where F11, TP6,
or TP7 was present. Therefore, TP7 is a robust marker of PQ as F11.

Although the Quinetides were mostly similar to PQ, they were
not detected in several of the P. ginseng samples. However, the
developed method was however still applied to the analysis of
P. ginseng. Rf, TP8, and TP9 are the characteristic constituents of
P. ginseng. If the sample contains TP8 and TP9 of the peptides or Rf,
it is a P. ginseng sample. The amounts of Rf, TP8, and TP9 in
P. ginseng from different geographic origins are shown in Table 7.
The 69 samples were speculated to be P. ginseng samples. TP8 and
TP9 that are considered biomarkers of P. ginseng were clearly
indicated in 100% of the 56 P. ginseng (69 P. ginseng, 56 P. ginseng
with peptides) samples and were undetectable in all PQ samples.
One brand was derived from PQ, whereas two were made from a
mixture of both PQ and P. ginseng.

Based on the aforementioned analyses, we developed the
following summary: (1) all PQ samples are rich in Quinetides, with
nonexistence in a small amount of P. ginseng samples (i.e., no
Quinetides exist, if the sample containing Rf is identified as

Table 6
Summary of the number of samples used for identification of PQ

Table 7
Summary of the number of samples used for identification of P. ginseng

Number Markers (PQ) Markers Authentication
(P. ginseng)

F11 TP6 TP7 Rf TP8 TP9
55 x x x J N J  P.ginseng
1 x X X N N, x  P.ginseng
13 x x x J x x  P. ginseng
2 J X NN N JV  PQ mixed with more P. ginseng
1 N x N X x x  PQ

PQ, Panax quinquefolius

P. ginseng); (2) the presence of F11, TP7, or TP6 is diagnostic of PQ;
and (3) the presence of Rf, TP8, or TP9 may allow the identification
of P. ginseng.

Taking the sample number as the abscissa and the peak intensity
of the markers TP7 and F11 as the ordinate, the peak intensity of 80
PQ samples could be plotted. Although F11 and TP7 occur in all PQ
samples, the peak intensity of TP7 in PQ is 14 times higher than that
of F11 found in some PQ roots (e.g., number 33, 65, and 79), based
on the peak areas of F11 and TP7 in the chromatograms (Fig. 6).The
main features of using peptide markers is that the content of
peptides differs greatly in different samples. In addition to dis-
tinguishing between PQ and P. ginseng, the markers may also
indicate the quality of PQ as they can effectively be used to study
the dynamic expression of genes.

4. Discussion

The Orbitrap MS analysis serves as the optimal analytical plat-
form as it displays its ions with different fragmentation patterns
(HCD, collision-induced dissociation, and ETD); Peaks software can
be used in database searches. The main advantage of using mass
spectroscopy and the database search is the ability to study hun-
dreds of peptides simultaneously, while attaining an overview of
different PTMs. We have discovered and characterized a total of 100
Quinetides of PQ, with a variety of PTMs originating from a related
precursor protein (GMP, P83618), including a series of GPs. Most
PTMs of these peptides are disulfide bond formation, deoxygen-
ation, methylation, oxidation, and hexose addition products (n > 1).
Polypeptides containing disulfide bonds can experience an increase
in specificity by derivatization. Increasing saccharification increases
the formation of higher charged forms. Therefore, it is important to
consider all detected charged forms of each peptide. However, our
data for the sequence alignment and secondary structure predic-
tion are insufficient to interpret the many variations observed.

Over the course of our investigation, we identified several
common and specific peptides in PQ and P. ginseng. The most
significantly differential components (TP6—TP9 and their glyco-
sylation products) were selected as new markers to discriminate
between P. ginseng and PQ. TP6 and TP7 were identified as M2-0O
and M1-0, respectively. It is speculated that there is a specific

Number Markers (PQ) Markers (P. ginseng) Authentication
F11 TP6 TP7 Rf TP8 TP9
63 J N N X X X PQ
6 N x J x x x PQ
2 J J N V x x PQ mixed with a small amount of P. ginseng
1 J N N N N J PQ mixed with more P. ginseng
2 X x x J N N P. ginseng

PQ, Panax quinquefolius
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Fig. 6. Comparison of the content of TP7 and F11 that was found in 80 PQ samples on the basis of the peak areas in the UHPLC—MS-MS chromatograms. PQ, Panax quinquefolius;

UHPLC, ultrahigh-performance liquid chromatography.

enzyme in PQ for deoxygenation. Presently, characterization of TP8
and TP9 is underway as our data for the sequence alignment and
secondary structure prediction are insufficient to accurately
perform this activity. Our present method provides the following
two independent types of markers: the specific peptides TP6—
TP9 and the unique saponins, F11 and Rf, or identification of PQ and
P. ginseng. PQ and P. ginseng were correctly identified by using
multiple chemical markers. TP7 is a robust biomarker of PQ. The
presence of F11, TP7, or TP6 is indicative of PQ, whereas the pres-
ence of Rf, TP8, or TP9 may allow the identification of P. ginseng.
Furthermore, our results demonstrated that the Quinetides existed
in almost all PQ samples but were nonexistent in a small number of
P. ginseng samples. Considering it is difficult to forecast the culti-
vated conditions of the P. ginseng samples, it is rather difficult to
clarify the lack of Quinetides in a small percentage of the P. ginseng
herbs; therefore, this will be explored in a future study. Essentially,
the use of unique peptides as markers is indicative of them
belonging to either PQ or P. ginseng.

The 28-kDa protein (GMP) is a major storage protein [11,17]
present in PQ and P. ginseng [3,14—16]. It exhibits anti-
complementary activity during hemolysis of red blood cells [18]
and plays a role in plant defense against salt stress [19]. RNase
with anti—HIV-reverse transcription, ribonuclease, and cell-free
translation-inhibitory activities has been reported [40—44]; how-
ever, GMP does not exhibit RNase activity. Gintonin, a novel
ginseng-derived exogenous G  protein—coupled lysobi-
sphosphatidic acids (LPA) receptor ligand [45], was extracted from
PQ and P. ginseng, containing major latex-like protein 151 and GMP
[46]. Glycosylation is one of the most significant and widespread
posttranslational activities, which not only affects the biological
activity but also plays a role in signal transduction [47]. Ginseng
GPs also show good biological activity. It has a significant inhibitory
effect on inflammation and obviously reduces malondialdehyde in
inflammatory foot tissue [48]. The biological significance of these
peptide markers also remains unclear. Nonetheless, information
regarding the pharmacology of the various Quinetides will be
useful to understand the expression of GMP.

5. Conclusion

Herein, we report for the first time the diverse PTMs of native
Quinetides, including a series of GPs. These peptides originated
from the fragments, SEYVLTDINVC (-1.01), VNQQATRFVDC (-1.01),
and PTDDATDDYRLKFVRLPSKMK (186-228), of the related precur-
sor protein, GMP. Most PTMs of these peptides included were di-
sulfide, deoxygenation, methylation, oxidation, and addition of
hexoses (n > 1).We also demonstrated that these peptides, such as

deoxygenation-modified peptides (TP6 and TP7), can be undoubt-
edly used as novel markers to construct a new method for dis-
tinguishing between PQ and P. ginseng. We have combined and
added the specific peptide markers “Quinetides TP6—TP9” to the
unique ginsenosides, F11 and Rf, for PQ and P. ginseng identification.
This report will be of interest to the readers in the field of pepti-
domics, proteomics, and quality control of ginseng.
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