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Abstract : Amatoxin-induced mushroom poisoning starts with nonspecific symptoms of toxicity but hepatic damage may fol-
low, resulting in the rapid development of liver insufficiency and, ultimately, coma and death. Accurate detection of amatoxins,
such as a-, -, and y-amanitin, within the first few hours after presentation is necessary to improve the therapeutic outcomes of
patients. Therefore, analytical methods for the identification and quantification of a-, -, and y-amanitin in biological samples
are necessary for clinical and forensic toxicology. This study presents a literature review of the analytical techniques available
for amatoxin detection in biological matrices, and established an inventory of liquid chromatography (LC) techniques with mass
spectrometry (MS), ultraviolet (UV) detection, and electrochemical detection (ECD). LC-MS methods using quadrupole tandem
mass spectrometry, time-of-flight mass spectrometry, and orbitrap MS are powerful analytical techniques for the identification
and determination of amatoxins in plasma, urine, serum, and tissue samples, with high sensitivity, specificity, and reproducibility
compared to LC with UV and ECD, enzyme-linked immunoassay, and capillary electrophoresis methods.

Keywords : amatoxin-induced mushroom poisoning, ai-amanitin, 3-amanitin, y-amanitin, LC-MS/MS, biological samples

Introduction

Mushrooms are consumed worldwide as an ingredient of
many meals, but severe syndromes and even death can be
caused by the misidentification of wild poisonous mushrooms
as edible."® Mushrooms such as Psilocybe species and
Amantia muscaria are intentionally abused because of their
psychoactive activities.” There is some evidence that
mushroom poisoning may be increasing, and that exotic
species are entering new areas and countries, thereby
expanding the range of mushroom poisoning symptoms
observed in presenting patients.® White et al.’ classified
mushroom toxins based on the clinical types of mushroom
poisoning, as follows: primary hepatotoxicity (amatoxins),
primary nephrotoxicity (AHDA, orellanine), neurotoxicity
(psilocybins, muscarines, ibotenic acid, muscimol),
mytotoxicity (saponaceolide B), metabolic/endocrine toxicity

*Reprint requests to Hye Suk Lee
https://orcid.org/0000-0003-1055-9628
E-mail: sianalee@catholic.ac.kr
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(gyromitrins, coprines, trichothecenes, polyporic acid),
gastrointestinal irritants, and miscellaneous (entinan,
acromelic acid).

Although global data are not available, the absolute
number and incidence of mushroom poisoning cases may
be increasing based on local studies.”'> An emerging
mushroom poisoning risk in Europe may be the result of
the large migrant influx, a subset of whom forage for food
because of poor economic circumstances. This results in the
consumption of mushrooms not known to the migrants and
an increased incidence of amatoxin-type mushroom
poisoning.>'* Because most toxic syndromes caused by
mushroom toxins start with unspecific symptoms, diagnostic
difficulties are most common during the critical first hours
after presentation.’ Therefore, suspected poisonings should
be confirmed or excluded to ensure that therapy starts as
soon as possible, and to prevent an inappropriate therapy
being implemented. The analytical strategies used to
identify poisonous mushroom toxins include spore analysis
(if mushroom leftovers or gastric content are available) and
the identification of various toxins and their metabolites in
human biological samples.>'*'"” It is therefore necessary to
develop sensitive, selective, and rapid analytical methods for
the identification and quantification of mushroom toxins and
their metabolites in the human biological matrix.

The purpose of this study was to review the bioanalytical
methods used for the diagnosis of amatoxin-induced
mushroom poisoning, which is the main cause of fatal
mushroom poisoning.*'*"?
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Amatoxins

Amatoxins are highly toxic bicyclic octapeptides (Figure
1). They are the most toxic compounds among mushroom
toxins, and are found in the Amanita, Galerina, and
Lepiota mushroom species.”® Among these species,
Amanita phalloides has the most toxin components/weight
and is responsible for most cases of fatal poisoning.”'® These
toxins are classified as neutral substances (c-amanitin, -
amanitin, amaninamide, amanullin, and proamanullin) or
acidic substances (f-amanitin, e-amanitin, amanine, and
amanullic acid), which differ in terms of the number of
hydroxyl groups and amide carboxyl exchange (Figure
1).19’20 Amatoxins are water-soluble, heat-stable, and
resistant to enzyme and acid degradation. Therefore, these
substances remain unchanged during freezing, drying, and
cooking (including frying, grilling, boiling, steaming, and
other processing operations, such as digestive processing),
and are resistant to gastrointestinal inactivation and
metabolic processes.'®*' However, amatoxins can be
degraded slowly when stored in an open and aqueous
solution, or exposed to sun or neon light for periods of
about 7—8 months, which could potentiate the toxicity of
amatoxins upon exposure in vivo.?” The content of
amatoxins varies among Amanita species, but a- and B-
amanitin are the most abundant substances. For example,
an amatoxin content of 9.3 mg/g was observed in dried
mushrooms, while a- and B-amanitin accounted for 56% of
the toxins found in dried powder from A. phalloides* Tt
has been reported that a- and B-amanitin account for 82%
of toxins (2.87 mg of amanitin/3.49 mg peptide toxins/g
dried powder) in A. exitialis.”>** According to Yilmaz et
al.,”” an oral intake of approximately 50 g of fresh A.
phalloides, equivalent to a dose of 0.32 mg/kg of
amatoxins, can be lethal.

The LDs, value of a-amanitin was reported to be 0.3—

0.6 mg/kg in mice and 4.0 mg/kg in rats (intraperitoneal
injection), 0.1 mg/kg in humans (oral administration), and
0.1 mg/kg in dogs (intravenous injection).'*** The LDs,
values of B-amanitin, y-amanitin, g-amanitin, amanitin, and
amaninamide were reported to be 0.5, 0.2—0.5, 0.3—0.6, 0.5,
and 0.5 mg/kg, respectively, in mice following intraperitoneal
injection.'” The LDs, values for orally administered
amanullin, amanullinic acid, and proamanullin in mice
were > 20 mg/kg, but these levels are not toxic to
humans.'”**

Amanita phalloides poisoning can cause acute hepatitis,
leading to the rapid development of liver insufficiency and,
ultimately, coma and death.™">'” However, nephrotoxicity
has been less frequently reported.’® The main toxicity
mechanism of amatoxins is the inhibition of RNA
polymerase II, which leads to the inhibition of messenger
RNA synthesis and protein synthesis.’™ Other toxic
mechanisms have been suggested, including oxidative
stress-related damage via the increased formation of
reactive oxygen species induced by an increase in
superoxide dismutase activity and inhibition of catalase
activity;'®**** and amatoxin-induced apoptosis caused by
the translocation of p53 to the mitochondria, leading to
alteration of mitochondrial membrane permeability
through the formation of a complex with Bcel-xL and Bcl-
217183639 The cytotoxicity of a-amanitin is 10-fold greater
than that of B-amanitin in MCF-7 cells.” The main
toxicological studies of amatoxins have focused on a- and
B-amanitin; therefore, no conclusions have been drawn
regarding potential toxicity differences between neutral
and acid amatoxins.”"

Toxicokinetic studies of o- and B-amanitin after the
intravenous, intraperitoneal, and oral administration of

18,20,21,41,42
Low absolute bioavailability of a-amanitin (3.5-4.8%) and
B-amanitin (7.3-9.4%), and substantial transport thereof to

Compound Ry R: Ri Ry Rg
a-amanitin NH: OH OH OH OH
[i-amanitin OH OH OH OH OH
y-amanitin MNH; H OH OH OH
g-amanitin OH H OH OH OH
amanullin MNH; H H OH OH
R amaninamide MH: OH OH H OH
proamanullin MNH; H H OH H
amanin OH OH OH H OH
amanullinic acid  OH H H OH OH

Figure 1. Chemical structures of amatoxins.
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the intestines, kidneys, and liver, were observed after they
were orally administered to mice at doses of 2, 5, or 10 mg/
kg.*'"* a- and B-amanitin show similarities in terms of the
elimination process; they are both eliminated in urine
without significant metabolism.”"*"** a- and B-amanitin
show OATP1B1- and OATP1B3-mediated hepatic uptake,
but only p-amanitin shows OAT3-mediated kidney
uptake.” a- and p-amanitin were detected in serum,
plasma, urine, liver, and fecal samples of amatoxin
poisoning patients.'>** Among 43 amatoxin-intoxicated
patients, 11 showed plasma concentrations of 8—190 ng/
mL for o-amanitin and 23.5-162 ng/mL for B-amanitin.*®
In total, 35 urine, 12 feces, and 4 liver and kidney samples
were obtained from 43 amatoxin-intoxicated patients, with
ranges of 0.03-3.29 mg for a-amanitin and 0.05-5.21 mg
for B-amanitin in 24 of the urine samples; 8.4-152 pg for
a-amanitin and 4.2-6270 pg for B-amanitin in 10 fecal
samples; and 10-19 ng/g and 122-1719 ng/g for o-
amanitin, and 170.8-3298 ng/g and 1017-1391 ng/g for p-
amanitin, in liver and kidney samples, respectively, for
three of patients.*® Although cellular uptake (mediated by
hepatic or renal transporters) is approximately two-fold
higher for B-amanitin than a-amanitin, as is liver and
kidney accumulation, the contribution of B-amanitin to in
vivo amatoxin toxicity may be lower than that of a-
amanitin because of differences in their cytotoxicity.*

Benzylpenicillin, silibinin, and N-acetylcysteine have
been used for the treatment of amatoxin-induced
mushroom poisoning.>'” The therapeutic effects may be
attributed to the hepatoprotective and anti-oxidative
activities of silibinin and N-acetylcysteine, and the reduced
hepatic distribution of a- and B-amanitin resulting from the
inhibition of OATP1B3 by benzylpenicillin, silibinin, and
cyclosporine.! 4474

Analytical methods of amatoxins in biological fluids

Confirmation of the intake of mushrooms containing
amatoxins is needed by detecting amatoxins such as a-, -,
and y-amanitin in biological fluids to avoid expensive and
time-consuming treatment for every suspected intoxication
case.” Sufficient analytical sensitivity is also necessary
because hospitalization often occurs late after intake such
that only trace amounts of toxins can be found.'>#**
Several methods have been reported for the qualification and
quantification of amatoxins in biological fluids using liquid
chromatography (LC) combined with mass spectrometry
(MS),* #5507 yitraviolet (UV) detection,”>7>7"7® or electro-
chemical detection (ECD),”*™*7 as well as capillary zone
electrophoresis  (CZE),”® radioimmunoassay (RIA),*"*
enzyme-linked immunosorbent assay (ELISA),**' and
lateral flow immunoassay (LFA).* However, each method
has drawbacks. The ELISA and LFA methods have been
used for the screening of a-, B-, or y-amanitin in clinical
toxicology, but compared to LC-MS methods they have the

©Korean Society for Mass Spectrometry

disadvantages of low sensitivity (3—10 ng/mL), high
workload, false-negative and -positive results, and the
requirement for additional confirmation in forensic cases.

The LC-MS methods have the advantages of high
specificity, sensitivity, resolution, and rapidity relative to
other analytical methods, making them suitable for routine
clinical and forensic toxicological analysis of amatoxins.
The LC-MS methods that have been developed for the
analysis of a-, B-, and y-amanitin in various biological
fluids are summarized in Table 1. High-performance liquid
chromatography (HPLC) with UV detection and ECD
methods for the quantification of a- and B-amanitin in
plasma, urine, liver, and kidney are summarized in Table 2;
these methods have drawbacks such as low sensitivity and
laborious sample preparation.

Sample preparation

Blood, plasma, serum, urine, bile, and tissue samples
have been used for clinical purposes, forensic toxicology,
and toxicokinetics of amatoxins.*'**'* Because the
amatoxin concentrations in urine are usually higher than
those in serum and plasma,”***® urine is considered as the
biological sample of choice. However, major drawbacks of
urine sampling include reduced output in the case of
decreased renal function and acute renal failure, which can
occur in some amatoxin and other mushroom poisoning
cases, and the greater intra- and interindividual variability
in the urine as a biomatrix. If therapeutic measures like
fluid replacement or forced diuresis are applied, the low
amounts of amatoxins in urine could be further diluted.
Therefore, blood, plasma, and serum samples are more
commonly used in clinics than urine samples for the
determination of amatoxins.

For the determination of a-, B-, and y-amanitin in human
and animal plasma, serum, urine, and tissue samples using
HPLC, LC-MS, liquid chromatography-tandem mass
spectrometry (LC-MS/MS), matrix-assisted laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF
MS), and CZE, several sample preparation techniques have
been developed, including protein precipitation with
acetonitrile, methanol, or perchloric acid, 4142,51,52,59,64,71
liquid-liquid extraction (LLE),”® solid-phase extraction
(SPE) with reverse-phase, cation exchange or immunoaffinity
cartridges,43’50’54'56’58’60'62’66'68’70'71‘73’74‘76 SPE of the aqueous
phase obtained after LLE with dichloromethane or
chloroform,” SPE of the aqueous phase obtained after
protein precipitation of the biomatrix with acetonitrile and
LLE of the supernatant with chloroform,**>>¢*™>77 and
online column switching technique,”” and simple dilution in
CZE"*® (Tables 1 and 2). These methods use different volumes
of biological matrix samples, as follows: serum, 100—5000
ML;54A6O,67A69,72A76—78 plasma, 5-3000 L;41.42,44.50—5357—60,67.68,7475
and urine, 50-10000 pL*1424345S05-860-6110T37680 (opjac |
and 2). Two or three sample preparation procedures have
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been combined in an attempt to avoid the matrix effect, but
this has disadvantages such as high labor requirements and
a long turnaround time (~24 h).

LC-MS methods

Reverse-phase chromatography using C;g, Cg, C4, or
phenyhexyl columns is the most common technique for
chromatographic analysis of a-, B-, and y-amanitin in
biological fluids. Gradient elution of mobile phase A
(ammonium acetate or formic acid) and mobile phase B
(acetonitrile or methanol) has been used as the mobile
phase for LC-MS methods (Table 1), whereas isocratic
elution is used in HPLC methods (Table 2). Hydrophilic
interaction chromatography has been used for the
simultaneous determination of a-, f-, and y-amanitin, and
six mushroom toxins in human urine, to increase the
retention and ionization efficiency.”>*®

Positive and negative electrospray ionization (ESI)
modes have been used for the ionization of amatoxins
when applying LC-MS methods (Table 1). Negative ESI
mode has higher sensitivity and smaller matrix effects
compared to positive ESI mode.*"***-%>3% MALDI-TOF
MS has been used for qualitative analysis of a-amanitin, 8-
amanitin, and phalloidin in human urine.”

For the quantification of a-, B-, and y-amanitin, selective
ion monitoring mode with quadrupole MS,***"" multiple
reaction monitoring (MRM) or selected reaction monitoring
(SRM) mode with triple quadrupole tandem MS (MS/
MS),>3031:33:34.36.38:606567 4§ parallel reaction monitoring
(PRM) mode using orbitrap MS*#>453620 have been
used (Table 1). LC-MS/MS methods using quadrupole MS/
MS and orbitrap MS are powerful techniques with high
sensitivity (lower limit of quantification [LLOQ] = 0.02-50
ng/mL plasma for o-, -, and y-amanitin), reproducibility, and
specificity. Recently, LC-MS/MS methods performed in
PRM mode and protein precipitation of plasma samples
(S5mL) for sample clean-up showed good sensitivity
(LLOQ 0.5 ng/mL for a- and pB-amanitin), selectivity, and
speed $14252

Conclusions

Because the incidence of amatoxin-induced mushroom
poisoning has increased globally, early detection of
amatoxins in cases of suspected mushroom poisoning is
necessary to improve patient outcomes through aggressive
and immediate supportive care among other potential
therapies. Early diagnosis of amatoxins has been achieved
using LC-MS/MS methods. These methods may be
suitable for routine clinical and forensic toxicological
analysis of amatoxins in plasma, serum, urine, and tissue
samples due to the high specificity, sensitivity, and
reproducibility relative to other analytical methods.
However, protein precipitation, LLE, and SPE have been

©Korean Society for Mass Spectrometry

combined for sample preparation, to minimize matrix
effects and achieve high sensitivity, but with high labor
requirements and a long turnaround time. There is a need
to improve sample preparation procedures for rapid clinical
and forensic toxicological analyses.
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Abstract : A rapid and reliable approach to the identification of microorganisms is a critical requirement for large-scale cultu-
romics analysis. MALDI-TOF MS is a suitable technique that can be a better alternative to conventional biochemical and gene
sequencing methods as it is economical both in terms of cost and labor. In this review, the applications of MALDI-TOF MS for
the comprehensive identification of microorganisms and bacterial strain typing for culturomics-based approaches for various
environmental studies including bioremediation, plant sciences, agriculture and food microbiology have been widely explored.
However, the restriction of this technique is attributed to insufficient coverage of the mass spectral database. To improve the
applications of this technique for the identification of novel isolates, the spectral database should be updated with the peptide
mass fingerprint (PMF) of type strains with not only microbes with clinical relevance but also from various environmental
sources. Further, the development of enhanced sample processing methods and new algorithms for automation and de-replica-
tion of isolates will increase its application in microbial ecology studies.

Keywords : MALDI-TOF, mass spectrometry, microbiome, environment

Introduction

Microorganisms are present throughout the environment
and are crucial to a wide range of natural processes. They
play a crucial role in the biodegradation of organic matter,
detoxification of various pollutants and hence recycling of
nutrients in the ecosystem through the biogeochemical
cycles which are fundamental to the environment and for
the survival of animals, plants and human life. Pathogenic
microbes cause diseases in plants and animals, however,
there are other groups of beneficial microbes that can
prevent the growth of various harmful microbes. Certain
microbes participate in the fermentation and production of
various food products whereas the presence of certain other
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microbes in food causes spoilage. Moreover, the human
body is home to various complex communities of bacteria
that plays a significant role in various physical and
biochemical activities. In conclusion, microorganisms are
present throughout the environment and are significant to a
wide range of natural processes. Thus, the identification
and classification of microorganisms are crucial and cannot
be ignored.

Conventional techniques for bacterial identification are
culture-dependent morphological, physiological and
biochemical assays which are labor-intensive and time-
consuming." Although molecular techniques such as 16S
rRNA, DNA-DNA hybridization, polymerase chain
reaction (PCR)-based methods and fluorescent in-situ
hybridization (FISH) are popular, again, they require high
expertise and are expensive and time-consuming.” Thus,
rapid and unequivocal identification of microbes in real
samples is a current important area of focus.

Mass spectrometry is an analytical technique in which
compounds are ionized into charged molecules and the
mass-to-charge (m/z) ratio is determined. With the
development of soft ionization techniques such as
electrospray ionization (ESI) and matrix-assisted laser
desorption ionization (MALDI), the scope for the analysis
of large biomolecules such as proteins has expanded.
When compared to ESI-MS, MALDI-TOF-MS has a few



advantages such as it creates singly charged ions, making
data interpretation simpler and it does not require prior
chromatographic separation.” Consequently, MALDI-TOF
MS has emerged as a clear choice for large-scale

Table 1. Microbial detection techniques. Adapted and modified from Singhal et al. 2015."

High-Throughput Screening Technique for Microbiome using MALDI-TOF Mass Spectrometry: A Review

proteomics work due to the high throughput and speed
associated with complete automation.

For the first time in 1996, the spectral fingerprints from
whole bacteria were obtained by using three strains of

Detection method

Advantages

Disadvantages

Conventional; culture dependent
identification by biochemical tests

- Sensitive
- Inexpensive

- Lengthy and time-consuming process
- Might require 24—48h

Immunological-based methods

- Faster than conventional methods
- Can detect both contaminating organisms and

their toxins

- Not as specific, sensitive and rapid as

nucleic acid-based detection methods

- Require large amounts of antigen
- Developed for only a small number of

microorganisms

Florescent in situ hybridization
(FISH)

- Rapid detection and identification directly

from slide smears

- Fast and ease-of-use of conventional staining

methods combined with the specificity of
molecular methods

- Test limited by the availability of specific

antigens for detection

Molecular based methods

®
(ii)
(iii)
(iv)
)
(vi)
(vii)

Real-time PCR
Multiplex-PCR

Repetitive extragenic palin-
dromic PCR (rep-PCR)
Random amplification of poly-
morphic DNA (RAPD)
Amplified fragment length
polymorphism (AFLP)
Variable-number tandem repeat
(VNTR)

Multilocus sequence analysis
and multilocus sequence typing
(MLST)

(viii) Pulsed-field gel electrophore-

- Culturing of the sample is not required
- Specific, sensitive, rapid and accurate
- Closed-tube system reduces the risk of con-

tamination

- Can detect many pathogens simultaneously

- Easy to perform

- Cheap, rapid, and easy to perform

- High discriminatory ability and reproducibility

- A highly precise thermal cycler is needed
- Trained laboratory personnel required for

performing the test

- Discriminatory power and reproducibility

are lower compared to PFGE and MLST

- Labor-intensive and costly

- Lack of reproducibility

- Time-consuming and costly

- Relatively costly and time-consuming

sis (PFGE)
DNA sequencing - 16S rDNA and 18S rDNA sequencing is the - Trained laboratory personnel and powerful
gold standards interpretation software are required
- Can identify fastidious and uncultivable - Expensive
microorganisms - Not suitable for routine clinical use
Microarrays - Large-scale screening system for simultane- - Expensive

ous diagnosis and detection of many patho-
gens

- Trained laboratory personnel required

Loop-mediated isothermal amplification
(LAMP) assay

- Can generate large copies of DNA in less

than an hour

- Easy to use
- No sophisticated equipment is required

- Developed for only a small number of

microorganisms yet

Metagenomic assay

- Useful for random detection of pathogens

- Data acquisition and data analysis are time-

consuming

- Trained laboratory personnel required

MALDI-TOF MS

- Fast
- Accurate
- Less expensive than molecular and immuno-

logical-based detection methods

- Trained laboratory personnel are not required

- The high initial cost of the MALDI-TOF

equipment

- The limited resolution, and database discor-

dances
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Figure 1. MALDI spectra of (A) Salmonella 2BS, (B)
Acinetobacter 14B5 and (C) Escherichia coli 1B1 showing the
potential genus- (¢) and strain- (*) specific biomarkers. Reprinted
with permission from Ruelle et al.'? (2004). Copyright 2004
John Wiley & Sons.

Pseudomonas’ and in the same year, spectral fingerprints
of various Bacillus species were also acquired by using
MALDI-TOF-MS.® Since then, a lot of focus has been
placed on using MALDI-TOF to identify not only bacteria
but also yeast and mold.” However, since the last decade,
the technology has been utilized for routine analysis of
microbes as it is rapid, reliable, cost-effective and has
various other advantages over conventional techniques.®
Some of the advantages and disadvantages of various
microbial detection techniques have been shown in Table
1. Further, the technology has the potential to replace
current identification methods in microbiology labs
because it can identify a wide variety of microorganisms.’
Thus, this review focuses on the comprehensive illustration
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of the use of MALDI-TOF-MS for microbial identification
in various environmental fields.

To comprehend the microbial population, monitor the
environment, and find potential pathogenic bacteria, it is
essential to identify microorganisms from environmental
sources. The ability to identify each microbe by its unique
protein fingerprint has made MALDI-TOF-MS a
significant advancement in the field of environmental
proteomics. The identification of unknown microbe is
carried out either by matching the abundance of the
biomarkers with the proteome database or by comparing
the PMF with the PMFs present in the database. Several
conserved signals under various experimental conditions that
can be used as potential biomarkers were observed by Wang
etal.' Several other studies also reveal the specific conserved
biomarkers which are unaffected by environmental factors
can be used for bacterial identification as shown in the
work by Ruelle et al.”* (Figure 1). Although several in-
house databases have been created,'”> however, the
currently the two major databases are the MALDI
BioTyper library by Bruker Daltonics, Inc. which uses
Bruker Main Spectrum analysis (MSP) and the SARAMIS
by bioMérieux which uses the bioMérieux SuperSpectrum
approaches.'* !> The accuracy of identification of unknown
microbes using MALDI-TOF MS depends on the database.
Generally, the identification accuracy up to the species
level is 90%,'® however, the database should be regularly
updated in order to enhance the identification of novel
microbes.'” Additionally, the sample culture, preparation,
storage, and the type of matrix used affect the
reproducibility of MS spectra obtained with MALDI.®

MALDI-TOF MS in microbial identification

Ecological and environmental studies

Commonly used methods for identification and classi-
fication involve 16S rRNA sequencing, gel electrophoresis
techniques, rep-PCR and multilocus sequence typing
(MLST)."® However, such techniques are expensive, time
taking and laborious. As an alternative, MALDI-TOF MS
has been utilized for exploring the biodiversity of
microorganisms by identifying and characterizing novel
strains in different environments. For taxonomic classi-
fication, microorganisms are separated into genera, species
and strains. MALDI-TOF MS has been proven to resolve
intra- and inter-species classifications and distinguish very
closely related species with high reliability. Dieckmann et
al."” reported the difference in 1 bp out of 400 bp or 3-4 bp
out of 1500 bp of the 16S rRNA gene sequence of
Pseudoalteromonas sp. by their MALDI-TOF-MS spectra.
Investigating the variety and composition of microbes
requires careful observation of various habitats, diets, and
surfaces. It is carried out sometimes to constantly check on
the spread of harmful pathogens or occasionally to find the
source of bacterial contamination. MALDI-TOF MS has
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proven that it can be used to continuously monitor these
settings and offer insightful data on the richness and
composition of bacterial species. Zeng et al.*’ utilized a
culturomics technique involving MALDI-TOF MS-based
high-throughput colony screening technique and genome
sequencing to identify one novel strain of Gemmati-
monadetes out of 330 isolates from the streams in Northern
Greenland. Another study reported that 8 biosurfactant-
producing bacteria out of 234 isolates were characterized
by MALDI-TOF MS and identified as Proteus mirabilis,
Alcaligenes faecalis, and Providencia alcalifaciens.
Environmental water isolates of Aeromonas were also
isolated and identified using MALDI-TOF MS by
comparing m/z signatures with known strains. It was
suggested in the work that this technique is useful for
environmental monitoring due to its speed and capacity to
handle a large number of samples.”

Some researchers are interested in learning more about
the microbiota connected to distinct metal ores since
bacteria play a significant role in the biogeochemical cycle
of various elements. Nosalova et al.” conducted one such
study to look at the microbiota of gold ore. Colony-
forming units (CFU) within the range of 2.18x10° to
3.16x10° bacteria per 1 g of dry ore material were detected
in cultivation studies. Results revealed that 89% of the 473
isolates from gold ore belonged to the genus Acinetobacter,
Microbacterium, Pseudomonas, and Rhizobium. Another
study conducted in the Rozalia gold mine in Hodrusa-
Hamre revealed that the gold ores mainly consisted of
bacteria from 18 different species including Aerococcus,
Pseudomonas, Rhizobium, Acinetobacter, Microbacterium,
Acidovorax, Staphylococcus and others.*

Environmental biotechnology and bioremediation
Environmental pollution is a major problem, and today
eco-friendly remedial methods are a necessity. A potential
strategy is a bioremediation, which uses microorganisms to
decrease or remove toxic substances from the environment.”
As a high-throughput method, MALDI-TOF MS is a useful
tool for bioremediation research. With the use of this
approach, site-specific microorganisms found in polluted
settings may be quickly identified. A study conducted by
Garcia Lara et al.”®, identified 25 bacterial strains using Bruker
BioTyper (Bruker Daltonics) from DDT-contaminated sites.
Among 25 strains, 4 were identified at the genus level
whereas rest 21 strains were identified at the species level.
A category of environmental contaminants is hydrocarbons,
and for successful biodegradation, it is crucial to isolate
and characterize novel microorganisms with the capability
to break down these pollutants. The diversity of the
bacterial population in highly weathered oil-contaminated
sites was studied using MALDI-TOF MS (Figure 2) and
differentiation of the isolates was done by principal
component analysis (PCA) and dendrogram analysis
(Figure 3).”” Microorganisms belonging to Bacillus species

©Korean Society for Mass Spectrometry

were identified with high extracellular biosurfactant
activities capable of biodegrading weather hydrocarbons.
Silva et al.*® reported isolation and identification of 44
bacteria were isolated from compost and identified using
the 16S rRNA gene sequencing and MALDI-TOF MS
techniques. 36 bacteria were discovered using MALDI-
TOF MS at the species level such as Bacillus shackletonii and
Klebsiella pneumoniae or genus levels such as Gordonia,
Acinetobacter, Stenotrophomonas and Pseudomonas. Silva-
Jimenez et al.” also studied the bacterial diversity of
seawater, surface water and marine sediments and identified
52 bacteria using Bruker BioTyper (Bruker Daltoics) that
has a high potential to degrade and utilize pyrene as the
sole energy source. The bacteria identified belonged to
Actinobacteria, Proteobacteria and Firmicutes.

Additionally, without the necessity for culture, it is also
feasible to identify the enzymes responsible for the
degradation of chemical hazards. In research published in
2015, Lovecka et al.*® gathered isolates from polluted areas
in the Czech Republic where they were able to break down
lindane, hexachlorobenzene, and DDT (dichlorodiphenyl-
trichloroethane). The amplification of the pesticide
degradation genes linA and bphAl allowed researchers to
analyze the degradation processes carried out by microor-
ganisms. MALDI-TOF MS was used to identify six out of
seven isolates which were Rhodococcus sp., Aeromonas
sp., Stenotrophomonas sp. and three Bacillus sp. which was
also cross-checked with 16S rRNA sequencing results.
Furthermore, the in-situ monitoring of the bioremediation
approach may also be done using MALDI-TOF MS.
Undoubtedly, this technique can be utilized for more
exploration.

Agriculture and plant pathology

In order to protect crops and boost agricultural productivity,
several researchers have used MALDI-TOF MS to identify
plant growth-promoting bacteria and pathogenic fungi.
Researchers at the Federal University of Lavras, Brazil,
have identified endophytic bacteria from garlic roots as
potential plant growth promoters for commercial use.’'
MALDI-TOF MS was used to analyze the microbial
activities of 48 microorganisms, which included nitrogen
fixation, phosphate production and siderophores production.
The garlic roots contained Burkholderia cepacian and
Enterobacter cloacae. Whereas Muthuri et al.*® isolated a
total of 43 endophytic bacteria with potential plant growth-
promoting activities from bananas and analyzed them using
MALDI-TOF MS. The identified isolates belong to Bacillus,
Enterobacter, Ewingella, Klebsiella Pseudomonas, Rahnella,
Raoultella, Serratia, Yersinia and Yokenella.

MALDI-TOF MS has been utilized to isolate and
identify plant growth-promoting rhizobacteria (PGPR) in
order to reduce heavy metal stress in plants. Pramanik et
al.”® reported the identification of Klebsiella pneumoniae
K5 which has been reported to be highly resistant to
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Figure 2. MALDI-TOF MS spectra of A) Bacillus subtilis (SA28), B) Bacillus cereus (SA17), C) Bacillus licheniformis (S33) and D)
Lysinibacillus boronitolerans (SA3). Reprinted with from Alsayegh et al.” (2021).

cadmium stress with a value of 4 mg/ml. An easy MALDI-
TOF MS-based novel method to identify and characterize
zinc-solubilizing bacteria was also proposed by
Costerousse et al.”* Further salt-tolerant PGPR have been
identified using MALDI-TOF MS for their use in
agriculture to reduce stress in plants and promote growth.”’

The identification of plant pathogens using MALDI-TOF

110 Mass Spectrom. Lett. 2022 Vol. 13, No. 4, 106-114

MS technology has been established in several research. Plant
pathogens infecting rice seedlings such as Burkholderia
gladioli pv. Gladioli, B glumae and Erwinia chrysanthemi
pv. Zeae have been identified using MALDI-TOF MS
directly from sample extracts. Despite small spectral
changes, MALDI-TOF MS analysis revealed that the
extracts of infected rice seedlings generated peaks

©Korean Society for Mass Spectrometry
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Figure 3. (A) Classification of studied strains using PCA plot
(B) PCA dendrogram of the studied strains. Reprinted from
Alsayegh et al.”’ (2021).
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Figure 4. PMF obtains using MALDI-TOF MS for 4. oryzae
and Acidovorax citrulli. Reprinted from Wang et al.*® (2012).

originating from bacteria with spectral peaks that had
considerably high scores.”® A novel strain Pseudomonas
grimontii, which is potential pathogenic bacteria causing
rot disease was identified using MALDI-TOF MS.*” Wang
et al.’® differentiated two closely related plant pathogens
which is even more difficult using the carbon source
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utilization process and ELISA. The two strains were
identified as Acidovorax citrulli and A. oryzae using
MALDI-TOF MS (Figure 4). Similarly, two closely related
pathovars of Xanthomonas oryzae have also been
identified in the same process.” These citations from the
literature highlight the potential and broad application of
MALDI-TOF MS in the study of plant growth-promoting
and growth-inhibiting bacteria.

Food microbiology and water treatment

It is crucial to rapidly detect pathogenic microorganisms
in order to maintain the safety and quality of food and
drink items. There are several different ways that microor-
ganisms are connected to food. They may be included in
the production of food items, they might cause food to
spoil, and they might even spread through food. By
recognizing and separating distinct lactic acid bacteria,
fermentative bacteria and foodborne pathogenic bacteria,
MALDI-TOF MS technology can contribute to the study
of food microbiology. Brochothrix thermosphacta is one of
the major strains responsible for seafood and meat spoilage
and has been characterized using MALDI-TOF MS.* The
quality of raw milk has a significant role in influencing the
quality of dairy products that are made. In order to
understand the impact of protracted refrigeration on the
changes in raw milk microbial ecology, Zhang et al.*!
investigated the quantities and kinds of psychrotrophic in
raw milk with and without refrigerated enrichment (5 days
at 7°C). Pseudomonas was observed to have the highest
abundance among 119 isolates from fresh raw milk
belonging to 12 genera and 23 species. Whereas, after
refrigeration for 5 days, 127 isolates classified as 9 genera
and 20 species were identified. This technique has further
been used for the characterization of bacteria present in
milk, yogurt and probiotics and bacteria responsible for the
spoilage of milk and pork, biogenic amine-producing
bacteria, and causative agents for seafood-borne bacteria."

MALDI-TOF MS has been applied to the bacterial
examination of drinking water, wastewater, and natural
waterways for environmental monitoring. In a recent study,
bacterial components in tap water and mineral water were
identified. A total of 10 samples of mineral water from
various brands and 11 samples of tap water from various
localities were acquired.* Alphaproteobacteria were more
prevalent in tap water than Gammaproteobacteria, which
were often isolated from mineral water, resulting in
differences in the bacterial diversity found in the two
distinct forms of drinking water. Additionally, because
some of the bacteria were only found during one season,
the season in which the water was bottled also had an
impact on the variety and abundance of bacteria. The study
demonstrated that the MALDI-TOF MS is an effective
approach for frequently checking the quality of water in the
water business and may be used to determine the variety of
bacteria in the water meant for human consumption.
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Challenges and future perspectives

Although MALDI-TOF MS has been shown for its
potential and applicability in routine analysis for microbial
identification, however, till date it possesses certain
limitations. Bacteroides fragilis group (BFG) isolated from
various environmental samples including human and rat
fecal matter, sewage from wastewater treatment plants, etc.
were investigated by MALDI-TOF MS. The results
showed variation in accuracy for hospital and untreated
wastewater (20%), wastewater (40%)and human and rat
fecal samples (100%). This could be due to the similarity
of strains from various samples for which the MS database
was optimized.”® A study was conducted to explore the
accuracy of identification by MALDI-TOF MS for 21
globally distributed species of Burkholderia cepacia.
However, the accuracy for detection and characterization
has been reported to be affected due to the high similarity
between the species. Based on various studies for clinical
as well as environmental samples related to the
identification of the B. cepacian complex, the accuracy is
significantly low for environmental strains as compared to
clinical strains.***®

The most essential step in identifying a species is
comparing the PMF of an unknown isolate to reference
mass fingerprints in a database, which necessitates a
database to contain mass fingerprints of different strains of
each species as well as reference mass fingerprints of all
species of relevance. To enhance the spectrum depiction of
the bacterial species, the sample preparation guidelines and
spectral profile analysis (baseline subtraction, normalization,
and others) need to be standardized. Insufficient spectral
data in the public database is a major challenge today.
However, the establishment of a drinking water library by
Pinar-Mendez et al. is the most current and top-notch
illustration of an internal database which is used as the
alternative solution for the insufficient database. The
incorporation of in-house databases into the public open-
access databases and the development of user-friendly and
cheaper software for analyses will further boost the
credibility of the technology in near future.

Conclusions

MALDI-TOF MS has been demonstrated to be a
workhorse in proteomics and can be a powerful tool in the
investigation of environmental microbiology and bioreme-
diation. Through comparison with molecular methods,
several studies have proven the effectiveness of MALDI-
TOF for the identification of environmental bacteria and
concluded that this is an efficient and appropriate approach
for environmental bacteria. With future advancements in
reference bacteria database libraries, frequent implemen-
tation in environmental investigations should be promoted
owing to time savings and cost-effectiveness. The method
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has been used with great accuracy and precision to identify
a variety of bacteria, including those that are important for
the environment and biotechnology such as those that
degrade pollutants, biomineralize, fermentative, food- and
water-borne diseases, produce coliforms and lactic acid,
and relate to and promote plant development. Additionally,
it also monitors environmental routines that improved in
quick identification of bacteria present in water, air, and
other surfaces.

There are still unexplored potential uses for MALDI-
TOF MS technology. These applications may include the
proteins and enzymes detection synthesized by bacteria for
a particular environmental purpose, such as the synthesis
of biosurfactants, minerals, or pollutants. The approach
may be used to identify the relevant proteins/genes
utilizing advanced bioinformatics techniques. Ultimately,
there is a discrepancy between the taxonomic identity of
bacteria and their prospective environmental functions. This
gap must be closed through more research and development
in order to maximize the technology's potential for
environmental investigations and assure quick research
breakthroughs through time and money savings.
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Abstract : Emerging evidence has shown that RNA-binding proteins (RBPs) dynamically regulate all aspects of RNA in cells
and involve in major biological processes of RNA, including splicing, modification, transport, transcription and degradation.
RBPs, as powerful and versatile regulatory molecule, are essential to maintain cellular homeostasis. Perturbation of RNA-pro-
tein interactions and aberration of RBPs function is associated with diverse diseases, such as cancer, autoimmune disease, and
neurological disorders. Therefore, it is crucial to systematically investigate the RNA-binding proteome for understanding inter-
actions of RNA with proteins. Thanks to the development of the mass spectrometry, a variety of proteome-wide methods have
been explored to define comprehensively RNA-protein interactions in recent years and thereby contributed to speeding up the
study of RNA biology. In this review, we systematically described these methods and summarized the advantages and disadvan-

tages of each method.

Keywords : proteomics, mass spectrometry, RNA-binding proteins, enrichment, RNA-protein interactions

Introduction

As delivery intermediate of genetic information in
biological systems, RNA usually interacts with proteins,
which are called RBPs, to form dynamic ribonucleoprotein
complexes (RNPs) for implementing crucial biological
functions.! RBPs widely participate in various biological
processes of post-transcriptional gene regulation (PTGR),
and also regulate every stage of the lifetime of RNA, from
transcription, translation and through to decay.’ As one
salient example, pre-mRNA is regulated by mRNA
binding proteins (mRBPs) to form mature mRNA through
splicing, 5" end capping and 3’ end processing.’ The mature
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mRNA is exported to cytoplasm by specific mRBPs
assistance for translation.> Degradation of mRNA also
requires a large number of mRBPs. Cumulative evidence
has also shown that long non-coding RNA (IncRNA) may
regulate biological processes such as chromatin
modification, and apoptosis.®’ In a word, the RBPs may
regulate RNA modifications, localization, translation, and
stability. Reciprocally, the corresponding RNAs can also
affect functions and localization of RBPs.® To date, a
variety of RBPs have been investigated in eukaryotic cell.
Individual RNA-protein interactions can form an intricate
network to regulate complicated cellular processes. Of
course, the broader research has uncovered that the
deficiency or aberration of RBPs is closely involved in the
occurrence and development of numerous diseases,”'
including metabolic disorders, autoimmune disease,
neurological disorders and cancer.'"" Considering the
importance of their functions, numerous studies are paying
special attention to the comprehensive identification and
precise quantification of RBPs. However, it is still
challenging to study their interactions with RNAs due to
the low stoichiometry of RBPs, the ubiquity of RNase
which can easily degrade the RNA and the immense
complexity of RNA-protein interactions network.
Therefore, it is of great significance to design an unbiased
and effectively method for large-scale identification of
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RBPs. The initial research was confined to an RNA of
interest and focused on the binding proteins, or a protein of
interest and RNA that associate with it.">"” These methods
that aimed to single biomolecule of interest may omit the
dynamic interaction from molecular networks. Compared
with RNA-sequencing, the study of RBPs is more
challenging due to low abundance and lack of
amplification.'® Benefitting from the development of mass
spectrometry, recent years have seen the emergence of
numerous methods aimed at investigating the RNA-
binding proteome systemically. Because each method has
some strengths and drawbacks, it is necessary to choose
optimal methods according to relevant research question.
In this review, we systematically summarized methods for
studying RNA-protein interactions on proteome-wide scale
based on different principles recent years and provided a
selection for scientists to address a particular biological
question.

The poly(A)-based technologies

Based on the principle of complementary base pairing of
Watson-Crick, RNA and directly bound proteins could be
captured through hybridization of the poly(A) tails of RNA
and oligo(dT) beads. That opened up the systematic
identification of RBPs. The first widely accepted technology
was reported Castello et.al in 2012," referred to as RNA-
interactome capture (RIC). In this method, RNAs and
proteins that directly bound were firstly “frozen” by widely
used UV-crosslinking in vivo. As shown in Figure 1, cells
were lysed under denaturing conditions, and the sequential
RNA-protein complexes were enriched by oligo(dT) beads.
The proteins were released by RNase treatment after several
stringent washing. Following protease treatment, mass
spectrometry-based proteomics was used to identify high
confidence RBPs. Besides, RNAs from RNPs were
released by proteinase K treatment and analyzed via high-
throughput sequencing. Applied to HeLa cells, Castello et

al."” discovered 860 RBPs by RIC coupled with mass
spectrometry, including 300 novel RBPs. Using RIC and
mass spectrometric analysis, ~800 RBPs were identified in
HEK293 cells by Baltz etal, many of which were
unknown RBPs previously.”” RIC yielded numerous RBPs
from various biological origins, including several human
cell lines,”'® mouse cell lines,''**® Saccharomyces
cerevisiae®®?” and Caenorhabditis elegans,”’ Leishmania
donovani,”®  Plasmodium ~ falciparum,”  Trypanosoma
brucei® Arabidopsis thaliana,’** Drosophila®>* and
zebrafish.”> Hentze et al.’® summarized all published RNA
interactomes into RBPs supersets according to different
source. It greatly enriched the RBPs item. It is worth
mentioning that metabolic enzymes, which play key
functional roles in biological systems, were also identified
as RBPs. For example, a high proportion of metabolic
enzymes involved in glycolytic pathway were identified as
RBPs in the human hepatocyte HuH7 cell.”’ Likewise, the
RBPs that reported in the HL-1 cardiomyocyte cell
included many mitochondrial metabolic enzymes involved
in the tricarboxylic acid cycle, fatty acid oxidation and so

"' Hentze®” laboratory presented alternative method,

7

on.
called enhanced RNA Interactome Capture (eRIC), which
mainly used Locked Nucleic Acid (LNA)-modified capture
probe instead of oligo(dT) beads. Applying the Jurkat cells,
683 and 588 RBPs were characterized from eRIC and RIC,
respectively. Compared to the RIC, eRIC has notably
advantages, such as excellent specificity, greater sensitively
and lower contamination from rRNA and DNA. Castello et
al.*® developed a comparative RNA Interactome Capture
(cRIC) by combining stable isotopic labeling by amino
acids in cell clture (SILAC)-based mass spectrometry,
which could study the dynamic of the RBPs upon the virus
infection. As a result, 794 proteins were identified in total,
91% of which were reported to be RBPs in eukaryotic
cells. Moreover, 247 RBPs changed their binding activity
after infected virus. It revealed that virus infection could
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Figure 1. Schematic representation of the RNA-interactome capture. Only the significant steps are shown.

116 Mass Spectrom. Lett. 2022 Vol. 13, No. 4, 115-124

©Korean Society for Mass Spectrometry



Combining the Power of Advanced Proteome-wide Sample Preparation Methods and Mass Spectrometry for defining the RNA ...

rearrange the cellular RBPs to regulate the life cycle of
virus. They also used cRIC tandem quantitative mass
spectrometry to systematically and comprehensively discovered
the cellular RBPs that responded to severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2)
infection.”® In their work, they uncovered that the cellular
RBPs could be remodeled upon the SARS-CoV-2
infection. The RNA metabolic pathways were profoundly
affected. They also described viral RNA interactome
capture (VRIC) and revealed dozens of cellular RBPs and
six viral RBPs that directly interacted with viral RNA.
Furthermore, available antiviral drugs targeting host RBPs
were identified as being capability of inhibiting infection
against the SARS-CoV-2. It demonstrated that the RBPs
have enormous potential for antiviral therapies.

Notably, most RBPs comprise one or multiple well-
known RNA-binding domains (RBDs), where they interact
with target RNA.* With the in-depth study, however,
researchers noticed that many novel RBPs are lacking
canonical RBDs. Meanwhile, the mutations of RBDs could be
the cause of numerous monogenic diseases."’ Consequently,
much attention was devoted to identifying the regions of
RBPs interaction with RNA. As shown in Figure 2, in order
to depict an atlas of RNA-binding sites in a proteome-wide
manner, Castello et al.*** developed RBDmap-based approach,
which combined UV cross-linking, oligo(dT) capture,
controlled proteolysis and mass spectrometry to discover
high-confidence RNA-binding sites on a proteome-wide
scale. In brief, the RNA—protein complexes were primarily
purified with the aforementioned RIC. After elution, the
RBPs were partial digested and separated by a second
round of oligo(dT) purification yielding two classes of
peptides: (1) peptides released into the supernatant and (2)
peptides remain bound to RNA. Subsequently, peptides
remain bound to RNA were further subjected to proteolysis
generating two types of peptides, including the peptides
still covalently bound to the RNA, referred to X-link, and
its neighboring peptides (N-link). It was difficult to

characterize X-link due to various mass shift resulting from
residual nucleotides, while N-link could be -easily
identified by mass spectrometry and search algorithms.
Most importantly, the RNA-binding region of RBPs,
namely RBDpep, composed of X-link peptides and N-link
peptides. The RNA-binding sites were detected through
analysis of the RNA-bound and released fractions by mass
spectrometry-based quantitative proteomics. Ultimately,
they identified 1174 RNA-binding sites derived from 529
RBPs in HeLa cells. Plus, RBDmap has also proven its
utility in HL-1 cardiomyocytes, for which RBDmap
dissected the 568 RNA-binding regions of 368 murine
proteins by mass spectrometry.

Overall, with the development and application of mass
spectrometry, the advent of RNA interactome capture not
only opened up the opportunities to system-wide identification
of RBPs but also supported for the comprehensive study of
RNA-protein interaction. Moreover, the discovery of novel
RBPs with lack of classical RBD but closely relate to
biological function implicated that the potential roles of RBPs
need to be investigated in depth urgently.”® Nevertheless, the
poly(A)-based technologies are only limited to RBPs that
bound poly(A) RNA. It is not suitable for unearthing the
nonpoly(A) RNAs, including most ncRNAs and organisms
without poly(A) RNA such as bacteria and many archaea.**
Where proteins interacting with mRNA are of interest, the
poly(A)-based technologies are recommendable.

The nucleotide analogs-based methods

Further efforts to extend into the nonpoly(A) RNA
bound proteome had focused on methods that were used to
nucleotide analogs tandem with click chemistry to capture
proteins bound to nascent RNA, regardless of the
polyadenylation state of RNA. Two more promising
methods were published in different cells and systems. Bao
et al.”” presented an RNA interactome using click
chemistry (RICK) method, which enabled to identify a
wide range of RNA bound proteome. As illustrated in
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Figure 3, they exploited an alkynyl uridine analog, 5-
ethynyluridine (EU), to label the newly transcribed RNA in
living cells, followed by in vivo fixed the RNA-proteins
with 254 nm UV light. Combined with click chemistry, the
alkynyl could react with the azide-biotin to gain
biotinylated RNA. Subsequent biotinylated RNA and
covalently cross-linked proteins were captured via
streptavidin beads. The resulting isolated RBPs were
characterized and quantified by mass spectrometry.
Consequently, a high-confidence RNA-binding proteomes
containing 720 proteins and 518 proteins were identified
from HeLa cells and mouse embryonic stem cells
(mESCs), respectively. Contemporary, Chen’s lab*
introduced the same procedure, but used a photoactivatable
uridine analog 4-thiouridine (4SU) by 365-nm UV light to
cross-link RNA-proteins instead of 254nm light directly.
This unbiased method was termed click chemistry-assisted
RNA interactome capture (CARIC) and yielded 597
proteins constituting HeLa cells RNA interactome with the
help of mass spectrometry. These two methods that were
designed to profile RBPs by mass spectrometer rely on the
alkynyl uridine analog-assisted click chemistry.

Overall, the combination of mass spectrometric methods
and nucleotide analogs-based methods overcomes the
limitations of the poly(A)-based technologies. CARIC and
RICK were not restricted to the analysis of RBPs that
associated with polyadenylated RNA, but could extend to
the proteomic profiling interacting with all types of RNA.
In addition, it might facilitate an in-depth interrogation of
the complex regulatory mechanisms of the ncRNA bound
proteins. Unfortunately, the nucleotide analogs-based methods
embed artificially introduced nucleotide analogues into newly
synthesized RNA through transcription. Therefore, the
method is aimed at the analysis of newly transcribed RNA-
bound proteins during process of cell culture, which mainly
have the following two defects. Firstly, metabolic labeling
may interfere with cellular physiological processes, such as

118 Mass Spectrom. Lett. 2022 Vol. 13, No. 4, 115-124

the inhibition of rRNA synthesis, nucleolar stress
response,’’ and decreased cell viability.**** Secondly, bias
may be introduced due to ignoring RNA that is already
present. For studies targeting at nascent RNA-binding
proteins, the nucleotide analogs-based methods may be a
better choice.

The phase separation-based strategies

Phase separation has advanced the field by offering
strategy that can be used for isolating RNA and proteins.
The rationale of strategy is that RNA can repartition to the
upper aqueous phase in the acidic guanidinium thiocyanate/
phenol/chloroform (also called Trizol), while proteins
remain in the lower organic phase.” Owing to the
opposing physicochemical properties of the RNA and
proteins, RNA-protein complexes would be concentrated at
the interphase. Exploiting the phase separation offered a
promising novel direction for the field of comprehensive
identification of RNA-protein interactions. Therefore,
three teams successionally published effective strategies,
named Orthogonal Organic Phase Separation (OOPS)™
and Protein-Crosslinked RNA Extraction (XRNAX)”' as
well as Phenol Toluol Extraction (PTex)**, that repurposed
phase separation to enrich the cellular RNA-binding
proteomes from the interface layer and catalog them with
mass spectrometric analysis (Figure 4). Indeed, the crude
RNA-protein complexes were obtained at the interface
using Trizol in OOPS and XRNAX. The OOPS strategy
undergone three consecutive rounds of phase separation to
purify RNA-protein complexes. The RBPs migrated from
the interface to the organic phase followed by RNase
treatment. Benefit of high-throughput mass spectrometry,
OOPS resulted in 1267 RNA-binding proteomes for U20S
cells, 1410 RNA-binding proteomes for HEK293 cells, and
1165 RNA-binding proteomes for MCF10A cells by mass
spectrometry-based proteomics analysis, of which 759
proteins were shared by three human cell lines. Notably,

©Korean Society for Mass Spectrometry
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OOPS was used to obtain 364 RBPs of E. coli, including
new discovered sSRNA binding protein (ProQ)™. It was the
first systematically retrieved the RBPs from prokaryotes.
By performing a single Trizol phase separation, XRNAX
was able to produce crude RNA-protein complexes that
were then subjected to limited protease digestion, resulting
in RNA crosslinked to peptides. Reliable RBPs separation
was achieved through an additional silica-based columns
purification prior to mass spectrometric analysis. Applied
to MCF7, HeLa and HEK293 cell lines, XRNAX yielded
1207, 1239 and 1357 high-confidence RBPs from three
cell lines respectively. They discovered 858 RBPs shared
among the three cell lines. Furthermore, the dynamics of
RNA-proteins interactions was explored during arsenite
stress using XRNAX incorporated an additional silica
enrichment and mass spectrometric analysis. In terms of
the results, most RBPs did not change the interaction with
RNA, whereas several proteins represented remarkable
decline their RNA-binding capacity under arsenite stress.
Coincidentally, Hentze et al.>* introduced a rapid strategy
to enrich RNA-proteins, known as complex capture (2C).
The principle on the basis of the strategy is that the nucleic
acid can selectively retain to silica matrix columns. Based
on this, the cross-linked RNA-proteins can also retain to
the silica columns compared with non-cross-linked
proteins®. The following year Shchepachev et al.®
described total RNA-associated protein purification
(TRAPP) strategy which mainly based on recovery of all
cross-linked RNA-proteins on silica beads. The described
strategy entailed the extraction of cross-linked RNA-
proteins under acidic condition and in-gel trypsin digestion
of RBPs, followed by liquid chromatography-mass
spectrometric analysis. They used yeast and E. coli for
proof-of-principle experiments and discovered more novel
RBPs. Although this strategy has broad applicability for
RBPome characterization, the silica-based methods suffer
from low recovery from silica gel columns. PTex described
an alternative strategy that utilized a neutral mixture of

phenol: toluol to shift RNA, proteins and cross-linked
RNPs into the aqueous phase, while the DNA and lipids
were distributed to the interface. The aqueous phase was
subsequently recovered and extracted twice using acidic
phenol. On this condition, the RNPs were migrated to the
interface, away from RNA in the upper aqueous layer and
proteins in the lower organic layer. Eventually, the
interface was subjected to precipitate using ethanol to
highly enrich the cross-linked RNPs. The purified RNPs
could be protease digestion and directly analysis by liquid
chromatography-mass spectrometry. By applying this
strategy, 3037 RBPs were significantly enriched from
HEK?293 cells.

Proximity labeling (PL) is a widely applicable tool for
deciphering of molecular interactions in subcellular
organelles and compartments of interest with nanometer-
scale spatial resolution.”” It would be an important step to
a better separating subcellular region in complex cells. PL
also integrated with RNA-proteins enrichment strategy to
profile RNA-protein interactions in different subcellular
regions. Qin et al.”® have extensive experience in subcellular
molecular interactions using PL. In particular, they turned
attention to decipher of the RNA-protein interactions in
spatially and temporally resolution. They developed a
method that peroxidase-catalyzed PL combined with phase
separation (APEX-PS) to categorize RBPs from specific
subcellular regions (Figure 5a). By combining APEX-PS
with mass spectrometry, they generated several RBPs
datasets for nuclear, nucleolar, and outer mitochondrial
membrane (OMM). Moreover, they mined novel RBPs
function from outer mitochondrial membrane and
confirmed the localization of OMM SYNIJ2BP after
puromycin treatment. Similarity, Chen’s group™ reported a
strategy that used subcellular fractionation, acidic guanidinium-
thiocyanate-phenol-chloroform biphasic extraction, and
quantitative mass spectrometry to enrich RBPs from
specific subcellular organelles (Figure 5b). 1775 and 2245
RBPs were uncovered by this strategy from the cell
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Figure 4. Schematic overview of the phase separation-based strategies. Only the significant steps are shown.
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nucleus and cytoplasm, respectively. Further analysis
discovered 403 unique RBPs from cell nucleus and 873
unique RBPs from cell cytoplasm. Among the all RBPs
datasets not only contained a large number of known
RBPs, but also revealed 614 RBPs that have never been
reported previously. Systematically classified the RBPs
subcellular localizations and provided an extra information
about latent biological functions. In order to verify the
novel identified RBPs, they characterized 2157 RNA
binding interfaces originate from 892 RBPs using the
modified RBDmap method. It could elucidate complex
binding structural regarding the RNA-protein interactions.

Compared with poly(A)-based technologies, the phase
separation-based strategies eliminated the focus on poly(A)
RNA and based entirely on inherent physicochemical

120 Mass Spectrom. Lett. 2022 Vol. 13, No. 4, 115-124

properties of RNA and proteins. It mainly lied in the
difference of the solubility between RNA, proteins and
RNA-protein complexes. Meanwhile, phase separation-
based strategies held enormous potential towards
characterizing the prokaryotes RBPs from a system-wide
perspective and thereby facilitated a better mining of RBPs
biology functions with RNA-proteins interactions in
prokaryotes. This strategy requires less than 1% of the cells
needed by previous RBPs-enrich methods. OOPS and
XRNAX are valuable approaches that manipulated simply
and rapidly. Problematically, since glycoproteins and
RNA-protein complexes have the same solubility,
glycoproteins cannot be distinguished using phase
separation-based strategies, creating a problem of
glycoprotein contamination.
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The chemical labeling-based approaches

Intense research have unearthed numerous RNA
crosslinkers that used to connect interacting of RNA to
each other, such as methylene blue and psoralen.” Among
them, psoralen is a class of planar and ternary heterocyclic
compounds that can form stable covalent bonds with
pyrimidine bases (especially thymine and uracil) through
cycloaddition reaction.’’ The reasoning is that psoralen
first intercalated into the pyrimidine bases after enter cells.
Then the cycloaddition reaction was occurred by long
wavelength ultraviolet irradiation (320 -410 nm) to
crosslink RNA and psoralen with covalent bonds.*> This
photoactivation reaction could be used to efficient and
unbiased capture of RNA, study of RNA interactions could
be addressed, opening new opportunities to understand
RNA biological functions on a genome-wide scale.

Exploiting the high reactivity of psoralen with uracil under
365 nm UV irradiation, Qin’s lab synthesized a psoralen
probe (PP) and developed a new PP-based RBPs
identifying approach.”® (As shown in Figure 6a) The PP
could tag the nucleic acid and capture the nucleic acid-
proteins complex in cells, followed by eluting enriched
RBPs by treatment with RNase A. Subsequently, the
product was digested with trypsin and characterized by
quantitative mass spectrometry after stable isotopic
dimethyl labelling. Applying this approach, the authors
revealed a total of 2986 RBPs in HeLa cells, which
covered ~70% of RBPs originated from HeLa cells
reported by previous works. It also included 782 low
abundant candidate RBPs. Meanwhile, 178 metabolic
enzymes widely involved in metabolic pathways, which
were discovered in candidate RBPs. Furthermore, the
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Figure 6. a. Schematic representation of the PP-based approach.
PhotoCAX-MS. Only the significant steps are shown.
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authors employed PP-based approach to investigate a
large-scale dynamic of RNA-proteins interactions upon
Actinomycin D-stimulation. As a result, the distribution
map of RBPs with different decreasing/decay rates in
RNPs was obtained. More importantly, it also provided a
new high-throughput way to evaluate candidate RBPs.
Additionally, PP-based approach can be combined with
other methods to achieve more comprehensive and
extensive coverage of RNA-binding proteome.

Zou et al.** designed a dual-functional photocatalytic
RNA-protein crosslinker (RP-linker) which could be
adopted for in-situ labelling and efficient crosslinking of
RNA-protein complexes under blue light-triggered
photocatalyst. Besides, they reported a comprehensive
profiling of RNA-protein interaction approach by
integrating  photocatalytic ~ crosslinking with phase
separation and mass spectrometry, termed as “PhotoCAX-
MS?”, as shown in Figure 6b. The RP-linker was composed
of a furan group and amine group for labelling RNAs and
connecting RBPs, respectively. Thus, RNA-protein
complexes were covalent linked by RP-linker upon
photocatalytic conditions in cultured human HEK293 cells.
And then the crosslinked RNA-protein complexes were
enriched by phase separation for subsequent mass
spectrometric analysis. With this approach, they identified
2044 RBPs from HEK293 cells. The PhotoCAX-MS could
further yield novel insights concerning the dynamics
remodeling of RNA-protein interactions in macrophage
cells upon LPS-assisted and SILAC labelling. 1926
proteins were identified by liquid chromatography-tandem
mass spectrometry, 1299 of which were shared in three
independent biological replicates. Further analysis revealed
11 up-regulated RNA-binding proteins and 12 down-
regulated RNA-binding proteins. Noticeably, the Photo
CAX-MS was also applied to dig the proteins directly
binding with the 5’ untranslated regions of SARS-CoV-2
RNA. A total of 193 RBPs were discovered by liquid
chromatography-tandem mass spectrometry. Further
analysis emerged the potential biological function of host
RBPs in the SARS-CoV-2 infections.

In conclusion, the chemical labeling-based approaches
greatly improved the specificity of RBPs enrichment and
provided an ideal platform for in-depth RNA-protein
interaction research. Of course, these approaches are still
unbiassed which can map all kind of RNA bound proteins.
Although tremendous progress has been made for chemical
labelling-based approaches to map all kind of RNA bound
proteins, these approaches are still far from reaching the
level of integration sufficient to address bioanalytical
challenges. For example, PP-based methods tend to favor
more abundant non-coding RNA-binding proteins and thus
may inhibit the identification of mRNA-binding proteins.
Due to the use of phase separation, RBPs with
glycosylation may not be successfully recognized by
PhotoCAX-MS.
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Conclusions and perspectives

Recent efforts opened up new opportunities to study
RNA-protein interactions and expanded the methods to
characterize RNA-binding proteome with high-throughput
mass spectrometry. We reviewed here experimental large-
scale methods for RNA-protein complexes enrichment,
with the characteristics of each method. Researchers can
design a suitable method for specific issue. Considering
different enrichment mechanisms, these methods can
complement each other in some aspects. Taking advantage
of these methods, it is promising to achieve more
comprehensive and extensive coverage of RNA binding
proteome, and thereby laying the foundation for the in-
depth study of RNA-protein interactions. Nevertheless,
given the fact that UV light that used to covalent crosslink
RNA-protein complexes has poor penetrability, the
application of these methods is confined to cultured cells
(generally monolayer cells), fly and Arabidopsis thaliana,
as well as bacteria. It is also worth noting that the current
methods are not compatible with the identification of
RNA-binding proteome from mammal tissue. To overcome
this limitation, it is necessary to develop more crosslinking
methods, such as new chemical crosslinkers, for replacing
UV crosslinking in the fix of RNA-proteins complexes in
future. In addition, proper control conditions and stringent
screening cut-off RBPs should be carefully considered.
The specific and precision of RNA-binding proteome can
provide more confident data to support further biological
study. The field of mass spectrometry-based proteomics is
rapidly expanding and creating more convenience for
comprehensive studying biological functions. It can be
expected to open a new way to investigate RNA-binding
proteome for understanding interaction of RNA with
proteins by combining the advantages of proteome-wide
sample preparation methods and mass spectrometry.
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Abstract : There are many types of spring blossoms on the Daedeok campus of Chungnam National University (CNU) at the
area of 1,600,000 square meters. As an assignment for the class of Analytical Chemistry I for second-year undergraduate stu-
dents, 2021, flower petals collected from various floral groups (Korean azalea, Korean forsythia, Dilatata lilac, Lilytree, Lily
magnolia, and Prunus yedoensis) were analyzed using headspace extraction coupled to gas chromatography-mass spectrometry
(HS-GC-MS) to study the aromatic profiles and fragrance compounds of each sample group. Various types of compounds asso-
ciated with the aroma profiles were detected, including saturated alcohols and aldehydes (ethanol, 1-hexanol, and nonanal), ter-
penes (limonene, pinene, and ocimene), and aromatic compounds (benzyl alcohol, benzaldehyde). The different contribution of
these compounds for each floral type was visualized using statistical tools and classification models based on principal compo-
nent analysis with high reliability (R* = 0.824, Q* = 0.616). These results showed that HS-GC-MS with statistical analysis is a
powerful method to characterize the volatile aromatic profile of biological specimens.

Keywords : fragrance compound, headspace extraction, GCMS, spring blossoms, principal component analysis

Introduction

Various types of spring blossoms appear on the Daedeok
campus of Chungnam National University (CNU) at an area
of 1,600,000 m?, in particular, Korean azalea (Rhododendron
schlippenbachii), Korean forsythia (Forsythia koreana),
Dilatata lilac (Syringa oblata subsp. dilatata), Lilytree
(Magnolia denudata), Lily magnolia (Magnolia liliiflora),
and Prunus cherry blossom (Prunus yedoensis). A special
project in the class of Analytical Chemistry I for second-
year students in the 2021 Spring semester was performed
to analyze the aroma and aromatic contents of these spring
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flowers at the CNU campus using headspace extraction
coupled to gas chromatography-mass spectrometry (HS-
GC-MS) and to identify the compounds that cause each
flower to have a specific scent. In the class of Analytical
Chemistry I, students learned about the general concepts of
the analytical process, chemical measurements, statistics for
experimental errors, quality assurance and calibration
methods. Conventionally, qualitative and quantitative analysis
methods were taught mainly with course materials
(textbooks, lecture materials, etc.), and the corresponding
experimental courses were designed based on these
provided understandings. Unfortunately, experimental courses
for second-year students had been suffering from an
unexpected status due to the COVID-19 pandemic since
2020. All in-person classes had been closed for more than
a year and substituted with on-line broadcasting alternatives.
Therefore, this project was designed to have students
experience experimental processes and methods for
instrumental analysis, in specific, chromatography and
mass spectrometry, in the analysis of practical specimens.

Aroma is usually composed of a complex mixture of
various volatile organic compounds (VOCs), including
amino acid-derived compounds, lipid-derived compounds,
phenolic derivatives, mono- and sesquiterpenes.'™ Since a
sense of smell is a physiological reaction caused by a
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chemical stimulus, the molecules must be significantly
light enough (<300 Da) to travel to the olfactory system via
airborne.” Therefore, gas chromatography (GC) coupled
with mass spectrometric (MS) detector is often regarded as
a powerful tool for aroma compound analysis, being a
technological combination of the separation power of GC
with the detection and quantification capability of MS. While
flame ionization detector (FID) is more reliable and sensitive
for quantitative analysis, the qualitative identification power
of MS could provide robust and dynamic identification of
chemical composition in samples with unknown or
sophisticated background matrices, such as biological
specimens. Furthermore, headspace (HS) extraction is an
optimal method for volatile compound analysis, in which
the volatile analytes could be extracted and isolated from
the contaminants in the sample matrix. Methods based on
HS-GC-MS can reduce the number of sample preparation
steps required prior to analysis, as well as enable
automation and programmed qualitative and quantitative
analysis of biological samples.®’

In this study, the petal samples of 6 different species of
spring blossoms were carefully collected at 16 locations on
the campus. All students were divided into small groups to
collect the samples. The samples were pre-treated and
analyzed by HS-GC-MS with the special assistance of the
Core-Facility center at the Department of Chemistry, CNU.
Statistical analysis was performed to understand the
relationship between the identified volatile compounds to

the aroma profile, and a classification model based on the
GC-MS data was established to evaluate and visualize the
aroma profiles according to each floral group.

Experimental details

Sample collection and Pre-treatment

A total of 62 undergraduate students in the two
Analytical Chemistry I classes have participated in this
project (Table S1). They were divided into 16 groups to
collect the petal samples. All floral samples (Korean
azalea, Korean Forsythia, Dilatata Lilac, Lilytree (aka.,
Yulan magnolia), Lily Magnolia, and Prunus Yedoensis)
were collected from blooming flowers on the rooted plants
before browning (Table S2). These samples were picked in
April, 2021 across different sites on CNU Daedeok campus
(Figure 1) and the exact picking time is different depending
on the flowering time of each plant. The pistil, stamen, and
leaves of the flowers were completely removed, and the
petal samples were stored in a respective transparent close-
tight Ziploc plastic bag at -20°C before analysis.

HS extraction conditions

The volatile organic compound profiles from the flower
samples were extracted and injected into the GC-MS
instrument using an automated static HS sampler (Agilent
7697A, Santa Clara, CA) at the CNU Chemistry Core
Facility. The oven temperature was set at 100°C, the loop

Figure 1. The CNU campus map indicating the places where flowers were collected. The student team numbers are also indicated on the

map.
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temperature was set at 110°C, and the transfer line was set
at 120°C. Homogenized petal sample (1 g) was added to a
20 mL HS crimp vial with silicon septa, and equilibrated at
100°C for 15 min. The equilibrated sample was pressurized
to 3 psi prior to injection by a fill flow of 50 mL-min™, and
the injection time was 0.5 min.

GC-MS Analysis

The extracted volatile constituents from the pre-treated
sample were analyzed by GC-MS (Agilent 6890N gas
chromatograph with a 5975B mass analyzer) equipped
with a VF-WAXms column (30 m x 0.25 mm x 0.5 pm)
filled with low-bleed polyethylene glycol (PEG) stationary
phase. The inlet was kept at 200°C in split injection mode
(10:1 ratio), and the total flow rate was set at 13.6 mL-min™.
The oven temperature was programmed as follows: initial
column temperature was set at 50°C for 2 min, then
increased to 200°C at a rate of 10°C-min" and held at this
temperature for 5 min (total running time 22 min).
Ionization of analyte compounds was performed in positive
electron ionization mode (EI+), in which 70 eV of
ionization energy was acquired using built-in gain control.
The MS source temperature was set at 230°C, MS Quad at
150°C, and the solvent delay was set to 2.5 min. The mass
spectrometer was operated in scanning mode (m/z 40 to
359.0) with a scanning interval of 0.1 Da. Analyte
compounds were identified using library search with
NIST17 database, and the cut-off criteria for positive
matches were set at 50% identification confidence.

Data pretreatment and analysis

The peak areas were integrated to calculate the peak area
percentage (PA%) value which is related to the composition
information of each compound in a sample. The PA% from
each compound for each sample was calculated separately,
and then averaged between each floral group to find the
correlation between the compound profile and floral groups.
For the multivariate data analysis, the raw chromatographic
data (from RT= 2.6 min to 22 min, interval: 0.005 min)
from each sample were used. Principle component analysis
model was built using the SIMCA-P 11 program (Umetrics,
Umea, Sweden), in which the logy, transformation of the
abundance from each data point was performed for
normalization of the chromatographic data.

Results and discussions

HS-GC-MS chromatogram profiles of the spring blos-
som samples

Representative chromatograms of the HS-GC-MS analysis
are shown in Figure 2. The volatile compounds identified
by HS-GC-MS of each floral sample were quantified using
the percentage peak area method, in which the PA% value
was calculated using the integrated area of each compound
divided by the total peak area of all compounds in the MS
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scan mode. This calculation is based on the mass balance
model, in which the chemical concentration of a component is
expressed as the linear sum of products of its abundance
and contribution. It should be noted that while this method is
simple and suitable for broad identification and quantification
of unknown or complex samples, the quantitation accuracy is
limited due to the differences in ionization efficiency of
different compound types toward the MS detector. As
observed on the GC-MS chromatogram of the petal
samples by each floral group (Figure S1-S3), the identified
compounds and their relative amounts in each sample
varied depending on the location, which could be related to
the differences in the growing environment and the
blossoming state of each individual plant. However, larger
sample size and time-domain monitoring should be
performed to obtain a statistically viable conclusion of
these effects on the volatile compound profile in each group.
In summary, a total of 114 volatile compounds were observed
in the spring blossom flowers samples, in which 34
compounds (29.8%) were found in at least half of the samples
collected. Distinctively, homology series and isomers of
straight-chain saturated and unsaturated alkanes, alcohols, and
aldehydes were identified with high amounts specifically in
some floral groups. Therefore, the categorization of these
compounds and their amount could assist in establishing
the aroma profile of spring blossom samples. A Venn diagram
of the identified compounds according to each floral group
was described in Figure 3a. In all sample groups, 10
compounds were commonly found and identified as
tetrahydrofuran (THF), aldehyde compounds (2-methyl butanal,
3-methyl butanal, hexanal, nonanal, and benzaldehyde),
sulcatone (6-methyl-5-hepten-2-one), and terpenes (o-pinene,
trans-f-ocimene, and y-terpinene). Furthermore, 11 other
compounds were detected in at least 4 floral groups. These
compounds mostly come from certain plant metabolization
processes and define the odorous profile of flowers, which
are replicated and utilized in various commercial products
as antibacterial agents and perfumes.*'’

Classification and comparison of volatile component
profiles between each floral group

Statistical analyses were performed on the highly
contributed chemical compound and compound groups
between the five floral groups, in which the two magnolia
samples were merged into one group, to further understand
the differences between the volatile compound profile in
each group. Firstly, the amount of benzaldehyde (RT =
12.362 min) was remarkably high in the sample of Prunus
yedoensis, at 66.7% of the total VOC amount, while being
less than 10% in the other floral groups, including azalea
(9.6%), Dilatata lilac (2.1%), forsythia (1.0%) and
Magnolias (0.57%). Possessing a strong sweet scent,
benzaldehyde is formed under the enzymatic hydrolysis of
amygdalin, a naturally occurring glycoside found in seeds
and flowers of almonds, peaches or cherries. Previous
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Figure 2. Representative HS-GC-MS chromatograms of the petal samples from 6 floral sources collected in this study.

reports also indicated the presence of high amount of
benzaldehyde in cherry leaves or blossoms."'? On the
other hand, lilac aldehydes and lilac alcohol were found
predominantly in Dilatata lilac, which averaged 8.2% of
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the total volatile contents in its samples.

Straight-chain saturated alkanes (C,,-C,4) were identified
solely in Korean forsythia samples, in which their composition
contribution was averaged at 6.34+0.73% of the total peak
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area. On the other hand, the other blossom groups showed
only insignificant traces of these compounds in the volatile
phase analyzed. The yellow-colored blossom, often called
“golden bell”, is one of the affluent flowers in early Spring
throughout the Korean peninsula. Forsythia trees are
usually grown in scrubs and roadside on the CNU campus,
and its blossoms frequently come in close vicinity of road
surfaces and nearby motor vehicles. Therefore, we suggest
that n-alkanes found in the forsythia samples were
associated with the contamination from the exhaust gas of
internal combustion engines. Meanwhile, saturated fatty
aldehydes (SFAs), especially nonanal (CoH;30) were found
in the volatile phase of all flower samples (Figure 3b). The
C;s-C; homology of SFAs was found in Prunus yedoensis
and Korean azalea samples, which account for 15.0 and
20.5% of the total volatile contents, respectively. Furthermore,
the volatile contents of Korean forsythia samples contained
up to 54.5% of Cs-Cy, straight-chain saturated aldehydes,
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which is the highest in this category. SFAs such as octanal
and nonanal are highly fragrant compounds associated as
the key odorants of various flowers and plants, such as rose
orange' or tea tree', which could be responsible for the
fruity and rosy odor of forsythia and azalea blossoms.
Saturated and short-chain alcohols such as ethanol and
C;s-Cy alkanols were found to be the major volatile
components in Korean azalea samples. Floral nectars,
especially in azalea and dandelion blossoms, usually
contain Saccharomyces yeasts which could convert glucose
and galactose into ethanol. Among all collected samples,
the ethanol contents in azalea samples peaked at 42.0%,
followed by Dilatata lilac and forsythia samples at 16.5
and 10.5%, respectively. Furthermore, the distribution of
short-chain alcohols ranged from Cs to Cg according to
each floral group were described in Figure 3c. Cs-Cy
alkanols contributed a total of 6.4% of the relative VOCs
content in the azalea group, in which 1-hexanol was the
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main compound (3.6%). In comparison, l-octanol was
solely detected in Dilatata lilac samples at 3.4%. Finally,
the presence of different terpene and terpenoid compounds
in floral blossom samples (Figure 3d) was discovered as
one of the key components to define the aromatic profiles.
y-terpinene (RT = 8.142 min) was found to be highest in
Dilatata lilac samples (51.7%), followed by magnolias
(3.1%), while their content in the other floral groups
ranged below 1%. Contrastingly, B-myrcene (RT = 6.654
min) was found as the major terpenoid compound in
magnolia samples. Furthermore, other compounds such as
3-carene, a- and B-pinene, camphene, D-limonene and o-
cymene were identified at various amounts in all the floral
groups. Therefore, significantly different patterns in the
distribution of aldehydes and alcohol compounds in the
HS-GC-MS results could assist in defining and identifying
the aromatic profile of each floral type.
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Multivariate statistical analysis for classification of
flowers from aroma profile

Statistical data analysis techniques, specifically multivariate
data analysis methods such as principal component analysis
(PCA) and partial least-squares discriminant analysis (PLS-
DA) were vastly employed to characterize and differentiate
the aroma profiles obtained from HS GC-MS data.'>'® These
powerful tools allow swift and robust visualization of the
trends and patterns in complex datasets obtained from
advanced instrumental analysis techniques.'”" In this study,
the raw chromatographic data obtained from HS GC-MS
analysis of the collected flower samples were processed
using PCA to classify their aroma profiles based on their
biological origins. Three major botany groups in this study
(Korean forsythia, Korean azalea, and Dilatata lilac) were
selected for the analysis, but the floral groups containing only
a single sample were excluded (Lilytree, Lily magnolia,
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Figure 4. PCA analysis of the GC-MS data, showing the classification of the aroma profile according to the major flower sample
groups: (a-c) score plot of the first 3 principal components (PCs) covering 82% of the total variance, and (d) loading plot of the PC,-PC;

pair, colored according to the elution time in GC-MS.
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Prunus yedoensis).

A classification model comprise of 3 principal components
(PCs) was able to explain up to 82% of the total variance,
including R* (PC, = 0.584, PC, = 0.140, PC; = 0.087). The
number of PCs was selected so that most of the characteristics
of the original data were described while avoiding
overfitting the model. The 2D score plots of each pair of
components (Figure 4a-c) show that complete separation
between the Korean azalea and other groups was achieved
using the first two PCs, while the additional figures of the
third component PC; could provide the differentiation
between the GC-MS data from Dilatata lilac from the
other floral groups. Interestingly, the score plot of PC,
versus PC; showed a complete separation of the three
groups despite the low amount of variance covered. The
corresponding loading plot of the PC,/PC; pair (Figure 4d)
reveals the contribution of the aroma profile to the
observed group separation. As observed in this plot, signal
intensities from highly volatile, low molecular molecules
(elution time < 6 min) were located at the low end of PC,
which contributes to the location of Korean forsythia and
Dilatata lilac groups, while the intensities from high
boiling point molecules (elution time > 14 min) were
highly associated to the location of Korean azalea samples.
Furthermore, a complete separation of the three floral
groups was observed in the 3-D score plot of the model
(Figure S4), and the partial separation of elution time
points into different layers in the 3-D space was also noted
on the loading plot with three components as well.
Therefore, it can be deduced that the major differences in
the aroma profile of the three floral groups are based on the
proportion of the high-volatility molecules (straight-chain
alcohols and aldehydes) compared to the low-volatility
molecules (branched alcohols and aromatic derivatives).
These results show that HS-GC-MS analysis combined
with statistical data analysis is a powerful tool to study and
characterize the fragrance compounds of blossoms, which
is useful for many applications such as perfume or personal
care products.

Conclusions

With the collaboration of 62 undergraduate students in
the Analytical Chemistry I class, floral petals from Korean
Azalea, Korean Forsythia, Dilatata Lilac, Lilytree, Lily
Magnolia, and Prunus Yedoensis were collected in April
2021 at CNU Daedeok campus. The flower samples were
pre-treated and chromatographically separated to identify
the fragrance compounds using HS-GC-MS. From the
analysis, major volatile and aromatic compounds were
identified, and these proportions were different according
to the flower species. These analytical data may probably
be useful for further metabolic and plant physiological
analysis of landscape trees and fragrance effect depending
on the botanical origin and environmental variances.

©Korean Society for Mass Spectrometry

Furthermore, multivariate statistical analysis using the
PCA method showed remarkable differentiation between
floral origins based on the raw data of HS-GC-MS
analysis, which may be largely useful for many industrial
applications such as perfume or personal care products.
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Abstract : Taurine is a type of sulfur-containing amino acid having a sulfate functional group, that is biosynthesized from cyste-
ine. It is mainly distributed in high concentrations in animal tissues and is known to have various effects such as osmotic pres-
sure control, calcium control, anti-inflammatory, antioxidant, and hepatocellular protection. Also, taurine deficiency causes a
variety of symptoms, including visual impairment. In particular, in the case of cats, taurine is not biosynthesized and must be
supplied through food, so it is classified as an essential amino acid. In this study, an analysis method using mass spectrometry
was developed instead of the commonly used derivatization method to quickly, environmentally, and precisely analyze taurine in
various animal feeds. The developed analytical method showed good linearity (R* > 0.99), accuracy (81.97-105.78%), and pre-
cision (0.07-12.37%). In addition, the developed method was further verified through quantitative comparison with the derivat-
ization method. This developed method was used in the determination of taurine in 20 animal feed samples obtained from South
Korea. The levels of taurine found ranged from 81.53 to 6,743.53 mg/kg. The developed analysis method will be used for the

detection and quantification of taurine in domestic feed.

Keywords : taurine, feed, LC-MS/MS, amino acid analyzer, comparative study

Introduction

Amino acids are components of proteins and are essential
for animal growth and maintenance of physiological
functions. There are about 20 kinds of amino acids that
make up proteins, and they are classified into essential
amino acids and non-essential amino acids. Essential amino
acids are amino acids that must be supplied from the outside
to sustain animal life and include lysine, leucine,
methionine, phenylalanine, taurine, threonine, tryptophan,
and valine.'” Among them, taurine (B-amino ethane sulfonic
acid) is a type of sulfur-containing amino acid having a
structure in which an amino group is bonded to B-carbon
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and a sulfate group is bonded to o-carbon.*’ Taurine is
biosynthesized from cysteine and mainly distributed in high
concentrations in animal tissues (muscle, heart, brain,
retina).>® The physiological action of taurine is known to
have various effects such as cell proliferation, osmotic
pressure regulation, calcium regulation, glucose metabolism
promotion, nerve excitability regulation, anti-inflammatory,
antioxidant, and hepatocellular protection.”"*

Amino acids in the feed are used as supplements added to
feed to increase their utility. The addition of taurine to high-
fat diets can improve serum total cholesterol and triglyceride
levels without affecting the productivity of laying hens,"
and in the case of finishing pigs has shown that it increased
growth and decreased serum and liver total cholesterol
levels."* In particular, in the case of cats, taurine cannot be
biosynthesized and must be supplied through food, so it is
classified as an essential amino acid. The minimum taurine
content required for adult cats in pet food is set at 25 m%/
100 keal for dry food and 50 mg/100 kecal for wet food."”
Currently, taurine is classified as an supplementary feed in the
domestic feed management law, and it is mainly used by
addinég it to the feeds of animals that need taurine, such as
cats.'® Although there is no registration standard for taurine, an
analysis method that can accurately quantify trace amounts of
taurine contained in the feed ingredient and compound feed is
needed to prevent taurine deficiency and excess.

A representative analysis method for analyzing taurine in
feed is the Association of Official Analytical Chemists
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(AOAC) official method, which is an internationally
recognized analysis method. In this analysis method, taurine
is quantified in feed using LC-FLD through fluorescence
derivatization after hydrolysis with hydrochloric acid and
reaction with dansyl chloride.”” Several studies have been
conducted to quantify taurine in sports drinks and dairy
products based on AOAC internationally recognized
analytical methods."®*' Amino acids including taurine have
an amino group (-NH,) and a carboxyl group (-COOH)
structure, and since absorption does not occur in the
ultraviolet and visible light regions, the fluorescence
derivatization process is absolutely necessary.”>>*

Disadvantages of such an analysis method are that it takes
a lot of time for sample preparation such as hydrolysis and
derivatization, and LC-FLD analysis through derivatization
is not suitable for accurate quantitative analysis because of
its relatively low analytical sensitivity compared to LC-MS/
MS. In addition, since the concentration of taurine is
relatively low compared to other amino acids, the above
pretreatment method to liberate all amino acids may be
affected by other amino acids when taurine is separated
from the column. Therefore, in this study, an analysis
method using ultrasonic extraction and mass spectrometry
that can analyze taurine without such a derivatization
process was developed. In order to confirm the extraction
efficiency of the developed method and the accuracy and
precision of the instrumental analysis, a comparative
experiment with the derivatization method based on the
AOAC method was performed. Comparative experiments
were performed using certified reference materials (CRM). It
was confirmed that the analytical method developed through
the comparative experiment between the analytical methods
had no significant difference from the existing analytical
method in quantifying taurine, and then the validity was
confirmed within and between laboratories. Taurine analysis
was performed on 20 feed samples using the finally
developed analysis method.

Experimental

Chemicals and reagents

Taurine (99%) used as a standard material was a high-
purity reagent from Sigma-Aldrich (St. Louis, MO, USA).
Distilled water was prepared using a Milli-Q Direct 8 model
manufactured by Merck Millipore (MA, USA). As for
methanol, Merck (Darmstadt, Germany) product was used as
HPLC grade, and formic acid (98%) was used by Thermo
Fisher Scientific (Waltham, USA). Ammonium acetate
(NH4CH;CO,) used for solvent and extraction was manufactured
by Thermo Fisher Scientific (Waltham, USA), and a syringe
filter (Whatman, Maidstone, UK) for filtering the sample was
13 mm made of PTFE (polytetrafluoroethylene), 0.2 um size
was used. Hydrochloric acid was EP-S grade, manufactured
by Chemitop (Korea), and Ethanol, manufactured by Merck
(Darmstadt, Germany) was used as HPLC grade. The
mobile phase solvent is buffer aqueous solution No. 05112
of KANTO Chemical (Tokyo, Japan). Buffer for protein
hydrolysate PH-1 (Sodium citrate dihydrate 0.62%, Sodium
chloride 0.56%, Citric acid monohydrate 1.97%, Ethanol

134 Mass Spectrom. Lett. 2022 Vol. 13, No. 4, 133-138

10.20%, B-Thiodiglycol 0.55%, 25% Brij-35 0.40%, n-
Octanoic acid 0.01%, pH 3.3), ninhydrin reagent Reagent
(R) I (Propylene glycol monomethyl ether 979 mL, Ninhydrin
39 g, Sodium borohydride 81 mg), Reagent (R) 2 (Distilled
water 336 mL, Lithium acetate dihydrate) 204 g, Glacial acetic
acid 123 mL, Propylene glycol monomethyl ether 401 mL) was
purchased using a Ninhydrin Coloring Solution Kit from
FUJIFILM Wako Pure Chemical (Osaka, Japan).

Linearity and calibration curve

The standard preparation for LC-MS/MS analysis is as
follows. Taurine was dissolved in 10 mM ammonium acetate
to prepare a standard stock solution at a concentration of
1,000 mg/L. To prepare a calibration solution for quantitative
analysis, a standard solution was mixed with an untreated
sample extract in a ratio of 9:1 to prepare a concentration of 20,
50, 100, 200, 500, 1,000, and 2,000 pg/L. The preparation of
standard materials for the amino acid analyzer is as follows.
Taurine was dissolved in 10 mM ammonium acetate to
prepare a standard stock solution at a concentration of
1,250 mg/L. For quantitative analysis, standard solutions
were prepared with 10 mM ammonium acetate at
concentrations of 1,250, 2,500, 6,250, and 12,500 pg/L.

Sample preparation

For the untreated samples to verify the validity of the
taurine analysis conditions, a compound feed for growing
pigs and pets and a soybean ingredient feed were selected.
In addition, experiments were conducted using SRM (NIST
3290) and pet dog food as samples to investigate the
quantitative ability of the taurine analytical method.

Ultrasonic extraction method for LC-MS/MS

0.5 g of the homogenized sample was precisely weighed
and placed in a 50 mL centrifuge tube, 50 mL of a 10 mM
aqueous ammonium acetate was added, followed by
ultrasonic extraction for 30 min, followed by centrifugation
at 4°C, 4,000 g for 10 min. The extracted sample solution
was filtered with a 0.2 um (PTFE, Whatman Inc.,
Maidstone, UK) syringe filter, and then used as the sample
solution.

Derivatization analysis method for amino acid analyzer

0.2 g of the homogenized sample into a 50 mL centrifuge
tube, add 20 mL of 6 M HCI, and then hydrolyze at 110°C
for 20 hours. After cooling the sample solution to room
temperature, put it in a 100 mL volumetric flask and add
water to adjust the total volume to 100 mL. Take 1 mL of
supernatant, concentrate, and then re-dissolve in 10 mM
aqueous ammonium acetate.'” The extracted sample solution
was filtered with a 0.2pum (PTFE, Whatman Inc.,
Maidstone, UK) syringe filter, and then used as the sample
solution.

LC-MS/MS analysis

LC-MS/MS 8060 manufactured by Shimadzu (Tokyo,
Japan) was used, and Hypersil Gold C18 (5 pm, 4.6 x 150 mm)
was chosen as the analytical column. The flow rate was
0.5 mL/min. The injection volume was 5 pL and the
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Table 1. Multiple reaction monitoring (MRM) conditions for taurine.

Precursor ion Product ion
Compound Q1 pre bias Quantitative ion Qualitative ion .
m/z %% m/z CE Q3 pre bias (V) m/z CE Q3 prebias
V) (Vv V)
Taurine 124.2 -13 80.1 22 11 124.2 2 12
% Voltage promotes the ionization of the precursor ion.
" Voltage promotes the ionization of the product ion.
© Collision energy.
Table 2. Amino acid automatic analyzer L-8900 gradient conditions for taurine.
(Tn‘:f) %B1Y (m?mn) %R1Y %R29 %R39 (mlllfn‘fin)
0.0 100 0.400 55 45 0 0.350
32 100 0.400 55 45 0 0.350
33 100 0.400 0 0 100 0.350
6.2 100 0.400 0 0 100 0.350
6.3 100 0.400 55 45 0 0.350
232 100 0.400 55 45 0 0.350

¥ Water solution contains following substances; Sodium citrate dihydrate 0.62%, sodium chloride 0.56%, citric acid monohydrate
1.97%, ethanol 10.20%, B-thiodiglycol 0.55%, Brij-35 (dissolve 25 g into 100 mL of distilled water.) 0.40%, and n-octanoic acid 0.01%,
pH 3.3.

® Propylene glycol monomethyl ether 979 mL, ninhydrin 39 g, and sodium borohydride 81 mg.

© Distilled water 336 mL, lithium acetate dihydrate 204 g, glacial acetic acid 123 mL, and propylene glycol monomethyl ether 401 mL.
9 Water solution contains 50 mL ethanol.

temperature was maintained at 40°C. The mobile phase is verified according to the guidelines of the Ministry of
water containing 50 mM ammonium acetate as mobile Food and Drug Safety (MFDS): selectivity, linearity,
phase A, and methanol containing 0.1% formic acid as accuracy, and precision.”> To check the linearity, a matrix
mobile phase B. The gradient elution method was matched calibration standard solution was prepared so as

optimized. 0 min 97%(A) 3%(B), 5 min 97%(A) 3%(B), 6 to be 20-2,000 pg/L, and the coefficient of correlation (R?)
min 3%(A) 97%(B), 7.5 min 3%(A) 97%(B), 8.5 min of the calibration curve was obtained. In order to confirm
97%(A) 3%(B), 12 min 97%(A) 3% (B). For detailed the accuracy and precision of the analysis method, a

conditions of the mass spectrometer, the negative ion mode recovery rate experiment was performed by adding a
of the electrospray ionization (ESI) method was used, and standard solution to the untreated sample. The recovery
the interface temperature 300°C, DL temperature 250°C, rate was repeated three times at LOQ, 2LOQ, and 5LOQ
nebulizing gas 3 L/min, heating gas 10 L /min, drying gas concentrations, respectively, to calculate the accuracy and
10 L/min. Multiple monitoring mode (MRM) conditions relative standard deviation (%RSD, relative standard
were established as shown in Table 1. deviation). The LOQ of the analytical method was selected
as the lowest concentration that satisfies the recovery
Amino acid analyzer analysis criteria according to the validation guidelines of SANTE/
Amino acid analyzer AAA L-8900 from Hitachi (Tokyo, 12682/2019.°  For more precise validation, cross-
Japan) was used, and the analysis column was chosen validation between laboratories was performed. The matrix
Hitachi ion exchange resin 855-4506 (Na type, 4.6 X effects were calculated by compairing the slope of the
60 mm). The reaction column was Hitachi reaction column calibration curve of the taurine standard prepared by
852-3540 (4.6 x 60 mm). The flow rates of 0.4 mL/min dissolving in a pure solvent and the slope of the calibration
(pump 1), 0.35 mL/min (pump 2), and injection volume curve of the matrix-matched standard, respectively, using
were 20 pL. The analysis column temperature was 57°C, and the following formula.
the reactor temperature was maintained at 135°C. The
gradient conditions of the mobile phase are shown in Table 2. Matrix effect(%)
Validation _ (Slope of cal.ibrat.ion curve .in matrix 1) <100
The validity of the established analytical method was Slope of calibration curve in solvent
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Results and discussion

LC-MS/MS condition

The optimal multiple reaction monitoring (MRM) was
established in the negative ion mode of electrospray
ionization (ESI). Precursor ions were identified in full scan
mode, and product ions were selected in consideration of the
ratio of each ion. Among them, m/z 80.5, the product ion
with the best sensitivity, was selected as the quantitation ion,
and the ion showing the next highest sensitivity, m/z 124.2,
was selected as the confirmation ion (Table 1).

Selectivity and linearity
For linearity evaluation, seven standard solution concentrations
ranging from 20 to 2,000 pg/L in matrix extracts were

(a) Blank

+| (b) Standard 50 mgkg

e = A R,

() Sample 50 mgke

N

Figure 1. Representative chromatogram of (a) blank sample, (b)
standard 50 mg/kg, and (c) sample 50 mg/kg.

analyzed to determine the linearity. In general, the coefficient of
determination (R*) was higher than 0.99 in all matrices,
indicating suitable linearity. And as a result of analyzing the
samples without treatment of the single feed and the
compound feed by establishing the MRM conditions, high
selectivity and resolution were confirmed (Figure 1).

Matrix effect

As a result of confirming the matrix effect on the pig, dog,
and soybean feed used for validation, pig feed (-35.61%),
dog feed (-44.31%), and soybean feed (-43.98%) were
shown. In all samples, the signal of the analyte showed a
tendency to decrease (suppression), and the matrix effect
was within -50%. Therefore, it was confirmed that the
application of matrix matched calibration is necessary for
accurate quantification.

LOQ, precision, and accuracy

The limit of quantitation of the analytical method was
selected as 10 mg/kg, which is the lowest stock concentration
at which the recovery result satisfies the criteria for
validation guidelines of SANTE/12682/2019.%° In order to
evaluate the accuracy and precision of the developed
analysis method, breeding pigs, pet dog compound feed, and
soybean ingredient feed were used. The recovery rate
experiment was repeated three times with LOQ, 2LOQ, and
SLOQ concentrations, respectively. As a result, the accuracy
and precision were 81.97-105.78 % and 0.07-12.37 %,
confirming that the recommended standard was satisfied
(Table 3).

Method comparison
The established analytical method is a simplified method

Table 3. LOQ, accuracy, and precision of taurine in feed ingredient (soybean) and compound feeds (pig and dog).

Accuracy (Precision, %)

Recovery

Analyte LOQ Conc.® Intra-Lab (n =3) Inter-Lab (n = 3)
(mg/kg) (mg/ke) FI” CF? CF FI CF CF
(soybean) (pig) (dog) (soybean) (pig) (dog)
10 83.39(12.37) 95.98(6.80) 105.78 (1.47) 98.15(0.07)  94.30(0.45)  87.90(8.37)
Taurine 10 20 88.87(8.26) 91.20(7.54) 102.41(6.82) 95.70(1.63) 95.85(1.70)  91.85(2.08)
50 81.97(5.77)  88.92(2.16) 10220 (1.45) 92.95(3.88) 91.75(1.62)  94.15(0.23)
 In the case of dog compound feed, taurine was detected in all blank samples, and the recovery concentration was adjusted to 20, 50,
and 100 mg/kg.

Y Feed ingredient.
©) Compound feed.

Table 4. Comparison of quantitative values (%) and % RSD of taurine in CRM and real samples according to extraction method and
analysis instrument.

) CRMY Real sample
Extraction method - - ; -
/ Instrument Hydrol}fsm Ultrasoplc Hydrol}./sm Ultrasoplc
Extraction Extraction Extraction Extraction
Amino acid analyzer 0.19 (0.78) 0.19 (19.57) 0.19 (0.88) 0.21 (18.02)
LC-MS/MS 0.20 (9.94) 0.23(10.27) 0.21 (4.80) 0.23 (8.34)

 The taurine content of the certified standard material was 0.24%.
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Table 5. Content levels of taurine in 20 feed samples in South Korea.

Sample No. of samples Minimun Median Maximum Recommend level”
(mg/kg) (mg/kg) (mg/kg) (mg/kg)

Cat feed 10 1,059.11 1,625.58 6,743.53 1,000

Dog feed 10 81.53 349.43 2,008.69 -

“ Official Publication for taurine levels in dog and cat feed according to Association of American Feed Control Officials (AAFCO).

of the commonly used taurine pretreatment method, and
since LC-MS/MS, which is different analytical equipment
from the existing analytical method, was used, an experiment
was performed to compare it with the existing amino acid
analyzer. Therefore, we compared the results using LC-MS/
MS and an automatic amino acid analyzer (Hitachi L-8900)
for the sample solutions extracted with taurine by the
conventional extraction method through HCI hydrolysis and
the established extraction method. As a result, when
ultrasonic extraction and LC-MS/MS were used, the results
were closest to the quantitative value of CRM (Table 4).

Real sample analysis

The established method was applied in the determination
of taurine in 20 pet feed samples obtained in various regions
of South Korea. The presence of a positive sample was
confirmed by comparing the retention time and product ion
ratio obtained with the calibration standards. Taurine was
detected at levels from 81.53 to 6,743.53 mg/kg in 20 feed
samples (Table 5). According to the Association of American
Feed Control Officials (AAFCO) official publication,
recommend level of taurine in cat feed is defined as 1,000
mg/kg". In this study, all cat feeds were found to be present
in taurine at levels between 1,059.11 and 6,743.53 mg/kg
and observed above the AAFCO recommended level of
1,000 mg/kg. It was confirmed that the developed method is
capable of quantification and qualification of the taurine in
animal feeds by ultrasonic extraction without the derivatization
process, which is a traditional extraction method.

Conclusions

As a result of comparing the new analysis method for
taurine analysis in feed with the existing general analysis
method, it was confirmed that extraction was possible only
with simple ultrasonic extraction without the existing
derivatization process. Accordingly, it is expected that the
time and cost of taurine analysis in feed can be greatly
reduced. In addition, it is expected that a trace amount of
taurine in the compound feed can be confirmed more
accurately and precisely by checking the sensitivity and
resolution more precisely than the existing equipment
through the advancement of the analysis equipment. As can
be seen from the monitoring results for real samples, it was
confirmed that a small amount of taurine was detected. In
conclusion, through this study, the analysis method related
to the analysis of taurine in feed has been further advanced,
and it is expected that more precise and accurate analysis
will be possible through this study.

©Korean Society for Mass Spectrometry
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Abstract : Protein glycosylation is a common post-translational modification by non-template-based biosynthesis. In fungal
biotechnology, which has great applications in pharmaceuticals and industries, the importance of research on fungal glycopro-
teins and glycans is accelerating. In particular, the importance of quantitative analysis of fungal glycans is emerging in research
on the production of filamentous fungal proteins by genetic modification. Reliable mass spectrometry-based techniques for
quantitative glycomics have evolved into chemical, enzymatic, and metabolic stable isotope labeling methods. In this study, we
intend to expand quantitative glycomics by metabolic isotope labeling of glycans in Aspergillus niger, a filamentous fungus
model, by the MILPIG method. We demonstrate that incubation of filamentous fungi in a culture medium with carbon-13
labeled glucose (1-'°C,) efficiently incorporates carbon-13 into N-linked glycans. In addition, for quantitative validation of this
method, light and heavy glycans are mixed 1:1 to show the performance of quantitative analysis of various N-linked glycans
simultaneously. We have successfully quantified fungal glycans by MILPIG and expect it to be widely applicable to glycan
expression levels under various biological conditions in fungi.

Keywords : Aspergillus niger, Glycans, Glycosylation, Metabolic labeling, Isotopic glucose, Quantitative glycomics, MILPIG,

Mass spectrometry

Introduction

Protein glycosylation is a common post-translational
modification by a non-templated dynamic process.'?
Glycans of glycoproteins play a crucial role in cellular
responses to external stimuli, growth, and differentiation,
and abnormal glycan composition is directly linked to
various diseases.” Current use of glycoprotein biomarkers
in the clinical setting is usually based on the protein level,
but complex and highly dynamic protein decorators such as
glycosylation require continuous developments of analytical
strategies. As analytical approaches for glycoproteins and
glycans, mass spectrometry has contributed greatly to
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understanding the physiological and pathological processes
regulated by glycans and overcoming the challenges of
quantitative analysis posed by the complexity of
glycoconjugates.*”

Most strategies for relative quantitative glycomics have
been achieved with isotopic labeling of glycans through the
incorporation of stable D, Bc, BN, and "0 isotopes.
Chemical in vitro labeling of glycans includes permethylation
of glycans by isotope-labeled® or isobaric iodomethane’®
and reductive amination by isotope-labeled’ or isobaric
tag'®" with an amine group as a nucleophile. As enzymatic
in vitro labeling strategies for glycans, methods by labeling
80 at the reducing end of glycans through hydrolysis of
0-water with glycosidase were introduced.'*"> Methods
for relative quantification of N-linked glycans utilizing
transglycosylation of Endo-M with isotopically labeled
acceptors have also been proposed.'*'®

In addition to the chemical and enzymatic approaches,
metabolic isotope labeling strategies of glycans with
isotope-labeled monomer building blocks (glutamine or
glucose) have been introduced as viable alternatives. IDAWG
isotopic detection of amino sugars using glutamine, is a
pioneering report on the feasibility of metabolic incorporation
for relative quantification in cell culture.”'® This idea was
expanded into a strategy to comprehensively quantify glycomes
as the metabolic incorporation of isotopes into glycans.
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MILPIG (metabolic isotope labeling of polysaccharides with
isotopic glucose) was devised as a metabolic labeling strategy
for glycans by adding isotopically labeled glucose (1-°C)) to
a glucose-free medium in rice (Oryza sativa) cell culture."
A follow-up study further demonstrated the quantification of
high-mannose N-linked glycans with a small number of
aminosugars and linear O-Man glycans without aminosugars
through baker’s yeast (Saccharomyces cerevisiae) culture for
the construction of an isotope labeling model system.”

In this study, the MILPIG method is used as a model for
Aspergillus niger, the most versatile filamentous fungal
platform strain, to explore the feasibility of isotope labeling
and quantitative analysis of fungal glycans.”'* It is
noteworthy that the study of glycoproteins and glycans of
fungi is considerably accelerated in fungal biotechnology,
which is of great importance in pharmaceutical and
industrial research.** In particular, the importance of
quantitative analysis of fungal glycans is emerging in the
study of the overproduction of filamentous-fungal enzymes
and glycosylation pathways by genetic modification.”***

The biosynthesis of isotopically labeled glycan and
quantitative analysis of glycan were performed in fungal
culture conditions with isotopically labeled glucose (1-
13C,) by the MILPIG method. We demonstrated that fungal
N-linked glycans have mass differences between light and
heavy glycans, depending on the number of sugars in the
glycan. Based on this, a comparative quantitative analysis
method was provided by obtaining a mass spectrum of a
1:1 mixture of light and heavy glycans for quantitative
glycomics. From the experimental investigation with
filamentous fungi, MILPIG was shown to yield excellent
relative quantification of glycans by providing sufficient
mass differences that increase with the number of sugars in
the glycan.

Experimental

Materials and Chemicals

Peptide: N-glycosidase F (PNGase F) was purchased
from New England BioLabs (Ipswich, MA, USA). 1-"*C,
glucose (98% - 99%) was purchased from Cambridge
Isotope Laboratories (Tewksbury, MA, USA). 4-(2-
Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES)
and sodium metabisulfite (Na,S,05) were purchased from
Alfa Aesar (Haverhill, MA, USA). All other reagents and
materials such as yeast nitrogen base (YNB), potato
dextrose agar (PDA), d-glucose, trypsin, chymotrypsin,
acetic acid (AcOH), methyl iodide (CH;l), ammonium
bicarbonate (NH,HCOs;), dimethyl sulfoxide (DMSO),
anhydrous DMSO, methanol (MeOH), anhydrous MeOH,
chloroform, HPLC grade water, dichloromethane (DCM),
isopropanol, sodium hydroxide (NaOH), acetonitrile
(ACN), acetone, ethylenediaminetetraacetic acid (EDTA),
sodium dodecyl sulfate (SDS), polyvinylpolypyrrolidone
(PVPP), Discovery® DSC-18 SPE tube (solid-phase
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extraction C18 column), respectively were purchased from
Sigma-Aldrich (St. Louis, MO).

Fungiculture and Protein Extraction

The isolated Aspergillus niger was cultured on a potato
dextrose agar plate at 26°C in darkness. The fungus spores
were inoculated in the potato dextrose agar medium at
28°C and incubated in a shaking incubator at 28°C for 5
days of activation. To prepare fungal culture media
according to the experimental conditions, yeast nitrogen
base (67 mg) and d-glucose or 1-°C; glucose (50 mg or
indicated amount) were dissolved with 10 mL of distilled
water in 15 mL conical tube and autoclaved at 121°C for
15 min. The activated fungal spores were inoculated in
conditional culture media and incubated in a shaking
incubator at 28°C for 14 days or otherwise specified
duration.

On the day of harvest, the fungal biomass was recovered
through centrifugation and the fungi were washed three times
with 3 mL of distilled water. For the glycan quantitative
experiment, normal glucose and 1-"°C, glucose-labeled fungi
were mixed in equal proportion after harvest for
subsequent analytical procedures. The fungal sample was
transferred to a mortar, frozen with liquid nitrogen, and then
finely ground and homogenized. The homogenized fungal
sample was transferred to a conical tube and resuspended in
5 mL of 50 mM HEPES (pH 7.5) buffer containing 20 mM
sodium metabisulfite, 5 mM EDTA, 0.1% (w/v) SDS, and
1.7% polyvinylpolypyrrolidone to extract fungal proteins.
The sample was vortexed for 5 min at room temperature
and centrifuged at 5,000 x g for 15 min at 4°C. The
supernatant was recovered and subjected to acetone
precipitation three times at 4°C for 3 hours to remove
contaminants. The pellet was collected by centrifugation
and dried by a vacuum concentrator. The dried pellet was
weighed and stored at -20°C until analysis.

Preparation of /V-linked Glycans

Equal amounts of protein pellets (2.0 mg) were
resuspended in 300 pL of 40 mM NH,HCOj; by sonication
followed by boiling at 100°C for 2 min. After cooling to
room temperature, 25 pL of trypsin stock (2 mg/mL in 40
mM NH,HCO;) was added. The samples were incubated
overnight (18 h) at 37°C and boiled at 100°C for 5 min to
deactivate proteases. The digested samples were loaded
onto an equilibrated C18 extraction column, washed with
1 mL of 5% AcOH three times, and then eluted stepwise
using 1 mL of 20% isopropanol in 5% AcOH, 40%
isopropanol in 5% AcOH, and 100% isopropanol. The
resulting glycopeptides were dried in a vacuum
concentrator, resuspended with 29 pL of 1 X PNGase F
reaction buffer and 1 pl. PNGase F (500 U), and incubated
for 18 h at 37°C. The released glycan mixture was
reconstituted in 5% AcOH and loaded onto an equilibrated
C18 extraction column. N-linked oligosaccharides were
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eluted by 1 mL of 5% AcOH three times and dried by the
vacuum concentrator for subsequent permethylation.

Permethylation of Glycans

To facilitate the analysis of oligosaccharides by mass
spectrometry, released oligosaccharide mixtures were
permethylated as described previously.® Briefly, glycans
were resuspended in 200 pL of anhydrous dimethyl
sulfoxide and 250 pL of freshly prepared dehydrated
NaOH/DMSO reagent (mixture of 50% NaOH in 2 mL of
anhydrous DMSO). After sonication and vortexing under
the nitrogen gas, 100 pL of CH;l was added and the
mixtures were vortexed vigorously for 5 min. 2 mL of
distilled water was added to the samples and the excess
CH;lI was removed by bubbling with a nitrogen stream. 2
mL of dichloromethane was added. After vigorous mixing
and phase separation by centrifugation, the upper aqueous
layer was removed and discarded. The nonpolar organic
phase was then extracted 4 times with distilled water.
Dichloromethane was evaporated on the heating module at
45°C with a mild nitrogen stream and the permethylated
glycans were stored at -20°C until analysis.

Analysis of Glycans by Mass Spectrometry

For glycome analysis via direct infusion nanospray MS,
permethylated glycans were dissolved by combining 15 L
of the isotopically mixed sample in 100% methanol plus
35uL of 1 mM NaOH in 80% methanol. They were
infused directly into a Q Exactive™ Plus Orbitrap mass
spectrometer (Thermo Fishier Scientific, USA) using a
Nanospray Flex™ ion source with a fused-silica emitter
(360 x 75 x 30 um, SilicaTip™, New Objective) at 2.2 kV
capillary voltage, 220°C capillary temperature, and a
syringe flow rate of 0.8 pL/min. The full FTMS spectra of
N-linked glycans, typically recorded at 70,000 resolution in
positive ion and profile mode, were collected at 500—
2,000 m/z for 30 s with 5 microscans and 150 ms
maximum injection time. The MS/MS spectra following
higher energy collision dissociation (HCD) for structural
information were obtained at 40% normalized collision
energy for N-linked glycans.

Data Analysis

Mass spectra of glycan samples were interpreted
manually and glycan structures were built graphically
using GlycoWorkbench glycoinformatics tools.”” The area
of each isotope peak was integrated and the area of the
glycan peak for comparative quantification was calculated
as the sum of the peak areas obtained from the isotope
envelope and the error according to the purity of the
isotope labeled glucose was corrected. The relative
abundance ratio of the 1:1 mixture was defined as the peak
area ratio between normal glycans and isotopically labeled
glycans.

Results and Discussion

Incorporation of Isotopic (1-C)) Glucose into Glycans
Glucose is the most important energy source for all
living organisms and an indispensable precursor for glycan
biosynthesis through the hexosamine biosynthetic pathway
(HBP) in protein glycosylation. Therefore, in the MILPIG
strategy as shown in Figure 1, isotopically labeled glucose in
fungal culture media containing 1-°C; glucose is converted
to the isotopically labeled UDP-N-acetylglucosamine (UDP-
GlcNAc), a nucleotide sugar donor, which is important for
protein glycosylation. Isotope-labeled UDP-GIcNAc is
utilized in the biosynthesis of glycans and finally leads to
the synthesis of isotope-labeled glycoproteins.
Considering that intracellular glucose flux is essential for
cellular glycoconjugate biosynthesis, quantitative glycomics
were established from the biosynthesis of isotopically
labeled glycans with isotopically labeled glucose as shown
in Figure 2. Here, we applied Aspergillus niger as a model
system to the MILPIG method of fungi and conducted a
study to evaluate the labeling efficiency of isotope-labeled
glycans and the feasibility of quantitative glycomics.

Isotopically Labeled Glycans in Fungi by MILPIG

In our initial experimental design, we labeled fungi for
14 days with 7.5 mg/mL of normal (light) or with 1-°C,
isotopic (heavy) glucose and then isolated N-linked
glycans from glycoproteins. To reliably quantitate the

N Glycoconjugates
oM = - s OH
HO—wty 0 =
Ho L"‘-‘!:C"m = I-\. > ‘ » HEP » ._UDF - O o 0 __,.NH—Q
o = ne,. 2g,. ng,. ic, C:* HO I‘LC
1-13C,* Gl " Glc6-P  Fru-6-P UDP-GlcNAc g,

B

AM = (3C - 12C) x n,

Figure 1. Biosynthetic pathway of isotopically labeled glycans by MILPIG method in fungi. Isotope labeling of glycoconjugates
through the hexosamine biosynthetic pathway (HBP). An asterisk denotes an isotopically labeled species. AM is the mass difference
between normal and isotopically labeled glycans by the sum of the number of sugars (n;) in the glycans. The glycan structures are drawn
based on the Consortium of Functional Glycomics Nomenclature Committee convention.?
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Figure 2. Schematic of the MILPIG strategy for relative
quantification of glycans in fungi.
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incorporation of 1-"C; glucose into the N-linked glycans,
released glycans were permethylated prior to mass
spectrometry-based analysis.

Glycan synthesis of filamentous fungi reported in the
literature generally follows the high mannose pathway, and as
shown in Figure 3, mass spectra of high mannose N-linked
glycans from MangGlcNAc, (Man8) to Gle;MangGlcNAc,
(Glc3Man9) were obtained. In particular, the full spectrum of
heavy N-linked glycans isolated from fungi cultured in the
presence of isotopically labeled glucose is shown. The
increase in the mass of isotopically labeled glycans is
correlated with the total number of sugars in their
corresponding structures and the charge state.

Comparing the monoisotopic peaks of high mannose N-
linked glycan structures obtained from the fungi grown in
normal or 1-C, glucose reveal increases in mass ranging
from m/z 5.0170 to 7.0213 Da, complying with their sugar
ring numbers as well as their doubly charge status. It is
noteworthy that the "*C,-incorporation is universal added
to all carbohydrate rings, including both Man and GlcNAc.

Collectively, we demonstrated that MILPIG applied to
fungi can be effectively applied to simultaneously isotope
labeling and quantify N-linked glycans released from their
glycoproteins.
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Figure 3. Full mass spectra of the light and heavy N-linked glycans released from fungi grown in either normal (light) or 1-°C; (heavy)

e

glucose. AM is the mass difference according to the number of sugar (n)/charge state (z).
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Mass Shift and Isotope Distribution of Light and Heavy
Glycans

Isotope labeling efficiency in in vivo metabolic labeling
determines the success of quantitative mass spectrometry.
Sufficient mass shift and proper isotope distribution in the
mass spectrum between light and heavy are particularly
important for quantitative analysis of large biomolecules
such as N-linked glycans.

In the yeast model experiment of MILPIG over-
incorporation of isotope carbon of glycan was observed by
glucose depletion and incubation time. Therefore, in this
study, fungi were cultured for 7.5 mg/mL and 14 days,
respectively, considering the relatively high glucose
concentration and slow growth rate, and Figure 4 shows
the light and heavy mass spectrum of a representative
Glc2Man9 N-linked glycan.

The full spectrum of the glycan mixture containing the
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Figure 4. Mass shift and isotope distribution of light and heavy
Glc2Man9 N-linked glycans in a 1:1 mixture of fungi grown in
light and heavy culture media. The mass difference is 6.5 Da in
the number of 13 sugars and [M + 2Na]*.
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light and heavy glycan pairs showed the masses of m/z
1413.6806 (mono) and m/z 1420.2019 (mono) by sodiated
divalent adducts [M + 2Na]*", as shown in the respective
spectrum shown in Figure 3. The mass shift is 6.5 Da in the
13 sugar and charge states of the glycan, showing a
sufficient mass difference without mass interference
between the last over-incorporation peak (dotted arrow) of
the light glycan and the first under-incorporation peak
(dotted arrow) of the heavy glycan.

Describing the isotopic envelope of glycans, the isotopic
envelope range of light glycans shows 2.5 Da from
monoisotopic mass, whereas that of heavy glycans shows
a relatively broad isotopic cluster of 5.5 Da. This
observation can be summarized as showing a broad isotope
envelope due to under- and over-incorporation centered on
monoisotopic mass as *C recycling occurs frequently due
to increased incubation time according to the growth rate
of fungi.

As a result, although under- and over-incorporation
due to the purity of isotope glucose and glu-
coneogenesis occurs, the sufficient mass difference
between light and heavy glycans shows the advantage
of quantitative glycomics without interference of mass
spectrum peaks.

Relative Quantification of N-linked Glycans in Fungi
To provide MILPIG-based quantitative glycomics of fungi,
we mixed equal amounts of normal and metabolically labeled
fungal samples in culture media with light or heavy
glucose. The glycans were then released from the purified
glycoproteins with PNGase F, permethylated, and analyzed
by mass spectrometry. A full MS spectrum of N-linked
glycan mixtures containing both light and heavy glycan
pairs for Man8, Man9, GlclMan9, GIc2Man9, and
Glc3Man9 is shown in Figure 5. As all of them are ionized
as sodiated divalent adducts, each of glycan pairs exhibits
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Figure S. Full mass spectrum of N-linked glycans measured as a 1:1 mixture of normal (light) glycans and isotope-labeled (heavy)
glycans in fungi. AM denotes the mass difference according to the number of sugar/charge state.
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Table 1. Relative area ratios for a 1:1 mixture of light and heavy N-linked glycans in fungi

Measured [M + 2Na]** (mono i a
No. Structure Number of easure [ 17 ( i ) AM Ratllo2 ofl sAreas
Sugars Light ('*C) Heavy (°C) (7¢O
1 @ :::\._._-__ 10 1107.5355 1112.5523 5.0168 0.76 £ 0.04
| = &
@
2 o9 EE 11 1209.5858 1215.1039 55181 0.91+0.01
.....
@
3 e 12 1311.6358 1317.6514 6.0156 0.85+0.03
o0
L = B
4 ® .*:)_'_. ; 13 1413.6806 1420.2019 6.5213 1.06 +0.01
= & = &
'."...‘
5 o pomm- 14 1515.7300 1522.7553 7.0253 1.03 £0.02
2 o o
*The values represent the mean + standard deviation (SD) for biological triplicates.
their characteristic mass differences of 5.0, 5.5, 6.0, 6.5, Conclusions

and 7.0 Da.

The full mass spectrum shows that the higher the
molecular weight, the lower the peak intensity is due to the
difference in ionization efficiency and glycan expression.
However, light and heavy glycan pairs show a decrease at
the same rate, providing quantitative information. In
general, it can be seen that the peak patterns of glycan pairs
are offset from each other in area comparison of the mass
peaks of glycan pairs because the peaks of heavy glycans
are low and the isotope clusters are wide compared to light
glycans. By enlarging the isotopic envelope pairs of light
and heavy glycans as shown in Figure 4, relative
quantification of glycans can be obtained from the peak
area of each isotope pair without overlapping between the
glycan pairs with sufficient mass increments.

To obtain quantitative information, we tabulated the ratio
of the area of each isotope pair to the five glycans as
shown in Table 1. The theoretical area ratio of light and
heavy glycans was 1, whereas the area ratio of experimental
results obtained an average of 0.92 in light/heavy, indicating
that the expression of heavy glycans was relatively high.
However, Man8, Man9, and GlclMan9 glycans have
relatively large peak areas, so errors due to high con-
centrations are relatively large, whereas Glc2Man9 and
Glc3Man9 glycans provide accurate ratios at appropriate
concentrations. These results support the excellent
performance of the MILPIG method for quantitative
glycomics in fungi with high isotope labeling
efficiency.
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Various qualitative and quantitative analysis techniques
of glycans by mass spectrometry have contributed
significantly to the biological information and biomarker
discovery of glycoproteins. Quantitative analysis of
glycans has generally evolved into methods for labeling
isotope tags or isotopic elements by chemical or enzymatic
in vitro reactions for mass spectrometry.

In addition, metabolic isotope labeling strategies of
glycans have been proposed, and isotope-labeled glycans
are biosynthesized by glycosylation machinery by
supplying isotope-labeled biomolecules mainly needed on
HBP in cell culture. By the IDAWG and MILPIG methods,
the biosynthesis of isotope-labeled glycans in murine
embryonic stem cells using isotope-labeled glutamine and
in rice and yeast using isotope-labeled glucose were
respectively demonstrated, and quantitative glycomics by
mass spectrometry were established.

It is noteworthy that the study of glycoproteins and glycans
of fungi is greatly accelerated in fungal biotechnology, which
is of great importance in pharmaceutical and industrial
research. In particular, the importance of quantitative
analysis of fungal glycans is emerging in the study of
overproduction of filamentous-fungal enzymes and
glycosylation pathways by genetic modification. For this
reason, in this study, using Aspergillus niger as a model
system, the biosynthesis of isotope-labeled glycans and
quantitative analysis of glycans in the culture conditions of
isotope-labeled glucose are provided.
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We showed that the fungal N-linked glycans by MILPIG
method provide a mass difference between light glycans
and heavy glycans according to the number of sugars in the
glycan. It was shown that the isotopically labeled glycan
provides a sufficient mass shift compared to the normal
glycan, resulting in effective separation without mass
overlapping interference. Based on this, a comparative
quantitative analysis method was provided by obtaining
mass spectrum of a 1:1 mixture of light and heavy glycans
for quantitative glycomics. From the experimental
investigation, it was shown that the MILPIG method can
be applied to the quantitative analysis of glycans through
successful isotope labeling of glycans in fungal culture
systems.
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Abstract : Rotigotine (RTG) is a non-ergot dopamine agonist used to manage the early stage of Parkinson’s disease (PD) as
transdermal patch. However, the poor medication compliance of PD patients and skin issues related with repeated applications of
RTG patches lead to the search for alternative formulations and it also requires appropriate analytical methods for their in vivo
evaluation. Thus, here, a sensitive, efficient, and cost-effective method to determine RTG in rat plasma using liquid-liquid
extraction (LLE) and multiple reaction monitoring was developed. The use of 20 pL of rat plasma for sample treatment, 8-OH-
DPAT as the internal standard, and methy! fers-butyl ether as the LLE solvent in the present method gives it advantages over pre-
vious methods for the analysis of RTG in biological samples. The good analytical performance of the developed method was
confirmed in specificity, linearity (the coefficient of determination >0.999 within 0.1-100 ng/mL), sensitivity (the lower limit of
quantitation at 0.1 ng/mL), accuracy (81.00-115.05%), precision (<10.75%), and recovery (81.00-104.48%) by following the
FDA guidelines. Finally, the applicability test of the validated method to the in vivo evaluation of a RTG formulation showed
that the present method is the only method which can be accurately applied to that longer than 24 hours, critical for the develop-
ment of formulations with reduced dosing frequencies. Therefore, the present method could contribute to the development of

new RTG formulations helpful to people suffering from PD.

Keywords : rotigotine, multiple reaction monitoring, liquid-liquid extraction, rat plasma, pharmacokinetics

Introduction

Rotigotine (RTG, Figure 1A) is a non-ergot dopamine
agonist used to manage the early stage of Parkinson’s
disease (PD).' Due to its poor oral bioavailability (1%) by
the extensive first-pass hepatic clearance and nonpolar
characteristics (logP of 5.17), its formulation in the market
is limited to transdermal patch which shows advantages
like the relatively long dosing interval (once a day) and the
reduction of motor adverse effects including dyskinesia,
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motor fluctuations, and resting tremor.” However, the poor
medication compliance of PD patients and skin issues,
such as erythema, pruritus, and dermatitis, related with
repeated applications of RTG patches lead to the search for
alternative formulations with reduced dosing frequencies.’
Thus, to facilitate the development of new RTG formulations,
appropriate analytical methods for their in vivo evaluation
are needed.

Recently, liquid chromatography and multiple reaction
monitoring assay (LC-MRM), a considerably specific and
sensitive  technique ~ which  belongs to  liquid
chromatography and tandem mass spectrometry (LC-MS/
MS) is commonly chosen for drug analyses and it has been
widely used for the in vivo evaluation of RTG
formulations, t00.*% In the case of sample treatment, also
important due to its preventive effect to signal suppression
among co-eluting compounds from an LC column in LC-
MS/MS, protein precipitation and liquid-liquid extraction
(LLE) have been generally employed for the determination
of RTG in biological samples.”” However, protein
precipitation, mainly removing proteins from a sample,
may not be effective to solve the suppression effect of
nonpolar analytes like RTG to keep the quantitative
property of the method.'” Until now, Sha ef al.’s method to
determine RTG in rat plasma using LLE and LC-MRM
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seems to be the most acceptable in the community, there
are still some margins to be improved.® First, while its
lower limit of quantitation (LLOQ, 0.2 ng/mL) is lower
than others, it may not be sensitive enough for longer-
period pharmacokinetic studies.® Also, the demand of
relatively large volume of plasma (50 pL) and high cost
brought by the use of a stable isotope RTG (RTG-d;) as an
internal standard (IS) are additional drawbacks.®

Thus, here, a sensitive, efficient, and cost-effective
method to determine RTG in rat plasma using LLE and
LC-MRM was developed. The use of 20 pL of rat plasma
for sample treatment, 8-OH-DPAT (CAS number: 78950-
78-4) as the IS, and methyl zert-butyl ether (MTBE) as the
LLE solvent in the present method gives it advantages over
previous methods for the analysis of RTG in biological
samples. The developed method was validated in various
parameters according to FDA guidelines and its
applicability to longer-period pharmacokinetic studies was
also confirmed.

Experimental

Chemicals and reagents

RTG (>99.0%), 8-OH-DPAT (>99.0%) used as the IS,
ammonium formate (LC-MS grade), and formic acid were
purchased from Sigma Aldrich (St. Louis, MO, USA).
Acetonitrile for HPLC, MTBE, and water were obtained
from J. T. Baker (Phillipsburg, NJ, USA).

Preparation of standard solutions

To prepare stock solutions, RTG and the IS were both
dissolved at 1 mg/mL in acetonitrile. The RTG stock
solution was diluted with acetonitrile to 160 ng/mL (the
RTG working solution), and the extraction solvent was
prepared by the dilution of the IS stock solution with
MTBE to 200 ng/mL. All stock solutions and working
solutions including the extraction solvent were stored at -
27°C, until use.

Liquid-liquid extraction (LLE)

An aliquot (20 mL) of rat plasma was mixed with 500
pL of the extraction solvent including the IS using a vortex
mixer for a minute. After centrifugation of the mixture at
12,000 x g for 10 minutes, the whole top layer (the
extraction solvent layer) was transferred to a micro-
centrifuge tube. Then, the solution taken was dried at room
temperature under nitrogen stream, and the resulting
residue was reconstituted in 100 L of acetonitrile. The final
solution was centrifuged at 12,000 x g for 10 minutes, and
a part of its supernatant was analyzed by LC-MS/MS. A
matrix-matched standard (MMS) and a standard-spiked
sample (SSS) were prepared by adding an appropriate
volume of the RTG working solution into the final LLE
extract obtained from blank rat plasma and into blank rat
plasma prior to the LLE steps, respectively. For the present
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study, SSSs were employed as QC samples (0.1, 0.3, 40,
and 80 ng/mL for LLOQ, low QC (LQC), middle QC
(MQC) and high QC (HQC), respectively). Also, MMSs
(0.1, 2, 10, 25, 50, and 100 ng/mL) were used for building
calibration curves.

Liquid chromatography and tandem mass spectrome-
try (LC-MS/MS)

For LC-MRM, a Shimadzu Nexera UPLC system
(Tokyo, Japan) and a Shimadzu LCMS 8060 triple
quadrupole mass spectrometer were interfaced through
electrospray ionization (ESI) in positive ion mode. For LC
separation, a Waters Atlantis HILIC Silica column (2.1 x
150 mm, 3 mm, Santa Clara, CA, USA) and the isocratic
mobile phase condition (the volumetric ratio of 2 mmol/L
of an aqueous ammonium formate solution including 0.1%
(v/v) formic acid (MP A) to acetonitrile including 0.1% (v/
v) formic acid (MP B), 15:85) were used. A sample was
separated at the flow rate of 0.25 mL/min for eight minutes,
and the autosampler and the column oven were kept at 4 and
40°C, respectively. For ESI, source parameters were set as
follows: nebulizing gas flow at 2 L/min, heating gas flow
at 10 L/min, drying gas flow at 10 L/min, interface
temperature at 300°C, DL temperature at 250°C, and
heating block temperature at 400°C. In the case of MRM,
three MRM transitions per compound were monitored: one
with the highest sensitivity was the screening transition used
for the quantitation and the others were the confirmatory
transitions for the target identity confirmation. In the case of
RTG, 316.1 m/z (precursor ion) / 147.3 m/z (product ion)/
-24 V (collision energy), 316.1 m/z / 77.1 m/z / -73 V, and
316.1 m/z / 107.1 m/z / -64 V were the screening transition,
the confirmatory transition 1, and the confirmatory
transition 2, respectively. In addition, the screening
transition of 248.1 m/z / 147.1 m/z / -23 V, the confirmatory
transition 1 of 248.1 m/z / 912 m/z / -42 V, and the
confirmatory transition 2 of 248.1 m/z / 102.1 m/z / -17 V
were applied for the IS. All mass spectrometry data were
acquired and analyzed using Lab Solutions (version 5.93,
Shimadzu). For quantitation, three pre-requirements (all
three transition peaks should have the same retention time;
the signal to noise ratio (S/N) of the screening transition
peak should be higher than 10; all confirmatory transition
peaks should have the S/N values higher than 3) were
checked. When all they were satisfied, a screening
transition peak area ratio of RTG to the IS was calculated
and used for quantitation.

Application to pharmacokinetic study in rats

The validated LC-MS/MS method was employed to
determine the plasma concentration-time profile of RTG,
following topical application of a RTG microemulsion
formula. The animal study was carried out after the
approval of the Institutional Animal Care and Use
Committee (IACUC) of Dankook University (DKU-22-
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045, Cheonan, South Korea). Seven-week-old male
Sprague-Dawley rats (200 + 20 g) acquired from Samtako
Bio Korea (Gyeonggi-do, South Korea) were kept under
controlled environmental conditions (23 + 1°C, 12 h day/
12 h night) with free access to standard food and water. After
3 days of acclimatization period, the hair in the dorsal region
was shaved and then RTG-loaded microemulsion hydrogel
consisted of 2% (w/v) RTG was topically administered at
2mgkg as RTG' At predetermined time, the rat blood
samples (approximately 0.2 mL) were collected in heparinized
1.5mL polythene tubes from the jugular vein. The
collected blood was centrifuged at 13,000 rpm for 10
minutes and the resulting plasma was taken and kept in a
deep freezer at -80°C until its treatment using LLE.
Pharmacokinetic parameters of RTG, such as the maximum
drug concentration in plasma (C,,y), time to reach C,,,
(Thax), area under the curve for drug concentration in
plasma-time (AUC), and elimination half-life (T,,), were
calculated from the pharmacokinetic profile, using a
WinNonlin® version 5.2 program (Pharsight Co., Mountain
View, CA).

Results and discussion

Method development

Liquid chromatography and multiple reaction monitoring

For the present study, 8-OH-DPAT (Figure 1B), whose
chemical structure is similar with that of RTG, was selected
as the IS. Since 8-OH-DPAT is much cheaper than stable
isotope —labeled RTG s such as RTG-d;, the present
method has cost advantage.® [M+H]" ions (316.1 m/z and
248.1m/z for RTG and the IS, respectively) were chosen as
precursor ions. Product ions for MRM were chosen from
product ion scan (PIS) results of individual precursor ions.
The strongest fragment ions (147.3 m/z and 147.1 m/z for
RTG and the IS, respectively) were chosen for quantitation.
As confirmatory transitions for identity confirmation, the
second and third strongest intensities (77.1 and 107.1 m/z
for RTG and 91.2 and 102.1 m/z for the IS) were selected.
In the case of separation, a HILIC silica column and the
isocratic mobile phase condition (the volumetric ratio of MP
A to MP B, 15:85) were used for the efficient separation of
components including RTG and the IS with less suppression
effect within eight minutes. While RTG is non-polar, it is

A B

r) OH H

Figure 1. Chemical structures of rotigotine (A) and 8-OH-DPAT
®)
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a base due to its tertiary amine bound to three electron
donating groups. It means that if the pH of its solution is
kept much lower than the pKa value of its mono-
protonated conjugate acid (about 10), it mainly exists as its
conjugate acid form whose relative polarity is higher than
that of its free from. Thus, at the mobile phase condition of
the present method (about pH 3), majority of RTGs are
kept as mono-protonated RTG cations which may have
attraction with deprotonated free silanol groups at the
surface of silica packing materials as well as retainability
in polar liquid stationary phase film of the HILIC silica
column.

Sample preparation

For the development of highly sensitive and simple
sample preparation steps which can be applied to rat
plasma, LLE was chosen in the present study.'” Some
organic solvents including MTBE, ethyl ether, and their
mixtures were compared to find the optimal extraction
solvent for RTG. Since MTBE showed much higher
recovery of RTG (103.89 £ 4.13%, n=3) from a SSS
(0.1 ng/mL of RTG) than others (63.57 + 6.82, 68.72 +
6.56, 75.44 + 6.23, and 82.22 + 5.39% from ethyl ether, the
mixture of 70% v/v of ethyl ether and 30% v/v MTBE, the
mixture of 50% v/v of ethyl ether and 50% v/v MTBE, and
the mixture of 30% v/v of ethyl ether and 70% v/v MTBE,
respectively, n=3), MTBE was selected as the LLE solvent
in the present study. The volume of rat plasma required for
the sample preparation was decided to 20 mL, the minimal
volume which showed precise and linear results from
comparison experiments of various plasma volumes (data
not shown). To the best of our knowledge, the present
sample preparation method is the most efficient one in the
aspect of the volume of rat plasma demanded to determine
RTG in it (20 mL in the present method vs. 50 mL in Sha
et al’s method, the previously most efficient one) and it
may be explained by the better extraction of RTG by
MTBE.? Also, the deposit of contaminants originated from
rat plasma on the curtain plate of the mass spectrometer by
continuous analyses of prepared samples was checked and
there was not any significant sign of contamination in the
system.

Method validation

The present method was validated in specificity, linearity,
sensitivity, accuracy, precision, and recovery according to
the FDA guidelines.'” First, the specificity of this method
was confirmed by comparison between blank rat plasma
and the LLOQ sample (Figure 2). In the chromatogram
from the LLOQ sample, RTG and the IS peaks were
identified at about 4.8 and 5.1 minutes, respectively, but
both were not observed from the blank plasma analyses.
Also, the good linearity (the coefficient of determination, r*
>0.998) of the method was confirmed over the concentration
range between 0.1 and 100 ng/mL, (n=6, Table 1). Third,
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Figure 2. Multiple reaction monitoring chromatograms of blank rat plasma (A) and rat plasma including 50 ng/mL of RTG and IS (B).

RTG and IS stand for rotigotine and 8-OH-DPAT, respectively.

accuracy and precision estimated from all QC sample
results were good enough to satisfy the criteria of FDA
guidelines: the intra-day accuracy between 83.48 and
115.05%; the inter-day accuracy between 81.00 and
113.50%; the intra-day precision, not more than 7.43%;

Table 1. Information from the calibration curves of rotigotine in
rat plasma (n = 6)

Concentration Slope y-Intercept
range R’
(ng/mL) Mean + SD Mean + SD
0.1-100 0.0247+0.0019  0.0003 +0.0002 > 0.999

inter-day precision, not more than 10.75% (Table 2).
Finally, good recovery (the percentage of the RTG
screening transition peak area of a QC sample to that of its
counter MMS with the same RTG concentration) between
81.00 and 104.48% was observed (Table 2). Based on all
validation results, LLOQ, the lowest concentration showing
good accuracy, precision, and recovery within the linear
dynamic range was confirmed as 0.1 ng/mL and it is
proven to be the most sensitive method to determine
RTG in rat plasma (0.1 ng/mL in the present method vs.
0.2 ng/mL in Sha ef al.’s method, the previously most
sensitive one).® The more improved sensitivity of the
present method than those of previous ones may be

Table 2. Accuracy, precision, and recovery confirmed by LC-MRM analyses of rotigotine (RTG) in rat plasma (n = 6)

Types Nominal concentration of ~ Calculated concentration of ~ Accuracy  Precision Recovery o
RTG (ng/mL) RTG (ng/mL) (%) (%) (mean + standard deviation, %)

0.1 0.11+0.01 111.91 420 98.45 +4.50
0.3 0.28+0.02 93.89 7.43 93.65+7.98

Intra-day
40 34.34+0.85 85.84 2.11 85.53 £2.11
80 74.10+2.62 92.63 3.27 95.53 £3.37
0.1 0.114+0.01 112.56 10.75 96.09 +4.13

Inter-day 0.3 0.28+0.02 93.73 7.13 93.84 £ 6.04
40 34.57+1.11 86.42 2.78 85.43+2.72
80 71.78+3.13 89.73 3.91 91.76 £4.31

©Korean Society for Mass Spectrometry

Mass Spectrom. Lett. 2022 Vol. 13, No. 4, 146-151 149



Ji Seong Kim, Yong Jin Jang, Jin Hee Kim, Jin Hwan Kim, Jae Hee Seo, Myung Joo Kang, and Yong Seok Choi

8 5
1
E
&L
E 1.5 1
H
2
1
s 1 A
E
v
k]
™
0.5 4
— ]
0 T v v - - - - . r , ]
[1] 4 8 12 16 0 24

Time (h)

Figure 3. Plasma concentration-time profile of rotigotine (RTG)
following topical application of RTG loaded microemulsion
hydrogel in normal rats (2 mg/kg as RTG). Data represent mean
+ standard deviation (n = 4).

Table 3. Pharmacokinetic parameters of rotigotine (RTG)
following topical application of RTG -loaded microemulsion
hydrogel in normal rats (2 mg/kg as RTG)

Parameter Mean + Standard deviation (n=4)
AUC .04 1y (ng'h/mL) 7.60 +1.43
AUC g (ng'h/mL) 10.84 +3.63
Cpnax (ng/mL) 1.96 +£0.78
Tonax (h) 1.00+0.71
Ty (h) 9.69+4.51

explained by the better extraction of RTG by MTBE, the
LLE solvent.

Pharmacokinetic profile of RTG following topical appli-
cation in rats

The plasma concentration-time profile of RTG after
topical application is depicted in Figure 3. Additionally, the
relevant pharmacokinetic parameters such as AUC, C,.,,
T e and elimination T, calculated from the pharmacokinetic
profiles are represented in Table 3. After topical administration,
the level of RTG in plasma increased rapidly and reached
Cpnax (1.96 ng/mL) after an hour (T,,,,). Afterward, the drug
concentration in plasma gradually decreased over 24 hours,
with the extended elimination T, of 9.98 + 3.95 hours.
The AUC 4 nyand AUC ..,y values of RTG, an indicator of
the extent of drug absorption, were determined to 7.60 and
10.84 ng-h/mL, respectively. The plasma concentration of
RTG after 24 hours of post-dosing was determined to
0.137 ng/mL, which was about 1.37-fold higher than
LLOQ (0.1 ng/mL) of the currently established method. It
strongly suggests that the present method with LLOQ at
0.1 ng/mL is the only method which can be accurately
applied to the in vivo evaluation of RTG formulation

150 Mass Spectrom. Lett. 2022 Vol. 13, No. 4, 146-151

longer than 24 hours, critical for the development of
formulations with reduced dosing frequencies.’

Conclusions

A sensitive, efficient, and cost-effective method to
determine RTG in rat plasma using LLE and MRM was
developed. The use of 20 pL of rat plasma for sample
treatment, 8-OH-DPAT as the IS, and MTBE as the LLE
solvent in the present method gives it advantages over
previous methods for the analysis of RTG in biological
samples. The developed method was validated in various
parameters including specificity, linearity, sensitivity,
accuracy, precision, and recovery by following the FDA
guidelines. Finally, the applicability test of the validated
method to the in vivo evaluation of a RTG formulation
showed that the present method with LLOQ at 0.1 ng/mL
is the only method which can be accurately applied to that
longer than 24 hours, critical for the development of
formulations with reduced dosing frequencies. Since the
present study resulted the most sensitive as well as efficient
method to determine RTG in rat plasma, it could contribute
to the development of new RTG formulations helpful to
people suffering from PD.
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Abstract : Schisandra chinensis and its fruits have been used as a traditional herbal medicine to treat liver dysfunction, fatigue,
and chronic coughs. Several in vitro and in vivo studies suggested that dibenzocyclooctadiene lignans present in Schisandra
fruits strongly inhibit CYP3A4 activity. However, reports on the inhibitory potential of dietary Schisandra supplements against
CYP3A activity are limited despite their increasing consumption as dietary supplements. In this study, we evaluated the CYP3A-
inhibitory potential of four dietary Schisandra supplements in human liver microsomes. At a concentration of 0.05 mg/mL,
Schisandra supplements from Nature’s Way, Swanson, Planetary Herbals, and Only Natural inhibited CYP3A activity by 93.9,
70.8, 33.6, and 24.8%, respectively. Nature’s Way, which exhibited the strongest inhibition against CYP3A, had the highest con-
tents of gomisin B and gomisin C, which potently inhibit CYP3A activity. The in vivo pharmacokinetics of this product should
be examined to determine whether the clinical relevance of inhibiting CYP3A activity by dietary Schisandra supplementation.

Keywords : CYP3A, Inhibition, Lignan, Schisandra supplements

Introduction

The concomitant administration of dietary botanical
supplements and prescribed drugs has increased worldwide.
For example, approximately 18-20% of adults in the United
States consume prescribed drugs concurrently with dietary
supplements.' The concomitant use of dietary supplements
and drugs may result in pharmacokinetic herbal medicine-
drug interactions (HMDI) causing increased toxicity or
decreased efficacy.”

Several medicinal herbs reportedly cause HMDI,
including echinacea, ginseng, milk thistle, and St John’s
wort.’” As a well- known example, consumption of St
John’s wort reduces the oral bioavailability of co-
administered drugs, including cyclosporine, tacrolimus,
and simvastatin by inducing CYP3A enzymes, eventually
leading to insufficient drug effects.* Co-administration with
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grapefruit juice also increases the oral bioavailability of
drugs, such as calcium channel blockers and HMG-CoA
reductase inhibitors, which function as CYP3A substrates
and inhibit CYP3A enzymes.’

Cytochrome P450 (P450) 3A enzymes are considered
the most important human P450 owing to their high
relative abundance in the liver and intestine and their
involvement in the metabolism of over 50% of marketed
drugs.® Therefore, evaluating the inhibitory effects of drug
candidates or traditional herbal medicines against CYP3A
enzymes is essential for developing new drugs. Schisandra
chinensis Bailon and its fruits, known as omija, wuweizi,
and gomishi in Korea, China, and Japan, respectively, have
been used in herbal medicine to treat liver dysfunction,
chronic coughs, and fatigue.” Several in vitro studies have
suggested that dibenzocyclooctadiene lignans present in
omija strongly inhibit CYP3A4 activity in a time-dependent
manner.*’ A recent in vivo study also suggested that gomisin
A, a type of omija lignan, participates in the pharmacokinetic
interaction of cyclophosphamide by blocking CYP3A-
mediated bioactivation, thus reducing chloroacetaldehyde
production and playing a role in the chemopreventive activity
of omija against cyclophosphamide toxicity.'

Owing to various pharmacological activities of Schisandra,
its market is expected to grow with a compound annual
growth rate (CAGR) of 7.56% during 2022-2029 (https://
www.datamintelligence.com/research-report/schisandra-market).
To date, reports on the inhibitory effect of dietary
Schisandra supplements on CYP3A activity are limited.
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Therefore, we evaluate the potential of four representative
dietary Schisandra supplements to inhibit CYP3A-
mediated midazolam 1’-hydroxylase activity in human
liver microsomes (HLMs). We also compare the difference
in the CYP3A inhibitory potential of dietary Schisandra
supplements from different manufacturers by analysing the
omija lignan content.

Experimental

Materials

Gomisin A (298%), gomisin C (>98%), schisandrin
(98%), deoxyschisandrin (298%), and wuweizisu C
(>298%) (Figure 1) were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Gomisin B (95%) (Figure 1) and
midazolam were purchased from Toronto Research
Chemicals (Toronto, ON, Canada). Gomisin N (>99%)
(Figure 1) was obtained from CoreSciences (Seoul, Korea).
Pooled HLMs (XTreme 200, H2630, mixed gender) were
supplied by XenoTech (Lenexa, KS, USA). All the other
solvents used were of LC-MS grade (Fisher Scientific Co.,
Pittsburgh, PA, USA).

Samples of dietary Schisandra supplements

Dietary Schisandra supplements were obtained from
local commercial sources or online shopping malls.
Available information is presented in Table 1. Samples
were stored at 4°C until further use. Dietary Schisandra
supplement stock solutions (2.5 mg/mL) were prepared in
50% methanol.
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Inhibitory effects of dietary Schisandra supplements
against CYP 3A enzyme

The inhibitory potential of dietary Schisandra
supplements on CYP3A activity was evaluated using our
previously developed method, with slight modifications.’
Briefly, microsomal incubation mixtures containing 0.1 M
phosphate buffer (pH 7.4), pooled HLMs (0.25 mg/mL),
midazolam as a CYP3A probe substrate (0.1 mM), and
dietary Schisandra supplement samples (0.05 mg/mL) were
pre-incubated (37°C, 5 min). Subsequently, the NADPH
generating system was added and further incubated for 10
min. After quenching the incubated samples with cold
acetonitrile, the samples were centrifuged. Aliquots of the
supernatants were analyzed using liquid chromatography-
tandem mass spectrometry (LC-MS/MS).’

LC-MS/MS analysis

1’-Hydroxymidazolam was separated on a Kinetex XB-
C18 column (100 x 2.1 mm, 2.6 pum, Phenomenex,
Torrance, CA, USA) and analyzed using a Shimadzu LC-
MS 8060 system (Shimadzu, Kyoto, Japan). The mobile
phase consisted of water containing 0.1% formic acid (A)
and acetonitrile containing 0.1% formic acid (B). The
elution conditions for the analysis of 1’-hydroxymidazolam
were set as 8% B for 0—0.5 min, 8%—60% B for 0.5-5 min,
60% B for 5-6 min, 60%—8% B for 6-6.1 min, and 8% B
for 6.1-9 min.” The mass transition and collision energy (CE)
used for the quantitation of 1’-hydroxymidazolam were m/z
342 — 203 and 28 eV, respectively.
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Figure 1. Chemical structures of the seven schisandra lignans: (a) deoxyschisandrin; (b) gomisin A; (c) gomisin B; (d) gomisin C; (e)

gomisin N; (f) schisandrin; and (g) wuweizisu C.

Table 1. Available information about the commercial dietary Schisandra supplements used in this study.

Maker Trade name Herbal supplement Amount per serving
Nature’s Way Schisandra Fruit Schisandra 1,160 mg
Only Natural Schizandra Extract Schisandra extract 500 mg

Planetary Herbals Schisandra Adrenal Complex Schisandra fruit 1,420 mg
Swanson Schizandra Berries Schisandra berry 525 mg

©Korean Society for Mass Spectrometry
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Quantitative analysis of dibenzocyclooctadiene lignans
in dietary Schisandra supplements

Dibenzocyclooctadiene lignans in dietary Schisandra
supplements were analyzed using a LC-MS/MS method
developed by our group.'' Seven lignans were separated on
a Kinetex C18 column (100 x 2.1 mm, 2.6 um). The mass
transitions used for quantitation of gomisin A, gomisin B,
gomisin C, gomisin N, deoxyschisandrin, wuweizisu C,
and schisandrin were m/z 417 — 399 (CE 20 eV), m/z 537
— 415 (CE 25 eV), m/z 554 — 415 (CE 20 eV), m/z 401
— 300 (CE 25 eV), m/z 417 — 316 (CE 25 eV), m/z 385
— 285 (CE 25 eV), and m/z 433 — 415 (CE 25 eV),
respectively. The lower limits of quantification for gomisin
A, gomisin B, gomisin C, gomisin N, deoxyschisandrin,
wuweizisu C, and schisandrin were 0.05, 0.005, 0.005,
0.005, 0.005, 0.01, and 0.005 mg/mL, respectively. The
inter-assay precision values for all analytes were less than
15.0%.

Results and Discussion

We observed that Schisandra lignan components potently
inhibited the CYP3A enzyme, resulting in metabolic drug
interactions. Gomisin B and gomisin C, with methylene-
dioxyphenyl and bulky groups at position 6, most strongly
inhibited CYP3A metabolism, with ICs, values as low as
0.19-0.62 mM, which was much lower than those of the
other P450s.”'? In addition, lignans having one
methylenedioxyphenyl group, such as gomisin A, B, C,
and N, potently inhibit the CYP3A enzyme in a time- and
NADPH-dependent manner through the metabolite-
intermediate complexes.® Wuzhi capsule, a commercially
available Chinese medicine composed of Schisandra
extracts, increased plasma concentrations of tacrolimus in
combination with tacrolimus in patients who underwent
liver transplantation."

Over 20 traditional herbal medicines composed of
Schisandra extracts have been documented in the
Pharmacopoeia of Korea (https:/www.law.go.kr/LSW/
admRulLsInfoP.do?admRulSeq=2000000021929). With the
increasing consumption of dietary supplements, evaluating
their potential to cause HMDISs is crucial. However, reports
on the potential of dietary Schisandra supplements to
inhibit CYP3A activity are limited. Therefore, we
evaluated the CYP3A-inhibitory potential of four dietary
Schisandra supplements using HLMs. The addition of
commercial dietary Schisandra supplements inhibited
microsomal CYP3A-mediated midazolam 1’-hydroxylase
activity. The inhibitory potential against CYP3A enzyme
followed the order: ‘Nature’s Way > Swanson > Planetary
Herbals = Only Natural (Figure 2).” At a concentration of
0.05 mg/mL, extracts of Schisandra supplement from
Nature’s Way inhibited CYP3A activity by 93.9%.

Four dietary Schisandra supplements exhibited different
CYP3A inhibition potentials. Phytochemical investigations
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Figure 2. Inhibition of human CYP3A-mediated midazolam 1°-
hydroxylation activity by commercial dietary Schisandra
supplements. Human liver microsomes (0.25 mg/mL) were
incubated with 0.1 mM midazolam and dietary Schisandra
supplements (0.05 mg/mL). Data shown are averages of
triplicate experiments (#=3).

have showed that dibenzocyclooctadiene lignan contents
are quite different according to the variety of Schisandra,
cultivation area, and cultivation time. For example, the
gomisin C contents in Schisandra chinensis were ca. 20-
fold higher than those in Schisandra sphenanthera."® In
addition, in the same varieties of Schisandra chinensis, the
contents of the 10 lignans varied widely among the
samples from different districts.'* Thus, we analyzed the
major omija lignan components (gomisin A, gomisin B,
gomisin C, gomisin N, deoxyshisandrin, schisandrin, and
wuweizisu C) in each product using LC-MS/MS' to
elucidate the differences in the CYP3A inhibition potential
of the four products (Figure 3). The mean correlation
coefficient (+%) of the calibration curves were over 0.984.
The limit of quantification for gomisin A, gomisin B,
gomisin C, gomisin N, deoxyschisandrin, schisandrin, and
wuweizisu C were 50, 5, 5, 5, 5, 5, and 10 ng/mL,
respectively. Information on the contents of seven omija
lignans in dietary Schisandra supplements is presented in
Table 2.

We previously reported that gomisin B and gomisin C
strongly inhibit CYP3A-mediated midazolam 1’-hydro-
xylation activity, with ICs, values of 0.42 and 0.30 mM,
respectively.” The inhibitory effect of gomisin A, gomisin
N, deoxyschisandrin, schisandrin, and wuweizisu C on
CYP3A activity was 7.4-fold lower than that of gomisin B
and gomisin C.”" Nature’s Way, which exhibited the
strongest inhibitory effect on CYP3A, had the highest
contents of gomisin B and gomisin C (Figure 4), which had
the strongest inhibitory potential against CYP3A activity.
Swanson, which had the second highest gomisin B and
gomisin C contents, inhibited the CYP3A activity second.
Planetary Herbals and Only Natural, which had a

©Korean Society for Mass Spectrometry
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Table 2. Contents of seven dibenzocyclooctadiene lignans in four dietary Schisandra supplements (#=3).

Lignans Contents (pg/mg samples)
Sample Gomisin A Gomisin B Gomisin C Gomisin N Deoxyschisandrin ~ Schisandrin ~ Wuweizisu C
Swanson 3.167+£0.009  0.900+£0.002  0.400+0.002  3.300+0.006 0.800+0.001 5.300+0.014  0.233+0.001
Nature’s Way ~ 0.050+0.013  3.867+0.002  6.667+0.002  0.020£0.004 4.53310.001 0.050+0.009 ND'
Planetary Herbals 0.405+0.006  0.129+0.001  0.061+0.001  0.515%0.004 0.13240.001 0.825+0.003  0.029+0.001
Only Natural 0.120+£0.012  0.010£0.002  0.010+0.002  0.010+0.001 0.004£0.001 0.330+0.089 ND'
ND': not detected
8 - s Conclusions
B Gomisin

Figure 4. Contents of seven dibenzocyclooctadiene lignans in
four dietary Schisandra supplements, measured by liquid
chromatography-tandem mass spectrometry. Data shown are
averages of triplicate experiments (n=3).

substantially low content of the seven lignans, had
negligible inhibitory effects against the CYP3A enzyme.

Schisandra extracts reportedly altered the pharmaco-
kinetics of CYP3A substrate drugs.® After oral
administration (1.89 mg/kg) of cyclosporine A with co-
administration of a Wuzhi tablet (containing 7.5 mg
gomisin C/tablet; dose 250 mg/kg), the area under the
curve and C,,, values of cyclosporin A were significantly
increased by 293.1% and 84.1%, respectively.'
Furthermore, oral Wuzhi capsules (containing 11.25 mg
deoxyschisandrin/capsule) significantly increased the oral
bioavailability of tacrolimus through CYP3A inhibition in
healthy individuals."” Dietary Schisandra supplements
from Nature’s Way contained 4.48 mg gomisin B, 7.74 mg
gomisin C, and 5.26 mg deoxyschisandrin per servings, which
are similar to the contents in Wuzhi tablets (7.5 mg gomisin C/
tablet) and capsules (11.25 mg deoxyschisandrin/capsule).
Therefore, Nature’s Way supplements might potentially
cause HMDI with drugs predominantly metabolized by the
CYP3A enzyme in vivo.

156 Mass Spectrom. Lett. 2022 Vol. 13, No. 4, 152-157

In conclusion, we evaluated the CYP3A inhibitory
potential of four dietary Schisandra supplements in human
liver microsomes. Dietary supplement from Nature’s Way
strongly inhibited CYP3A-mediated midazolam 1’-
hydroxylase activity. This product contained high levels of
gomisin B and gomisin C, which exhibited the strongest
inhibitory potential against CYP3A activity. In vivo studies
investigating the pharmacokinetic interactions between
dietary supplement from Nature’s Way and CYP3A
substrates are required to determine the clinical relevance
of these interactions.
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Abstract : Many therapeutic class drugs such as beta-blocker, corticosteroids, NSAIDs, etc are prohibited substances in the
horse racing industry. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) technology makes it possible to isolate
drugs from interference, enables various drug analyses in complex biological samples due to its sensitive sensitivity, and has
been successfully applied to doping control. In this paper, we describe a rapid and sensitive method based on solid-phase
extraction (SPE) using solid phase cartridge and LC-MS/MS to screen for different class’s 35 drug targets in equine plasma.
Plasma samples were pretreated by SPE with the NEXUS cartridge consisted non-polar carbon resin and minimum buffer sol-
vent. Chromatographic separation of the analytes was performed on ACQUITY HSS C18 column (2.1 x 150 mm, 1.8 um). The
elution gradient was conducted with 5 mM ammonium formate (pH 3.0) in distilled water and 0.1% formic acid in acetonitrile at
a flow rate of 0.25 mL/min. The selected reaction monitoring (SRM) mode was used for drug screening with multiple transitions
in the positive ionization mode. The specificity, limit of detection, recovery, and stability was evaluated for validation. The
method was found to be sensitive and reproducible for drug screening. The method was applied to plasma sample analysis for

the proficiency test from the Association of Racing Chemist.

Keywords : Doping control, Equine plasma, LC-MSMS

Introduction

Many therapeutic class drugs such as beta-blocker,
corticosteroids, and NSAIDs, etc are prohibited substances
in horse racing as specified in Article 6 of the International
Agreement on Breeding, Racing and Wagering' published
by the International Federation of Horseracing Authorities
(IFHA) and in human sports in the World Anti-Doping
Agency (WADA) Prohibited List,” respectively.

The screening of drugs in doping control is critical for
sports fairness and horse welfare.>” Drug testing methods
have evolved over a long period. The method for the
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detection of drugs in biological samples before the 1970s
started with the use of gas chromatography-mass spectrometry
(GC-MS). Currently, liquid chromatography-mass spectrometry
(LC-MS) is the most widely used method for doping
testing in sports. The LC-MS method allowed the analysis
of thermally labile substances with a wide range of
molecular weights faster and with better sensitivity.”® A
recent trend has emerged in doping control for animal and
human sports, utilizing tandem mass spectrometry for drug
detection due to significant technological improvements in
selectivity, sensitivity, and robustness in tandem mass
spectrometry.”'> The coupling of liquid chromatography
and tandem mass spectrometry (LC-MS/MS) has also
made it possible to screen drugs in complex biological
fluids. In LC-MS/MS, mass filtering can separate the
effective signals of the target drug from interferences to
improve detection ability. Theoretically, most drugs of less
than 1000 Da could be analyzed in a single analytical run.

In many years, the analysis of plasma has become
increasingly popular for doping control purposes because
sample collection is easier and has less analytical matrix
effect and variation than urine, relatively. In blood analysis,
the parent drug in blood can usually be used as an analysis
target, but in urine, drug metabolites may be used as the
main analysis target, so it is often difficult to obtain
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reference standards for analysis."> However, the blood
concentration is very low, so the use of a sensitive
instrument is essential.

In this paper, we describe a rapid and sensitive method based
on solid-phase extraction (SPE) using a solid-phase cartridge
consisting of non-polar carbon resin and LC-MS/MS to screen
for different class’s 35 drug targets in equine plasma. Method
validation parameters including specificity, —sensitivity,
extraction recovery, and stability are evaluated. The method was
applied to plasma sample analysis for the proficiency test from
the Association of Racing Chemist (AORC).

Materials and methods

Materials

Acepromazine maleate, atenolol, amitriptyline hydrochloride,
betamethasone, chlorpromazine hydrochloride, dexamethasone,
diclofenac sodium, flunixin meglumine, ketamine, ketoprofen,
lidocaine, meloxicam, mepivacaine hydrochloride, methyl-
prednisolone, pentazocine, pseudoephedrine hydrochloride,
reserpine, salbutamol, stanozolol and triamcinolone acetonide
were purchased from USP (Rockville, MD, USA). Bolde-
none, nandrolone, and testosterone were purchased from
Steraloids (Newport, RI, USA). Clenbuterol hydrochloride,
ephedrine, firocoxib, flumethasone, fluphenazine hydrochloride,
methocarbamol, nordiazepam, piroxicam, sildenafil citrate,
terbutaline hemisulfate salt, phenacetin and ammonium
formate were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Detomidine hydrochloride was obtained from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). HPLC-
grade acetonitrile (ACN), HPLC-grade distilled water
(DW), and methanol (MeOH) were purchased from J.T.
Baker (Phillipsburg, NJ, USA). Formic acid (FA), hexane,
and ammonium hydroxide (NH,OH) were purchased from
Junsei Chem (ChouKuu, Japan). ABS ELUT Nexus
cartridges (60 mg/3 mL) were purchased from Agilent
Technologies (Les Ulis, France).

Instrumentation

Chromatographic separation and ESI conditions were
followed based on the previously published author’s
paper.® Chromatographic separation of the analytes was
performed using the Sciex Exion UHPLC system on
ACQUITY HSS C18 column (2.1 x 150 mm, 1.8 um). The
elution gradient was conducted with 5 mM ammonium
formate (pH 3.0) in DW (mobile phase A) and 0.1% FA in
acetonitrile (mobile phase B) at a flow rate of 0.25 mL/
min, 10% mobile phase B for 1 min, 10-40% mobile phase
B for 2 min, 40%—-95% mobile phase B for 4.5 min, 95%
mobile phase B for 0.5 min, 10% mobile phase B for 0.1
min, and 10% mobile phase B for 3.5 min. The injection
volume was 5 pL. Tandem mass (MS/MS) analysis was
performed on AB Sciex QTRAP 6500 (Toronto, Canada).
The ionization was performed in the positive mode using
the Turbo Tonspray source at a temperature of 550°C. The
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ion spray voltage was 5500 V. Selected reaction monitoring
(SRM) for detection was used with 150 s set for the
detection window. The transitions optimized for 35
analytes and ISTD were summarized in Table 1. Data
processing and handling were performed by MultiQuant
3.0.2 and Analyst 1.6 software.

Preparation of stock and working solutions

The stock solutions of analytes and internal standard
(ISTD) were independently prepared by weighing the
suitable quantity of reference material at a concentration of
1000 pg/mL in MeOH. The working solutions were
prepared by dilution of the stock solution with MeOH. The
stock solutions and working solutions were kept at -20°C.

Sample preparation

The equine blood sample in a heparin tube was
centrifuged for 10 minutes at 3000 rpm and the plasma
supernatant was separated. A solid phase extraction was
conducted on Nexus (3 mL, 60 mg) cartridge. The ISTD
(10 pg/mL, 20 pL) was added to the plasma sample
(2 mL). Then the plasma sample was adjusted to pH 9 or
higher by adding 1 mL of 2% NH,OH. The sample (3 mL)
was loaded onto the cartridge. The cartridge was washed
using 3 mL of DW and 3 mL of hexane, dried for 3
minutes, washed with MeOH (3 mL), and dried again for
two minutes. Analytes were eluted using 3 mL of MeOH.
The solvent was evaporated under nitrogen at 50°C. The
residue was finally vortexed with LC initial solvent
(50 uL) and transferred into a vial.

Method validation
The specificity, limit of detection (LOD), recovery, and
stability were measured for analytical method validation.

Specificity

Specificity was tested by checking for possible
interfering peaks in SRM for analytes and the ISTD from
blank plasma samples of 20 different origins

LOD and recovery

LOD was estimated based on a signal-to-noise ratio of
(S/N) at least three measured peak to peak (» = 10). The
recovery of analytes was measured by spiking the standard
solution of analytes at 50 ng/mL (n = 95).

Stability

Stability tests of analytes were performed at a
concentration level of 50 ng/mL. The stability tests were
conducted at 25°C for 1 day and 7 days and at -4°C for 1
day and 7 days. (n = 5 each).

Application
The developed method for each analyte was applied to
plasma samples for the proficiency test from AORC."
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Figure 1. (continued)
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Results and Discussion

Solid-phase extraction

The extraction procedure from plasma was simple and
straightforward that based on a non-polar retention mechanism
with no pre-conditioning required and minimum buffer
solvent used to cover more than 30 analytes in different
drug classes including tranquilizers, beta-blockers, corticosteroids,
etc. The SPE protocol was the improved approach
compared to previous WCX cartridge extraction which was
complicated using many buffers to screen for varieties of
drugs with LC-MS/MS in the author’s laboratory. Plasma
samples are fast and simply extracted using single solvents
(DW, hexane, MeOH) in the process other than using a
basic solvent to adjust the pH of the sample at the first step.

Chromatography and spectrometry

SRM conditions for analyte analysis were optimized by
infusing reference standard solutions dissolved in MeOH
directly into the mass spectrometer under declustering
potential (DP), entrance potential (EP), collision energy
(CE), and collision cell exit potential (CXP). All analytes
stably produced protonated ions in the positive mode. All
analytes which were performed by chromatographic
separation on an HSS CI18 column with acidic base LC
mobile solvents showed good peak shapes. The elution time
for analytes was within 9.5 min (Figure 1 and Table 1).

Specificity
The specificity was determined with different origin
plasma samples (n = 20). The significant interference at the

Table 1. Mass spectrometry parameters and retention times for the 36 substances. The DP, EP, CE, and CXP were optimized for SRM

transitions.
Name Therapeutic Polarit Precursorion  Production DP EP CE CXP RT
classification Y (m/z) (m/z) ~ V) V) (V) (min)
. . 254.1 80 10 35 11
Acepromazine Tranquilizer + 327.2 6.43
86.1 80 10 35 11
190.0 60 10 27 11
Atenolol B-Blocker + 267.2 2.48
145.0 60 10 40 11
o . 218.0 60 10 35 11
Amitriptyline Antidepressant + 278.3 7.21
191 60 10 35 11
i . 355.0 45 10 18 11
Betamethasone Corticosteroids + 393.4 6.99
373.0 45 10 13 11
) . 121.3 65 10 35 11
Boldenone Anabolic steroid + 287.2 7.79
135.0 65 10 20 11
. . 58.0 60 10 55 11
Chlorpromazine Tranquilizer + 319.2 7.38
86.0 60 10 30 11
. 167.0 40 10 35 11
Clenbuterol Bronchodilator + 2771 5.10
259.0 40 10 17 11
Detomidine Sedative + 187.0 81.0 81 10 29 11 5.23
) . 373.0 45 10 13 11
Dexamethasone Corticosteroids + 3933 6.98
355.0 45 10 18 11
. L 193.2 100 10 44 11
Diazepam Anxiolytic + 285.1 8.82
154.1 100 10 38 11
. 214.1 80 10 50 11
Diclofenac NSAID + 296.0 9.17
250.0 80 10 20 11
. L 115.1 70 10 36 11
Ephedrine Sympathomimetic + 166.0 4.17
148.0 70 10 15 11
. i 283.0 65 10 14 11
Firocoxib NSAID + 337.4 8.35
237.0 65 10 21 11
. 279.0 75 10 32 11
Flunixin NSAID + 297.3 8.86
264.0 75 10 45 11
i . 391.0 50 10 13 11
Flumethasone Corticosteroids + 411.4 7.02
371.0 50 10 16 11
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Table 1. Continued.

Name Therapeutic Polarit Precursorion  Production DP EP CE CXP RT
classification Y (m/z) (m/z) v~V V) (V) (min)
. . . 280.2 20 10 40 11
Fluphenazine Antipsychotic + 438.3 7.96
171.1 20 10 34 11
. . 125.0 75 10 46 11
Ketamine Anesthetic + 238.1 4.80
220.2 75 10 20 11
177.0 70 10 26 11
Ketoprofen NSAID + 255.2 8.18
209.0 70 10 21 11
. . . 86.1 100 10 30 11
Lidocaine Local analgesic + 235.2 4.87
58.0 100 10 51 11
) 115.0 55 10 25 11
Meloxicam NSAID + 3523 8.25
141.0 55 10 21 11
. . . 98.0 80 10 35 11
Mepivacaine Local anesthesic + 2472 4.84
70.0 80 10 50 11
118.0 55 10 14 11
Methocarbamol Skeletal muscle relaxant + 4242 5.35
199.0 55 10 13 11
. . . 161.1 60 10 23 11
Methylprednisolone Corticosteroids + 375.2 6.87
185.4 60 10 30 11
) . 239.3 80 10 20 11
Nandrolone Anabolic steroid + 275.2 7.96
2573 80 10 20 11
. N 208.0 70 10 40 11
Nordiazepam Anxiolytic + 271.2 8.10
140.0 70 10 40 11
. - . 218.2 80 10 27 11
Pentazocine Opioid analgesic + 286.2 5.54
173.2 80 10 38 11
. 95.0 50 10 22 11
Piroxicam NSAID + 3322 7.49
121.0 50 10 29 11
. L 148.0 30 10 15 11
Pseudoephedrine Sympathomimetic + 166.1 4.17
133.0 30 10 28 11
. ) . 195.1 100 10 38 11
Reserpine Antihypertensive + 609.3 7.34
397.1 100 10 47 11
. 166.0 35 10 20 11
Salbutamol B -agonists + 240.2 241
222.0 35 10 15 11
i i 283.0 9% 10 52 11
Sildenafil Vasodilator + 4753 6.04
311.0 9 10 40 11
. ) 121.1 60 10 45 11
Stanozolol Anabolic steroids + 3293 8.55
95.1 60 10 45 11
. . 125.0 50 10 33 11
Terbutaline Bronchodilator + 226.2 2.36
152.0 50 10 22 11
i . 97.1 80 10 35 11
Testosterone Anabolic steroid + 289.2 8.35
109.1 80 10 35 11
L . . . 415.0 50 10 15 11
Triamcinolone acetonide Corticosteroids + 4353 7.39
339.0 50 10 20 11
Phenacetine (ISTD) - + 180.0 110.0 80 10 28 11 6.05

retention times of the transitions was not observed. A
suspicious sample could be further evaluated through

follow-up analysis using multiple SRMs (Table 1).
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LOD and recovery

All target analytes were consistently detectable in spiked
samples. The LODs listed in Figure 1 and Table 2 were
measured by the lowest concentrations evaluated at an S/N
ratio of greater than 3:1 in the SRM chromatogram. The
LODs for the different analytes were between 0.001 and 10

below 0.01 ng/mL, and over 92% at or below 0.1 ng/mL.
The LOD of ketoprofen was measured relatively high at 10
ng/mL. These results show the improved sensitivity for 21
analytes (atenolol, amitriptyline, boldenone, dexamethasone,
diazepam, firocoxib, flumethasone, fluphenazine, ketamine,
lidocaine, mepivacaine, methylprednisolone, nandrolone,

ng/mL with over 31% of the analytes having LODs at or nordiazepam, piroxicam, pseudoephedrine, reserpine,
Table 2. Method validation results: limit of detection (LOD), recovery, and stability.
Stability (%)
0, (I’l = 5)
Name LO(B (:n]g(/)r;lL) Rec((;virgf)( %) c oo

lday 7day lday 7day

Acepromazine 0.1 56.9+£14.1 107.7 112.8 108.0 105.3
Atenolol 0.01 83.8+5.2 102.0 100.3 107.5 105.3
Amitriptyline 0.1 64.7+16.2 104.3 105.2 100.7 140.9
Betamethasone 0.1 95.4+16.1 91.6 103.8 97.2 100.2
Boldenone 0.1 75.4+11.6 101.2 103.1 98.5 102.1
Chlorpromazine 0.01 44.4+14.2 106.4 105.7 99.9 106.4
Clenbuterol 0.1 84.948.1 101.5 108.4 106.3 98.5
Detomidine 0.1 78.6+17.3 104.9 107.7 107.1 103.5
Dexamethasone 0.1 91.0+14.8 106.1 110.8 108.5 103.8
Diazepam 0.1 50.7£7.3 101.0 108.2 109.1 95.3
Diclofenac 0.1 21.3+11.5 100.6 99.4 101.2 97.8
Ephedrine 0.01 55.443.7 101.0 103.1 105.5 106.6
Firocoxib 0.1 74.6+7.6 100.2 95.5 97.8 100.6
Flunixin 0.1 31.1+4.6 102.2 103.2 99.9 103.9
Flumethasone 0.1 85.1+14.2 105.9 107.3 104.7 107.3
Fluphenazine 0.1 18.4+14.9 107.7 110.0 101.0 105.3
Ketamine 0.01 70.6+9.0 104.0 98.0 102.0 102.5
Ketoprofen 10 23.4+47.3 92.5 110.6 103.9 106.4
Lidocaine 0.001 81.0+8.2 98.7 101.9 104.1 109.5
Meloxicam 0.1 46.8+4.9 109.0 102.2 105.9 98.9
Mepivacaine 0.001 100.4+6.4 97.4 100.3 106.3 103.0
Methocarbamol 0.1 88.9+14.1 103.3 100.4 107.1 103.2
Methylprednisolone 0.1 74.6+11.6 109.5 107.7 104.7 108.2
Nandrolone 0.1 62.7+9.9 100.2 98.5 99.8 99.7
Nordiazepam 0.1 69.4+9.8 101.2 104.6 109.1 108.0
Pentazocine 0.001 68.0+14.4 102.5 100.8 104.6 104.4
Piroxicam 0.01 49.3+6.9 100.9 104.0 109.1 98.6
Pseudoephedrine 0.01 56.3+3.7 93.0 102.0 101.6 107.0
Reserpine 0.1 20.5+10.3 103.7 103.2 103.9 94.1
Salbutamol 0.001 50.443.0 108.1 101.1 105.3 109.8
Sildenafil 0.1 77.4+8.4 99.5 100.5 100.4 97.5
Stanozolol 1 59.0+15.0 97.5 98.4 100.8 100.1
Terbutaline 0.01 44.9+3.2 105.1 109.2 97.1 107.5
Testosterone 1 68.9+7.0 100.2 99.4 97.4 98.6
Triamcinolone acetonide 0.1 85.1+14.3 106.6 108.6 103.2 105.2
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Table 3. Drug analysis results in proficiency plasma drug test
from AORC. The minimum concentrations spiked in blank
plasma for the proficiency test were acepromazine (1 ng/mL),
dexamethasone (0.2 ng/mL), methylprednisolone (0.1 ng/mL),
and testosterone (0.5 ng/mL), respectively.

Sample number Detected analytes

Plasma 16-A Dexamethasone, methylprednisolone
Plasma 16-B Blank
Plasma 16-C Acepromazine, testosterone

salbutamol, sildenafil, terbutaline, triamcinolone acetonide)
in a short LC run time compared to the previous method."
The mean extraction recovery of analytes was between
18.4% to 100.4% with a maximum RSD of 17.3%. The
result means that most of the analytes were well recovered
from plasma after SPE with the nexus cartridge. The
analytes with low recoveries below 50 % showed sensitive
LODs below 10 ng/mL (Table 2).

Stability

Spiked plasma samples were stable for 7 days at 25°C
and -4°C. These results mean that the analytes are stable
during all analytical procedures. The data obtained are
shown in Table 2.

Application

The developed method was applied to the analysis of
plasma samples with a proficient plasma drug test from
AORC. Three plasma test samples were analyzed, one
sample was blank, and dexamethasone, methylprednisolone,
acepromazine, flufenamic acid, and testosterone were
detected in other two samples (Table 3).

Conclusion

In conclusion, a sensitive, rapid, and simple method for
the analysis of 35 prohibited drugs in equine plasma was
developed. Significant interference from the matrices was
not observed. The LODs for the plasma method ranged
from 0.001 ng/mL to 10 ng/mL and the mean recovery was
between 18.4% to 100.4% with a maximum RSD of
17.3%. The plasma samples were stable for 7 days at 25°C
and-4°C. The method was successfully applied to plasma
sample analysis for the proficiency test from AORC.

©Korean Society for Mass Spectrometry
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Abstract : Banana peels are also widely used as bio-adsorbent in the removal of chemicals contaminants and heavy metals from
water and soil. GC-MS plays an essential role in the phytochemical analysis and chemo taxonomic studies of medicinal plants con-
taining biologically active components. Intrinsically, with the use of the flame ionization detector and the electron capture detector
which have very high sensitivities, Gas chromatography can quantitatively determine materials present at very low concentrations and
most important application is in pollution studies. In the present study banana peels were used as bio-adsorbent to remediate the heavy
metal contaminated water taken from three different stations located around the industrial belts of Ranipet, Tamilnadu, India. The AAS
analysis of the samples shows a decrement of chromium concentration of 98.93%, 96.16% and 96.5% in Station 1, 2 and 3 respectively
which proves the efficiency of the powdered peels of Musa paradisiaca. The GC-MS analysis of the control and treated peels of Musa
paradisiaca reveals the presence of phytochemicals like Acetic Acid, 1-Methylethyl Ester, DL-Glyceraldehyde Dimer, N-Hexadecanoic
Acid, 3-Decyn-2-Ol, 26-Hydroxy, Cholesterol, Ergost-25-Ene-3,5,6,12-Tetrol, (3.Beta.,5.Alpha.,6.Beta.,12.Beta.)-, 1-Methylene-2b-
Hydroxymethyl-3, and 3-Dimethyl-4b-(3-Methylbut-2-Enyl)-Cyclohexane in the control banana peels. The banana peels which were
used for the treatment reveals the changes and alteration of the phytochemicals. It is concluded that the alteration in phytochemicals of the

experimental banana peels were due to adsorption of chromium heavy metal from the sample.

Keywords : Bio-adsorbent, Banana peels, GCMS, AAS, Phytochemicals, Heavy metals, Chromium.

Introduction

The non-nutrient plant chemical compounds and
bioactive compounds are referred to as phytochemicals.'”
Applications of phytochemicals have expanded recently,
particularly in the fields of nutraceuticals and functional
foods.* The importance of phytochemicals for health is
highlighted by Asif et al’ One of the most significant
crops in the world estimated at 72.5 million metric tonnes
of bananas are produced globally, of which India
contributes 21.77 million metric tonnes.’ The fruit peels
from this variety that are thrown away make up 18 to 33%
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of the total fruit peel waste. The banana peels are rich in
potassium, phosphorus, magnesium, and calcium as well as
52 other chemical components and nutritional goods.” In
comparison to the fruit’s pulp, banana peels are rich in
chemical components that are valued for their anti-fungal
and antibacterial activities.** The biotechnological manufacture
of protein from banana peel waste also produces ethanol,
alpha-amylase, and cellulose.'’ According to Kanazawa et al,
' banana peels include a variety of phytochemicals and
phytonutrient components, primarily antioxidants. These
include anthocyanins, delphinine, catecholamines, beta-
carotene, and alpha-carotene.'’ In recent years GC-MS
studies have been increasingly applied for the analysis of
medicinal plants as this technique has proved to be a
valuable method for the analysis of non-polar components
and volatile essential oil, fatty acids, lipids, and
alkaloids.””" A key use of GC-MS is the monitoring of
environmental contaminants. Equipment for GCMS has
become less expensive while significantly improving in
reliability. In the current study, the effectiveness of using banana
peels to remediate chromium-contaminated wastewater was
evaluated. The amount of chromium present in the
contaminated water before and after the treatment using
banana peels were evaluated by using Atomic Absorption
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Spectroscopy (AAS) method. Using the GC-MS technique,
the Phyto-compound changes in the experimental Musa
paradisiaca peels were compared to the control.

Experimental

Study Area

Ranipet is located at 12.56 degree Northern latitude and
79.20 Eastern longitudes and is 93 km west of Chennai, it
is geographically 25 km away from the northeast of
Vellore. Tamil Nadu Chromate Chemicals Limited (Plate
1) is an industry located in the Chennai-Bangalore national
highway NH4 near the Ranipet Industrial area, Ranipet
District. Topographically the area is sloping towards the
south and southeast side which is towards Puliyankannu
and further down to the Palar river. The Palar which is one
of the major drinking water sources is running from west
to east and is located 4.5 km down the streamline of the
site.”® Tamil Nadu Pollution Control Board (Tamil Nadu
Pollution Control Board, unpublished report, 1996)
estimated that ~150,000 tons of solid chromium waste
accumulated over two decades of plant operation has been
stacked in the open yard (stack height varies from 4 to 5 m)
on 3.5 ha of land within the Tamil Nadu Chromate and
Chemicals Limited (TCCL) premises, Ranipet, Tamil
Nadu, India (Plate 1a). The chemicals from that raw ore
were getting leached out by rainwater and seeping into the
groundwater and affecting the quality of the groundwater.'®
Samples were collected from Station 1 (Stagnant water
inside the TCCL), Station 2 (Run off water from the
TCCL) and Station 3 (Stagnant water outside the TCCL),
Ranipet, TN, India. (Plate 1b).

- iRt

Plate 1. TCCL Topoeraphy

Plate 1b. Sample Collection
Preparation of Bio-Adsorbent and Treatment Process

The peels of Musa paradisiaca were removed and
washed thoroughly in distilled water to remove the external

©Korean Society for Mass Spectrometry

dirt. The peels were cut into small pieces (Plate 2)and
dried under the hot sun for 3 days (Plate 3).""Then the
dried peels were washed thoroughly in an orbital shaker
and dried in a hot air oven for 2 hr at 80°C to remove the
moist content. Then the dried peels were powdered
blending them in a blender and sieved using 250 microns
sieve (Plate 4, 5).'"® Eight grams of powdered peels
of Musa paradisiaca (Plate 17) were added to 100 mL of
Sample 1, 2, and 3 and mixed well using a magnetic stirrer.
The treatment setup (Plate 6) was left for 24 hr at room
temperature and constant pH.'”**The filtrate was dried and
subjected to GC-MS analysis. (Plate 7). The treated water
sample was subjected to AAS analysis for determining the
adsorption efficiency of the bio-adsorbent and to evaluate
the chromium concentration.”’ AAS is an analytical
technique used to determine the concentration of metal
ions in a sample.

Flate 3. Dned Pedsof M p

Plate 4. Powdered Peels of Mp

1 -
. %

I~

Flate 6. Treatment setup

Plate 7. Fikration

Preparation of Methanol Extract

The control and the experimental filtrate of the treated
banana peel powder was evaporated to dryness and 10 g of
powdered peels were dissolved in 100 mL of 100%
methanol (CH;0OH) and stirred well using a magnetic
stirrer for 3 hours and left overnight. Extracts (50 mL)
were then transferred to clean vessels, evaporated to
dryness, and dissolved in dimethyl sulfoxide to yield a
final concentration of approximately 10 mg/mL and
subjected for GC-MS analysis.”
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Table 1. Adsorption Efficiency of Powdered Peels of Musa paradisiaca on Heavy Metal Chromium by AAS Method.

Conc. of Cr (mg/L) Conc. of Cr (mg/L)

Significance

Sample before remediation after treatment Mean adsorption df tvalue p value
Station 1
Stagnant water 7.437+0.3791
inside the 701.311 (98.93) 0.0288 5 48.053 0.000
TCCL
Station 2
Run off water 29.958 £ 0.5315
from the 782.047 (96.16) 0.1159 5 138.043 0.000
TCCL
Station 3
Stagnant water 29.629+0.3716
outside the 849.569 (96.51) 0.1146 5 195.308 0.000
TCCL

Values in parenthesis () indicates % change over control
Values are Mean, + SD of 6 individual observation
Significant ar p < 0.005

GC-MS analysis

GC-MS analysis from the methanol extract of banana
peels was carried out in the instrument Perkin Elmer GC
Clarus 680, Mass spec Clarus 600 (EI), using the software
Turbo Mass ver 5.4.2 and NIST — 2008 library year. The
identification of the chemical components was influenced
by their GC retention time, percentage composition (area
%), and retention indices. The interpretation and
identification of their mass spectra were confirmed by the
mass spectral incorporated library. The identification was
further confirmed by comparing it with the database of the
spectrum of known components stored in the GC MS
NIST (2008) library.”> The GC-MS was performed at SIF
Laboratory, VIT, Vellore, TN, India.

Result

Table 1 shows the results of the Atomic Absorption
Spectroscopy (AAS) analysis performed to estimate the
concentration of chromium present in the untreated and
treated water samples. 6 individual samples were taken
from each Station and experiment was carried out. Mean
Value, + SD and percentage change over control and
student t test were done using SPSS version 26. Station 1
shows an initial chromium concentration as 701.311 mg/L.
After the treatment, it is estimated as 7.437 mg/L of
chromium concentration. Station 2 shows an initial
chromium concentration as 782.047 mg/L. After the
treatment, it is estimated as 29.958 mg/L of chromium
concentration. Station 3 shows an initial chromium
concentration as 849.569 mg/L. After the treatment, it is
estimated as 29.629 mg/L of chromium concentration.

The exploration of phytochemical screening with
methanol extract of Musa paradisiaca peels by GCMS is
tabulated in Table 2 which reveals the presence of acetic
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Figure 1. Chromatogram Obtained from the GC-MS with the
Extract of Control peels of Musa paradisiaca

acid 1-methyl ethyl ester having molecular formula
CsH,,O, with 2.799 min of retention time, DL-
Glyceraldehyde dimer having molecular formula C4H;,O¢
with 5.039 min of retention time, N-hexadecenoic acid
having molecular formula C;sH;,0, with 19.570 min of
retention time. N-hexadecenoic acid is also called palmitic
acid with molecular formula C,4H;,0, and 19.570 min
retention time. Other compounds include 3-den-2-of
having molecular formula C;H;sO with 21.2296 min
retention time, 2-6-hydroxy cholesterol having a molecular
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Table 2. The Phyto-compounds identified by GC-MS in Methanol Extract of Control Peels of Musa paradisiaca

S.No RT Compound name  Molecular Formula Molecular weight Structure
Acetic Acid,
! 2.799 1-Methylethyl Ester CsHi00, 102
lyceraldehyd i i
D1-Glyceraldehyde '
2 5039 Dimer C5H1002 180 MO MO S
OH OH
N-Hexadecanoic
3 19.570 Acid Ci6H3,0, 256
4 21.296 3-Decyn-2-ol CioH;50 154 =
26-Hydroxy o
5 32.626 Cholesterol Cy7Hy60, 402
Ergost-25-Ene- &5
3,5,6,12,-Tetrol l
6 33.526 (3.Beta.,5.Alpha.,6.B CisHaO 220
eta.,12.Beta.)- |
HE U
L=1_ |
oM
1-Methylene-2b T
Hydroxymethyl-3,
7 33.776  3-Dimethyl-4b-(3- Ci5Hy60 222

Methylbut-2-Enyl)-
Cyclohexane

formula C,;H,50, with 32.626 min retention time, Ergost-
25-ene-3,5,6,12 Tetrol having molecular formula C,sH,,0
with 33.526 min as retention time and 1-methylene 2b-
hydroxy methyl- 3,3-dimethyl-4b cyclohexane having
molecular formula C;sH,,O with 33.776 min retention
time. Figure 1 shows a GC-MS Chromatogram of
methanol extracts of control peels of Musa paradisiaca.
The chromatogram shows the RT taken by the analytes to
pass through the column and reach the mass spectrometer.

Table 3 shows the main compounds identified by GC-
MS in the methanol extract of treated peels of Musa
paradisiaca in Sample 1 (Treated Peels from Station 1)
with five compounds. The bioactive components with their
retention time (RT), names of the compounds, and
molecular structure of the compound are tabulated. The
analysis reveals Undecanoic acid (22.59%), Hexadecanal
(39.58%), 4, 22-Stigmastadiene-3-one, 2R-Acetoxymethyl-

©Korean Society for Mass Spectrometry

1 (26.84%), 3,3-Trimethyl-4T-(3-Methyl-2-Buten-1-yl)-1t-
Cyclohexanol (27.02%) and 9, 19-Cycloergost-24(28)-EN-
3-ol, 4,14-dimethyl-acetate (3.beta., 4.alpha.)- (100%).
Figure 2 shows the Chromatogram of GC-MS analysis of
methanol extract of treated peels of Musa paradisiaca in
Sample 1, at RT 19.910 has 10.457 area%, RT 21.391 has
18.322 area%, RT 27.569 has 12.425 area%, RT 28.039
has 12.508 area% and RT 28.164 has 46.288 arca%.
Table 4 shows the main compounds identified by GC-
MS in the methanol extract of treated peels of Musa
paradisiaca in Sample 2 (Treated Peels from Station 2)
were eleven compounds. The analysis reveals 4h-pyran-4-
one,2,3-dihydro-3,5-dihydroxy-6-methyl- (62.39%), Methane
carbothiolic acid (50.82%), 2-Amino-octadec-7-ene-1,3-
diol butaneboronate (41.46%), Hydroperoxide,1-methylpentyl
(21.96%)), 2,3-anhydro-d-galactosan (41.30%), 2,3-anhydro-d-
galactosan (41.30%), 3-dimethylsilyloxytridecane (78.63%),
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Table 3. The Phyto-compounds identified by GC-MS in Methanol Extract of Treated Peels of Musa paradisiaca in Sample 1

S.No RT Compound name Molecular Molgcular Structure
Formula weight
Undecanoic

1 19.910 acid C, Hx0, 186

2 21.391 Hexadecana Ci6H3,0 240
4.22-Stigmastadi -

3 27569 oooHsmasadienet o g0 410

3-one
o
2R-Acetoxymethyl- | 4 | . l
1,3,3-Trimethyl-4T-

4 28.039 (3-Methyl-2-Buten-1- C17H300; 282 I ~
yl)-Cyclohexanol |
9,19-Cycloergost-

5 28164 HEBFENS-L AL b oo, 468

dimethyl-acetate
(3.beta.,4.alpha.)-

Table 4. The Phyto-compounds identified by GC-MS in Methanol Extract of Treated Peels of Musa paradisiaca in Sample 2

S.No RT Compound name Molecular Formula ~ Molecular weight Structure
4h-pyran-4-one,2,3-dihydro- =
! 14613 3,5-dihydroxy-6-methyl- CotlsO, 144
2 16.494  Methane carbothiolic acid C,H,08 76
2-Amino-octadec-7-ene-1,3-
3 18.270 diol butaneboronate C2HuONB 365
4 19.260 Hydoroperoxide,1-methyl- CeH,0, 118
pentyl
5 20.181
2,3-anhydro-d-galactosan C¢HgO, 114
6 21.766

170 Mass Spectrom. Lett. 2022 Vol. 13, No. 4, 166-176

©Korean Society for Mass Spectrometry



Comparative Analysis of the Phyto-compounds Present in the Control and Experimental Peels of Musa paradisiaca used for ...

Table 4. Continued

S.No RT Compound name Molecular Formula ~ Molecular weight Structure
7 25.052 3-dimethylsilyloxytridecane C,5H34,0Si 258
8 27.659 .Beta.carotene CyoHse 536
9 27.744 Lanosterol C40H5,0 426
10 28.254 Stigmasterol CyoHys0 412
1-formyl-2,2,6-trimethyl-3-
11 28.434 cis-(3-methylbut-2-enyl)-5- C,sH,,0 220

cyclohexene

o

Li.bad 2ET » R Fi

Figure 2. Chromatogram Obtained from the GC-MS with the
Extract of Control peels of Musa paradisiaca Treated in Sample 1

Beta carotene (23.02%), Lanosterol (36.28%), Stigmasterol
(20.90%) and 1-formyl-2,2,6-trimethyl-3-cis-(3-methylbut-2-
enyl)-5-cyclohexene (100%). Figure 3 GC-MS Chromatogram

©Korean Society for Mass Spectrometry
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Figure 3. Chromatogram Obtained from the GC-MS with the
Extract of Control peels of Musa paradisiaca Treated in Sample 2

of methanol extracts of treated peels Musa paradisiaca in
Sample 2 showing the peak retention times and the peak
heights.
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Table 5. The Phyto-compounds identified by GC-MS in Methanol Extract of Treated Peels of Musa paradisiaca in Sample 3

S.No RT Compound name Molecular Formula ~ Molecular weight Structure
9,19-Cycloergost-24 (28)- N
En-3-01,4,14-Dimethyl- oy } )
1 27.649 JAce- C3H5,0, 468 oW T
tate,(3.Beta.,4.Alpha.,5.Alph '
2) » a
4,5-Secocholest-6-En-4-Oic
2 27.764 Acid.5-Oxo Cy7HyyO5 416
3 28.239 22-Stigmasten-3-One CyHy0 412
- . -
2-Methyl-3-(3-Methyl-But- ~
4 28.414 2-Enyl)-2-(4-Methyl-Pent-3- C;5sHyO 222

Enyl)-Oxetane

RA-dwl IR0 = BTEE A}

Figure 4. Chromatogram Obtained from the GC-MS with the
Extract of Control peels of Musa paradisiaca Treated in Sample 3

Table 5 shows the main compounds identified by GC-
MS in the methanol extract of treated peels of Musa
paradisiaca in Sample 3 (Treated Peels from Station 3)with
five compounds. The analysis reveals 9,19-cycloergost — 24
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(28)-en-3-0l,4,14-dimethyl-acetate, (3.beta.,4.alpha.,5.alpha)
(22.59%), 4,5-secocholest-6-en-4-oic acid,5-o0xo (39.58%),
22-stigmasten-3-one (26.84%), 2-methyl-3-(3-methyl-but-
2-enyl)-2-(4-methyl-pent-3-enyl)-oxetane (27.02%). Figure 4
showed a GC-MS Chromatogram of methanol extracts of
treated peels Musa paradisiaca in Sample 3 showing the
peak retention times and the peak heights.

Discussion

Biowaste of plants is the source of potentially bioactive
compounds which are useful in all areas. The biological and
pharmacological properties are very vital and still many are
unknown.” Effective use of peels of Musa paradisiaca for the
remediation of chromium-contaminated water paves the way
to reclaim the environment that is lost due to heavy metal
pollution. The ASS result shows there was a decrement in
chromium concentration in Samples 1, 2, and 3 which
proves the efficiency of the powdered peels of Musa
paradisiaca. The adsorption efficiency of the bio-adsorbent
was 98.93%, 96.16%, and 96.5% in stations 1, 2, and 3
respectively. Methanol is the most commonly used extraction
solvent due to its high polarity which could produce high
extraction yields. Methanol usually enriches more
hydrophilic molecules than hydrophobic molecules.** The
exploration of phytochemical screening with methanol
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extract of control Musa paradisiaca peels reveals the
presence of Glyceraldehyde an aldotriose comprising
propanal having hydroxy groups at the 2- and 3-positions.
Most sugars found in nature are D-sugars, which are
related to D glyceraldehyde, whilst most amino acids
found in proteins belong to the L-stereochemical series
related to L-glyceraldehyde.” Palmitic acid is a saturated
fatty acid used in the production of soap and renovates the
skin.”® These are the organic compounds required for the
normal growth and maintenance of life of animals,
including humans, and are essential for the transformation
of energy and regulation of the metabolism of structural
units.”’

Acetic acid 1-methyl ethyl ester having molecular
formula CsH,,0O, with 2.799 min of retention time in which
the methyl esters are found to be an excellent solvents with
low volatility and good solubility. They are widely used to
replace mineral spirits in the textile, screen ink industry,
and graphics arts industries. Their main benefits are low
volatility and flammability, low toxicity, and
environmental compatibility. They have also been used in
paint removal products in both consumer and industrial
applications. Methyl esters have also found applications in
the removal and recovery of spilled crude oil and other
petroleum products from both coastal and inland spill
sites.”® It has been reported that estragole has many
biological effects including antioxidant and antimicrobial
activities. The hexadecanoic acid ethyl ester can be an
antioxidant, hypocholesterolemic, nematicide, pesticide,

and lubricant activities, and hemolytic 5 — alpha is a
reductase inhibitor.” It is found that it has been used as an
antioxidant in the oils and fats in lipid oxidation and also
as an agent in foodstuffs and heath functional ingredients
in various foods and dietary supplements.

The exploration of phytochemical screening with
methanol extract of Musa paradisiaca peels reveals the
presence of 2-butanone, 4-(acetyloxy)- having molecular
formula C¢H;(O; with 2.698 min of retention time,
Benzene Aceto nitrile 4-hydroxy having molecular formula
CsH,ON with 14.088 min of retention time, Beta.-d-
glucopyranose, 1,6-anhydro- having molecular formula
CeH;0O5 with 14.573 min of retention time, D-glycero-d-
tallo-heptose having molecular formula C;H;,O0; with
15.829 min of retention time, 1,5,9-undecatriene, 2,6,10-
trimethyl-, (z)- having molecular formula C.;H,; with
17.985 min of retention time, N-hexadecanoic acid having
molecular formula C;4H;,0, with 19.685 min of retention
time, 9-hexadecenoic acid having molecular formula
Ci¢H300, with 21.471 min of retention time, 2-
Piperidinone, n-[4-bromo-n-butyl]- having molecular
formula CoH;ONBR with 21.661 min of retention time,
Glucitol, 6-0-nonyl- having molecular formula C;sH3,O¢
with 24.602 min of retention time, 2-Tert-butyl-4,6-bis
(3,5-di-tert-butyl-4-hydroxybenzyl) phenol having
molecular formula C,,Hs30; with 29.805 min of retention
time and 1-hexyl-2-nitrocyclohexane having molecular
formula C;,H,;0,N with 32.256 min of retention time.
However, in single metal solutions, ions with larger ionic

Table 6. Comparison of Phyto-compounds Present in the Control and Experimental Peels of Musa paradisiaca in Sample 1, 2, and 3 by

GC-MS
Compounds present in Compounds ‘present Compounds ‘present 'Compoynds present
S.No RT the Control peels in the Experimental in the Experimental in Experimental Peels
p Peels in Sample 1~ Peels in Sample 2 in Sample 3
Acetic Acid, 1-Methy-
! 2.799 lethyl Ester ) ) )
5 5039 D1 -Glyc.eraldehyde ) ) )
Dimer
4h-pyran-4-one,2,3-
3 14.613 - - dihydro-3,5-dihy- -
droxy-6-methyl
4 16.494 i ) Methane ca.lrbothlohc )
acid
2-Amino-cotadec-7-
5 18.270 - - ene-1,3-diol butane- -
boronate
Hydroperoxide, 1-
6 19:260 i ) methylpenty] )
19.570 N-Hexadecanoic Acid - - -
19.910 - Undecanoic acid - -
9 20.181 i ) 2,3-anhydro-d-galac- )
tosan
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S.No

RT

Compounds present Compounds present Compounds present

Compounds present in . . . . . .
pounds p ™ inthe Experimental in the Experimental in Experimental Peels

the Control peels Peels in Sample 1 Peels in Sample 2 in Sample 3
10 21.296 3-Decyn-2-O1 - - -
11 21.391 - Hexadecanal - -
2 21.766 i ) 2,3-anhydro-d-galac- )
tosan
13 25052 i ) 3-d1me'thl silyloxy- )
tridecane
14 27569 i 4,22-Stigmastadiene- ) )
3-one
9,19-Cycloergost-
24(28)-En-3-
01,4,14-Dimethyl-
15 27.649 - - - Acetate,
(3.Beta.,4.Alpha.,5.A
Ipha)
16 27.659 - - Beta.carotene -
17 27.744 - - Lanosterol -
4,5-Secocholest-6-
18 27.764 i i i En-4-Oic Acid,5-Oxo
2R-Acetoxymethyl-
1,3,3-Trimethyl-4T-
19 28039 i (3-Methyl-2-Buten-1- ) )
yl)-1t-Cyclohexanol
9, 19-Cycloergost-
24(28)-EN-3-ol,
20 28.164 - 4,14-dimethyl-ace- - -
tate (3.beta.,
4.alpha.)-
21 28239 i ) ) 22-Stigmasten-3-
One-
22 28.254 - - Stigmasterol -
2-Methyl-3-(3-
Methyl-But-2-Enyl)-
23 28414 i ) ) 2-(4-Methyl-Pent-3-
Enyl)-Oxetane
1-formyl-2,2,6-
trimethyl-3cis-(3-
24 28.434 i ) methylbut-2-enyl)-5-
cyclohexene
26-Hydroxy
25 32626 Cholesterol ) ) )
Ergost-25-Ene-3,5,6,12-
Tetrol,
26 33526 (3.Beta.,5.Alpha.,6.Beta., ) . .
12.Beta.)-
1-Methylene-2b-
27 33.776 Hydroxymethyl-3,3- ) ) )

Dimethyl-4b-(3-Methyl-
but-2-Enyl)-Cyclohexane
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radii are better adsorbed than those with less ionic radii.*
The banana peels which were used for the treatment reveal
changes and alterations of the phytochemicals in all three
experimental banana peels.

The alteration in the phytochemicals of the experimental
banana peels was due to the adsorption of chemical
contaminants from the sample. Further, while comparing
the GC-MS analysis of the control and the experimental
banana peels it is evidenced that the adsorption of chemical
compounds was found effective, and binding the adsorbed
chemicals, changing the chemical composition of
phytochemicals which is tabulated in Table 6. The
functional groups that were active in removing Chromium
from water were the carboxylic and amine groups and the
alterations in the phytochemicals were due to the
adsorption of heavy metal chromium. The anionic ligands
present on the cell wall such as carboxyl, amine, hydroxyl,
carbonyl, sulthydryl and phosphoryl groups immobilizes
the metal ions’' and then uptake occurs® which was
evidenced.

Conclusion

Waste banana peels were used as a bio-adsorbent for the
remediation of the chromium-contaminated wastewater
collected from the industrial area of Ranipet District, TN,
India and found to be very best, low cost and effective bio-
adsorbent to remediate the heavy metal chromium. The
compared results of control and experiment bio-adsorbent,
peels of Musa paradisiaca showed the phytochemicals
alterations due to the adsorption of chromium heavy metal
from the sample which evidences the adsorption capacity
of banana peels. This cost-effective, eco-friendly method
could be used for the remediation of chromium-polluted
water for the restoration of the polluted water bodies.
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Abstract : The monomer and dimer structures of the amyloid fragment AB(1-16) sequence formed in H,O were investigated
using electrospray ionization mass spectrometry (MS) and tandem MS (MS/MS). AB16 monomers and dimers were indicated by
signals representing multiple proton adduct forms, [monomer+zH]"" (=M*', z = charge state) and [dimer+zH]** (=D*"), in the
MS spectrum. Fragment ions of monomers and dimers were observed using collision-induced dissociation MS/MS. Peptide
bond dissociation was mostly observed in the D1-D7 and V11-K16 regions of the MS/MS spectra for the monomer (or dimer),
regardless of the monomer (or dimer) charge state. Both covalent and non-covalent bond dissociation processes were indicated
by the MS/MS results for the dimers. During the non-covalent bond dissociation process, the D*" dimer complex was separated
into two components: the M'* and M*" subunits. During the covalent bond dissociation of the D** dimer complex, the b and S
fragment ions attached to the monomer, (M+b,.;5)*" and (M+y,.;5)*, were thought to originate from the dissociation of the M~"
monomer component of the (M""+M?*") complex. Two different D** complex geometries exist; two distinguished interaction
geometries resulting from interactions between the M'" monomer and two different regions of M*" (the N-terminus and C-termi-
nus) are proposed. Intricate fragmentation patterns were observed in the MS/MS spectrum of the D** complex. The complicated
nature of the MS/MS spectrum is attributable to the coexistence of two D" configurations, (M'*+M*") and (M*'+M?"), in the

APB16 solution.

Keywords : AB16, AB16 dimer, collision-induced dissociation, mass spectrometry, MS/MS

Introduction

An understanding of protein misfolding is crucial to
understanding the pathology of neurodegenerative diseases.
One example of a misfolded protein is AP in Alzheimer’s
disease (AD)."* AD is characterized by the extracellular
deposition of AP in the form of plaques and neurofibrillary
tangles of the Tau protein in the brain.** In the plaque
deposition of AP, AP oligomers that formed in the early
stage of AP aggregation are considered to be the most
neurotoxic agents in AD.”® However, the structure and
formation process of AP oligomers are not yet understood
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clearly because of the metastable character of Ap
oligomers.’

Accordingly, oligomer formation processes have been
studied using various experimental and theoretical methods
including ion-mobility mass spectrometry,'™"" CD,"*"
NMR experiments'*'"> and computer simulations.'®*’ The
collision cross-sections and the percentage of [-strands
or %-helix content of oligomers were reported to aid in
understanding or inhibiting AP fibril formation process.
One (residues 12-24), two (residues 12-24 and 30—42), or
three (1-6, 12-24, and 30—42) active regions were reported
as critical interaction areas in the AP42 aggregation
process.'**'* Several stable dimer conformations were
also reported in a simulation study of Ap oligomer.'**’

Short AP fragments (AP16-20, AB35-40, AP1-16,
AP17-42, and AP1-28) have been studied to aid in
understanding (or inhibiting) the AP aggregation process.”***
However, the exact sequence of aggregation events and
their role remain unclear. In particular, reports of the Ap16
fragment, which is regarded as a potential inhibitor®~ of
AP aggregation, are discrepant. Some studies®'* reported
that AB16 fragments do not aggregate and reduce AP16
cytotoxicity in neuronal cells, whereas other reports state that
AP16 aggregates and AB16 oligomers are cytotoxic.*
These conflicting experimental results were obtained using
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various experimental techniques. Metal (Ni, Cu, Zn, and
Al, among others) ion-induced AB16 aggregation was also
studied to understand the reactivity and functional group
activity of AB16. The 10-16 residue region of AP appears
to be an effective metal ion trapping unit.***> His6 and
other carbonyl groups have also been reported as potential
active regions for the metal ion binding unit.

In this study, we used collision-induced dissociation
(CID) in conjunction with electrospray ionization (ESI)-
mass spectrometry (MS) to obtain structural information
on the AB16 monomer and dimer. AB16 dimer complexes
were allowed to form in solution and were electrosprayed
onto a quadrupole ion guide. ESI-MS was assumed to
produce intact gas-phase dimer complex ions from the
AB16 dimer complex in solution. A low-energy CID-
tandem MS (MS/MS) method was applied to investigate
the fragment ion species and patterns of the multiply
charged monomers and dimers of AB16.

Experimental

The MS and MS/MS spectra for the AB16 fragmentation
pattern analysis were obtained using a Thermo Finnigan
LTQ mass spectrometer (Thermo Fisher Scientific,
Waltham, MA, USA), which is a linear ion trap mass
spectrometer equipped with an atmospheric pressure ESI
source.

MS conditions

AP16 samples (in H,O) were introduced to the ESI
interface via a direct infusion method using a microsyringe
pump (Hamilton, USA) at a flow rate of 1 mL/min. The
CID-MS/MS experiments were conducted at capillary
temperatures of 150°C, which resulted in the best signal-to-
noise ratios for the MS/MS spectra. The positive ion MS

spectra were acquired over an m/z range of 100-2000 by
averaging 1000—4000 scans. The MS/MS experimental
conditions were as follows: ion-trap pressure, 1x10~ Torr;
activation time, 30 ms; injection time, 100-200 ms; and
isolation width, 0.8—1.5 mass units. The parent Af16 ions
were individually and manually selected and subjected to
CID. The collision energies were optimized for each MS/
MS experiment to obtain sufficient signal-to-noise ratios.

Reagents

The AB16 peptide, synthetic peptide (purity > 95%),
amidated at the C-terminus (DAEFRHDSGYEVHHQK-
NH,, Peptron, Daejeon, Korea), and HPLC-grade H,O
(Merck Ltd., Korea) were used in the experiments. AB16
peptides were dissolved in H,O to prepare 150 uM
solutions. Solutions were prepared to achieve sufficient D**
ion intensity in the CID-MS/MS experiments. The
experiments were performed within 24 h of sample
preparation.

Results and Discussion

MS Spectra

Under our ESI experimental conditions, the mass spectra
of the AB16 solutions indicated the presence of multiply
charged monomers and oligomers (Figure 1). AB16 monomers
were observed at m/z 1953.9, 977.5, 652.0, and 489.2,
ranging from 1+ to 4+ and [M+H ] to [M+4H ] as multiple
proton adducts forms. The AP16 peptide contains five
basic residues (Arg5, His6, His13, His14, and Lys16) and
an N-terminal position available for protonation. There are
also four acidic residues (Aspl, Glu3, Asp7 and Glull) in
the AB16 peptide. The M*" peak at m/z 391.6 was not
observed in the ESI-MS spectrum of the AB16 solution
(Figure 1). The M’* monomer peak was observed with a
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Figure 1. ESI-MS spectrum of AB16 solution. Multiply charged monomers and oligomers are represented as M**, D*, and T (M =

monomer, D = dimer, T = trimer, and z = charge state).
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high-intensity peak. For the oligomers, peaks were
observed at m/z 1302.9, 782.2, and 1465.7, corresponding
to D’*, D*, and T*" (T=trimer), respectively.

MS spectra of the AB16 peptide have been reported in
previous studies.’®*® Oligomer complexes were not
observed in these spectra because of the AP16
concentrations and experimental conditions. The positive
charge state distribution of the AB16 monomers (Figure 1) is
consistent with that of the previously reported MS
spectrum. The new observation of D*', D', and T*'
complexes indicated the possibility of aggregation of the
AP16 peptides. The aggregation process of AB16 might be
different from that of AP protein because of the extra
AP17-42 peptide region. The configurations (up to trimer)
and m/z values of the observed complexes are listed in the
Supplementary Information Table S1.

MS/MS spectra of monomers

CID-MS/MS experiments were conducted to obtain
structural information regarding the parent AB16 monomer
and dimer ions. The MS/MS spectra of Af16 monomers
are shown in Figure 2 and 3. The fragment ions were
labeled with various colors and shapes based on the charge
states and fragment ion species in Figure 2 and 3. The m/
z values and assignments for the fragment ions in Figure 2
and 3 are presented in the Supplementary Information
Table S2. These monomer MS/MS fragmentation patterns
are useful for analyzing the dimer MS/MS spectrum,
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according to the charge state. The similar fragment ions of
M*, M**, and M*" monomers have been reported under
different experimental conditions (in CH;OH:H,O 97:3
solution).”® The MS/MS fragment ion species shown in
Figure 2 and 3 are similar to those of previously reported
spectra. However, some fragment ions observed in this
study have not been reported previously (including b;5*",
by, bys’", shown in Figure 2b, y;5°*, by’ ", shown in Figure
3a, and y,,°*, shown in Figure 3b). In the MS/MS spectrum
for AB16 M'" and M*" (Figure 2), we observed high-
intensity fragment ions at the peptide bonds of the N-
terminus (D1-D7) and C-terminus (V11-K16) region. The
peptide bond dissociation between D7 and S8, corresponding
to the b; and y, ions, was also observed as another
characteristic dissociation channel in the CID process of
M' or M*" parent ions. The dissociation process in the
central region, residues S8—Y 10, cannot be observed in the
monomer spectra (Figure 2). However, we observed
distinctive fragment ions, originating from the S8-Y10
central region, in the MS/MS spectrum of M*" (Figure 3a).
The (bs” —by,°") fragment ions were observed by a part of
the (2+) b, ion series peaks at = 7—15. The (2+) b, ion
series peaks at u = 7-15, which were observed at high
intensities, are the characteristic ion series observed in the
MS/MS spectrum of M** (Figure 3a). These ion series
were only observed in the MS/MS spectrum of M** among
four monomer parent ions (M''—M*"). The b or y fragment
ions from the peptide bonds of the N-terminus and C-
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Figure 2. MS/MS spectra of monomers of AB16 (a) M'" and (b) M?". (1+) b fragment ions are indicated by blue empty circle and (1+) y
fragment ions are indicated by red empty circle at top of peak. (2+) b and y fragment ions are indicated by filled circles.
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Figure 3. MS/MS spectra of (a) M*" and (b) M*" monomers. (1+) b fragment series peaks are indicated by empty blue circles and (1+) y
fragment series peaks are indicated by empty red circles at top of peak. (2+) b and y fragment ions are indicated by filled circles, (3+) b
and y fragment ions by filled triangles, and (4+) b and y fragment ions by filled squares at top of peak.

Table 1. Comparison of MS/MS fragment ions of AB16 monomers and dimers. b and y ions were observed in MS/MS spectrum for
monomers and b, y, (M+ b), and (M+ y) fragment ions were observed in MS/MS spectrum for dimers.

Parent Observed MS/MS fragment ions
ion residue 1-7 residue 8-10 residue 11-16
Ml+ b51+_b71+//y151+_y91+ b“1+_bl41+
- b5|+_b71+ b”1+_b|41+ //b132+-b152+
}’111+ - ng / }’152+ - Y132+
bs'" - b, by by, -y
M3+ b72+, y142+’ y132+ b82+ _ b102+ << b112+ _ b152+ >>
}’153+ s }’133+ blo3+ b123+, b153+
bes - b by® - b ysT -y
mM* < Y143+a Y133+ > b5 b5
y 4+ y 4+
15 = J)13
o bs'"- b, [M+by " - [Mrtby, ™"
2+ 2+ 3+ 3+
[MAy ] [Mtyo]™ // [Mtyys]™ - [Mty ;]
b, by b by by st
D5 Mty - My [M+by, ] - [M+by3 ]
<My, [My ] > << [Mtby 1" - [MHby 5]+ >>
[Mtysl - Mty [M+b,o]™ [M+b,,]™", [M+b,s]>*
terminus regions are also observed in Figure 3 with (+1) to MS/MS spectra of the dimers
(+4) charge states. The observed fragment ions are listed in Both covalent and non-covalent bond dissociation were
Table 1. indicated by the MS/MS spectra of the dimers (Figure 4).
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Figure 4. MS/MS spectra of AB16 (a) D* parent ion and (b) D*". [M+ b, y ions]* fragment ions are indicated by blue or red filled
squares, [M+ b, y ions]>" by blue or red filled triangles, [M+ b, y ions]** by blue or red filled circles, and [b, y ions]'* by blue or red

empty circles at top of peaks.
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Scheme 1. Schematics of proposed AB16 D** complex. M"" monomer interacts at (a) the C-terminus region of M>" monomer and (b) N-

. . 2-
terminus region of M*" monomer.

During the non-covalent bond dissociation process, the D**
dimer complex was separated into two components, M'*
and M?*, which produced high-intensity peaks (Figure 4a).
The D’* complex is most likely composed of (M'"+M*"),
rather than (M*+M”") complex geometry. In the case of the
D" complex, M** and M’* subunits were indicated by low-
intensity peaks under our low-energy CID conditions
(Figure 4b). However, the non-covalent bond dissociation
resulted in the peak of the M'" or M*" subunit ions was not
observed in Figure 4b. The charge state of parent ion is
most likely crucial to the non-covalent bond dissociation
process under our low-energy CID conditions. The
possibility of the conformational change could also be
existed in the CID thermal energy process.

During the covalent bond dissociation process, the D*"
MS/MS spectrum (Figure 4a) showed three fragment ion

©Korean Society for Mass Spectrometry

series, (D singly charged bs—b, ions, @ doubly or triply
charged [(M")+by J*~[(M")+by,]*" and [(M")+by,]**

—[(M")+bs]*" ions, and @ doubly or triply charged
(M"Y kyy P M yryol and (M yrys] (M )yl
fragment ions. The fragmentation patterns of the D, @), and
(3) series are exactly the same as those shown in the M*" MS/
MS spectrum (Figure 2b), except for (M'") component in
the @ and (3 fragment ion series. Therefore, it is expected
that the observed CID-MS/MS fragmentation pattern
shown in Figure 4a originates from the M*" monomer
component of the (M'"+M?") dimer geometry. The entire
M'" component is completely conserved throughout the
MS/MS dissociation of the D** complex.

The two proposed AP16 D’* structures are shown in
Scheme 1, based on observations of the @, @), and @) ion
series. The two proposed geometric configurations of the

Mass Spectrom. Lett. 2022 Vol. 13, No. 4, 177-183 181
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D" complex presumably coexist in the AB16 solution. The
D*" complex geometry shown in Scheme la is a likely
candidate to explain the series (D or @ fragment ion
patterns, whereas the Scheme 1b geometry explains the
series (2) fragment ion patterns.

The Scheme 1b geometry of D’" complex is not
appropriate for explaining the singly charged bs—b; ions in
@ pattern because the fragile R5-D7 region of M*' is
blocked by the attachment of M'", which inhibits the
dissociation of the fragile R5-D7 region of M*". Judging
from the common observation of singly or doubly charged
bs—b, ions in the MS/MS spectra of M''-M*", the R5-D7
region is prone to dissociation in the AB16 complex.

Therefore, it is deduced that the singly charged bs—b,
ions in (D pattern were resulted from the Scheme 1la
geometry of D*" complex because there is no interaction
between M'" component and the fragile R5-D7 region of
M?**. The possible dissociation channels are indicated by
arrows in Scheme 1. If the M'" component is attached to
the restricted DI-F4 region of M*" in the Scheme 1b
geometry, the singly charged bs—b; ions of @ pattern could
be differently observed, resulted in the [M'"+bs]-[M""+b,]
attached ions. However, the attached fragment ions
[M""+bs]-[M'"+b,] were not observed in the D> MS/MS
spectrum (Figure 4a).

Notably, fragment ion series 2 in the D> MS/MS
spectrum is low intensity. The intensities of the [M+b;;]*'—
[M+b,,]*" and [M+b,,]* -[M+b;s]*" monomer attached
ions were significantly lower than those of (b;;'~b;,'") and
(b14>b,5>"), as shown in Figure 2b.

In fragment ion series of (3 pattern, the [M+yo]*" ion is
a counter ion to the b, fragment ion in the D7-S8 peptide
bond dissociation process of the D** complex illustrated in
Scheme 1a. The high intensities of the [M+y,]*" and b,'"
ions suggested that the D7-S8 peptide bond is one of the
weak bonds in the D** complex of Scheme 1a, similar to
how the D7-S8 peptide bond is one of the weak bonds in
the M*" monomer.

According to the difference in the intensities of 2 and
(3 patterns (Figure 4a), it is presumed that the complex
formation efficiency of Scheme la geometry is better than
that of Scheme 1b geometry. Consequently, we believe that
the geometry proposed in Scheme la is the major species
of D** complex in the AB16 solution.

In the MS/MS spectrum of the D°* complex (Figure 4b),
intricate fragmentation patterns resulting from the covalent
bond dissociation process were observed. Two characteristic
fragmentation patterns are observed in Figure 4b, @
M)y )" and  [(MY)Hy ] and @ (M)
Hby ) (M) +(b57)]* fragment ions. The fragment
ion series and intensities of @ pattern or (5 pattern are
consistent to those of the M*" or M** spectrum (Figure 3)
except (M'") or (M*") monomer attachment in the @ and
(® fragment ions. Therefore, the fragment ions of @
pattern were assigned to the fragments resulting from the

182 Mass Spectrom. Lett. 2022 Vol. 13, No. 4, 177-183

dissociation of the M*" monomer component of the
(M"+M*") dimer geometry and the fragment ions of 5
pattern were assigned to those resulting from the
dissociation of the M*" monomer component of the
(M**+M*") dimer geometry.

The triply charged ® [M+y, ] [M+y,]"" and
[M+b,,]**~[M+b5]*" ion signals are commonly attributable
to fragments resulting from the dissociation of the M*"
component in the (M"™+M*") or M>" component of the
(M**+M*") dimer geometry.

However, the @ (b,', b;;'", and b;,'") ion signals are
attributable to the fragments resulting from the dissociation
of the M*" monomer component of the (M*+M>") dimer
geometry. The (b;'", b;,'", and b;,'") fragment ion signals
were not observed in the MS/MS spectrum for M** (Figure
3b). The two proposed D** structures (Schemes la and 1b)
are still applicable to the D" structures with different
combinations of (M"+M*) or (M*+M’") dimer
geometries. Judging from the similar intensities of the
signals in @ and (® patterns, no geometric preference for
either (M"+M*) or (M*+M’") configurations was
indicated.

Conclusion

CID-MS/MS experiments were conducted to obtain
structural information regarding of the AP16 dimer
complex. The D** complex is composed of two subunits,
M'" and M*". The Scheme la geometry of D’ complex
was expected to be more favorable than the Scheme 1b
geometry. The b and y fragment ions attached to the
monomer, (M+ byo.15)”" and (M+ y,.;5)”, were believed to
originate from the dissociation of the M*" monomer
component of the (M"'+M?") dimer geometry. Intricate
fragmentation patterns were observed in the MS/MS
spectrum of the D*" complexes. The complicated nature of
the MS/MS spectrum is attributable to the coexistence of
two D°* configurations, (M'+M*") and (M*+M*"), in the
AP16 solution.
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Mass spectrometry (MS) is the cutting-edge platform removed by reversed-phase liquid chromatography (RP-
that propels biological and clinical research. MS-based HPLC), hence its compatibility with mass spectrometry.

bottom-up proteomics has expedited the characterization of However, carbamoylation modification on proteins and
signal transductions and aberrant proteomes of disease peptides’ amines caused by urea under heat hinders
specimens through protein identification, protein-protein digestion sites.*” Sodium dodecyl sulfate (SDS) is an
interaction discovery, and post-translational dynamics alternative to urea with more efficient solubilization of
profiling. The typical pipeline of the bottom-up strategy for membrane proteins, but it can damage the RP-HPLC.
MS involves protein digestion prerequisite to peptide Evidence and concerns were also raised regarding the ion
separation by liquid chromatography and data acquisition suppression and poor spectra in electrospray ionization
on a mass spectrometer.! The refinement of the sample mass spectrometry, which resulted from residual SDS
processing is critical to fulfilling the quest for augmenting exceeding 0.01%.*° To resolve this, filter-aided sample
proteome coverage, robustness, and throughput, alongside preparation (FASP) was established to remove the ionic
the quantum leap of the instrument and computational detergent by centrifugation and retain proteins above the
analysis. molecular weight cut-off.>> Another imperative method is
Enzymatic digestion of proteomes into peptides is a the in-gel digestion approach that utilizes size-based
hallmark of bottom-up proteomics, influencing the quality separation assisted by negatively charged protein-SDS
of protein identification and quantitation. To deduce the complexes. Not only does it dissipate SDS during
optimal condition for protease activity, many studies have electrophoresis, but it also enhances the depth of proteome
been conducted using different lysis reagents and buffers.”” characterization by reducing sample complexity.'""
The conventional in-solution digestion method using urea DataOn is a web-based resource established by Korea
is the most feasible and cost-effective. Urea is a chaotropic Institute of Science and Technology Information to
denaturant that can disrupt intraprotein interactions, improve re-analysis of registered data. In this protocol, we
resulting in protein unfolding to facilitate trypsin exemplified in-gel, in-solution and FASP digestion
accessibility. As a hydrophilic compound, urea can be strategies. The demonstration videos entitled “Comparative
sample preparation methods for label-free proteomic
analysis (videos)” can be accessed at: https://doi.org/
*Reprint requests to Min-Sik Kim 10.22711/idr/966, and through Supplementary Materials.

https://orcid.org/0000-0001-7317-5360
E-mail: mkim@dgist.ac.kr

Procedure
All the content in Mass Spectrometry Letters (MSL) is Open Access,
meaning it is accessible online to everyone, without fee and authors’ Cell lysis
permission. All MSL content is published and distributed under the terms of Reagents
the Creative Commons Attribution License (http://creativecommons.org / .

licenses/by/3.0/). Under this license, authors reserve the copyright for their Sodium dodecyl sulfate (SDS, Sigma)

content; however, they permit anyone to unrestrictedly use, distribute, and + UltraPure™ Tris (Invitrogen)

reproduce the content in any medium as far as the original authors and + Hydrochloric acid (Sigma-Aldrich)

source are cited. For any reuse, redistribution, or reproduction of a work, - Urea (ThermoScientific)

users must clarify the license terms under which the work was produced. - HPLC water (J.T.Baker, ThermoScientific)
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Reagent setup

Stock solution:

v 20% SDS (w/v) in HPLC water. Can be stored at room
temperature for up to 1 year.

*SDS is flammable, irritative to skin and eyes, and
harmful if swallowed or inhaled. Handle with care and
avoid inhalation.

v 1 M Tris in HPLC water and bring to pH 8.0 by adding

HCI. Can be stored at room temperature for up to 1
year.
*Hydrochloric acid is volatile and corrosive. It causes
skin burns, eye damage, and respiratory irritation.
Open the bottle in a fume hood or a well-ventilated
area.

Working solution:

v 4% SDS (v/v) in 50 mM Tris-HCI (pH 8.0) and HPLC
water.

v 8 M Urea in 50 mM Tris-HCI1 (pH 8.0) and HPLC
water.

Apparatus

- Sonic dismembrator (Fisher Scientific)

+ Micro centrifuge (Smart R17 Plus, Hanil)
- Eppendorf ThermoMixer C (Eppendorf)

+ HyperVAC speed vacuum (Gyrozen)

1. Wash adherent cells with 5 mL cold PBS before
harvesting.

2. Centrifuge cells at 1500 x g for 5 minutes at 4°C.
Remove the supernatant.

3. Lyse approximately 1 x 10° to 10° cells in the presence
0of 200 pL 8 M urea, 50 mM Tris-HCI (pH 8.0) for in-
solution digestion or 200 uL of 4% SDS, 50 mM
Tris-HCI (pH 8.0) for in-gel and FASP digestion
methods.

4. Apply probe sonication with 10 seconds interval and

10% power to reduce the viscosity.

. Cool the samples on ice for 5 seconds.

. Repeat step 4 & 5 for three times.

7. Heat samples at 95°C for 5 minutes.

*Note: Digestion with urea should not be boiled to
prevent carbamylation of proteins.

8. Centrifuge samples at 14 000 x g for 15 minutes to
collect proteins in the supernatant.

AN DN

- Ammonium bicarbonate (ABC, Sigma-Aldrich)
- Pierce™ Trypsin protease, MS-grade (Thermo Scientific)

Reagent setup

Stock solution:

v 1 M DTT in HPLC water. Can be stored at -20°C for
1 year

Prepare 10% TFA (v/v) by diluting with HPLC water
in a Duran bottle. Can be stored at room temperature
for up to 1 month.

*TFA is volatile and corrosive. It causes skin burns,
eye damage, and respiratory irritation. Open the bottle
in a fume hood or a well-ventilated area.

P

Working solution:

v Prepare 100 mM DTT by diluting stock DTT in HPLC
water.

*DTT is susceptible to oxidation. Prepare freshly
before use.

Dissolve IAA in HPLC water to a final concentration
of 200 mM.

*IAA is unstable and light-sensitive. Prepare freshly
before use and perform experiments in the dark.
Prepare 50 mM ABC buffer (pH 7.8) by dissolving
ABC in HPLC water.

Reconstitute 20 pg of trypsin with 100uL. of 50 mM ABC
(pH 7.8) to obtain a final concentration of 0.2 pg/uL.

P

P

P

Apparatus
- Eppendorf ThermoMixer C (Eppendorf)

1. Reduce the disulfide bonds of proteins with 22 pL of
100 mM DTT to a final concentration of 10 mM at
56°C for 30 minutes.

2. Alkylate the sulthydryl functional groups of proteins
with 25 pL of 200 mM IAA to a final concentration
of 20 mM. Cover samples in foil and incubate at
room temperature for 30 minutes.

3. Dilute samples with 2 mL of 50 mM ABC to decrease
the urea concentration below 1 M.

4. Incubate samples overnight at 37°C with sequencing-
grade trypsin with 1:50 of an enzyme-to-protein ratio.

5. Acidify samples with 20 pL of 10% TFA to quench
trypsin activity.

*Note: Samples can be stored at -80°C for the future FASP
process but freeze-thaw cycles should be avoided.
Reagents
-+ Urea (Thermo Scientific)
- Triethylammonium bicarbonate buffer (TEAB, Merck)
- Dithiothreitol (DTT, Sigma)
- Iodoacetamide (IAA, Sigma)
+ Trifluoroacetic acid (TFA, Sigma-Aldrich)
- HPLC water (J.T.Baker, Thermo Scientific)
- Pierce™ Trypsin protease, MS-grade (Thermo Scientific)

In-solution digestion

Reagents
- Dithiothreitol (DTT, Sigma)
- lodoacetamide (IAA, Sigma)
- HPLC water (J.T.Baker, Thermo Scientific)
+ Trifluoroacetic acid (TFA, Sigma-Aldrich)
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Reagent setup

Stock solution:

v 1 M DTT in HPLC water. Can be stored at -20°C for
1 year.

Prepare 10% TFA (v/v) by diluting with HPLC water
in a Duran bottle. Can be stored at room temperature
for up to 1 month.

*TFA 1is volatile and corrosive. It causes skin burns,
eye damage, and respiratory irritation. Open the bottle
in fume hood or in a well-ventilated area.

P

Working solution:

v Make 50 mM TEAB (v/v) (pH 8.0) in HPLC water.
v Prepare 8 M urea in 50 mM TEAB (pH 8.0) with
HPLC water.

*Urea reaction with water is endothermic. However,
increasing temperature decomposes urea to ammonia
and isocyanic acid, so the reaction should be kept at
room temperature. Urea crystal might be hard to be
solubilized, mix vigorously by a magnetic stirrer if
needed.

Prepare 100 mM DTT by diluting stock DTT in HPLC
water.

*DTT is susceptible to oxidation. Prepare freshly
before use.

Dissolve IAA in HPLC water to a final concentration
of 200 mM (w/v).

*IAA is unstable and light-sensitive. Prepare freshly
before use and perform the experiment in the dark.
Reconstitute 20 pg of trypsin with 100ul. of 50 mM
TEAB (pH 8.0) to obtain a final concentration of 0.2

pg/uL.

P

P

P

Apparatus

- 3kDa Amicon Ultra-0.5 centrifugal filter unit
(Millipore, Merck)

+ Micro centrifuge (Smart R17 Plus, Hanil)

- Eppendorf ThermoMixer C (Eppendorf)

1. Follow step 1 and 2 as in the in-solution digestion
method.

2. Dilute samples with 8 mL of 8 M urea to decrease the
concentration of SDS from 4% to less than 0.1%.

3. Transfer 300 pL of samples to a 3k-Da filter and
centrifuge for 15 minutes at 14,000 x g. Discard the
flow-through.
*Note: 15 mL Amicon filter can be used to accelerate
the process.

4. Repeat step 3 until the remaining volume is finished.

5. Centrifuge the sample-containing filter with 200 pL
of 8 M urea in 50 mM TEAB (pH 8.0) at 14,000 x g
for 15 minutes.

6. Repeat step 5 for three times.

7. Exchange 8 M urea in 50 mM TEAB (pH 8.0) with
200 pL of 50 mM TEAB at 14 000 xg centrifugation
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for 15 minutes.

8. Repeat step 7 for three times.
*Note: Approximately 100 pl of the sample will
remain in the filter after centrifugation.

9. Recover the samples by placing the filter upside
down in the collection tube and centrifuge at 1000 xg
for 2 minutes.

10. Incubate samples overnight at 37°C with sequencing-

grade trypsin (1:50 enzyme-to-protein ratio).

11. Acidify samples with 20 pL of 10% TFA to quench

trypsin activity.

In-gel digestion

Reagents

- Ammonium bicarbonate (Sigma-Aldrich)

- Acetonitrile (ACN, J.T.Baker, Thermo Scientific)

- Dithiothreitol (Sigma)

- Iodoacetamide (IAA, Sigma)

- Pierce™ Trypsin protease, MS-grade (Thermo
Scientific)

- SimplyBlue™ SafeStain (Invitrogen)

Reagent setup

Stock solution:

v 1 M DTT in HPLC water. Can be stored at -20°C for
1 year.

v 1 M ABC (pH 7.8) (w/v) in HPLC water. Can be
stored at room temperature for up to 1 year.

Working solution:

v Prepare 50 mM ABC buffer (pH 7.8) by diluting stock

1 M ABC in HPLC water.

Prepare the destaining buffer with the final

concentration of 10 mM DTT and 50 mM ABC in

40% acetonitrile.

*DTT is susceptible to oxidation. Prepare freshly

before use.

Dissolve IAA in HPLC water to a final concentration

of 200 mM. Further, dilute it 10-fold to obtain a final

concentration of 20 mM.

*IAA is unstable and light-sensitive. Prepare freshly

before use and perform the experiment in the dark.

Reconstitute 20 pg of trypsin with 2mL of 50 mM ABC

(pH 7.8) to obtain a final concentration of 0.01 pg/pL.

v Make harvest buffer containing 40% acetonitrile (v/v)
and 0.1% formic acid (v/v) in HPLC water.

P

P

P

Apparatus

- Gel cutter (SPL Life Science)

+ Micro centrifuge (Smart R17 Plus, Hanil)
- Eppendorf ThermoMixer C (Eppendorf)

1. After electrophoresis, stain the gel with SimplyBlue™
SafeStain solution according to manufacturer’s protocol.

©Korean Society for Mass Spectrometry
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2. Excise the band of interest by an extraction tool and
transfer it into a 1.5mL Eppendorf tube.

3. Dice the gel bands into smaller cubes with a pipette
tip (approximately 1 mm®)

4. Cover the gel with 300 pL of DTT-containing
destaining buffer.

5. Shake the gel-filled tube at 900 rpm at room
temperature for 10 minutes.

6. Remove the destaining solution and repeat steps 4 &
5 until there is no visible blue stain.

7. Fill the tube with 300 pL of 20 mM IAA solution at
room temperature for 30 minutes, then remove the
excess solution.

8. Add 200 pL of 100% acetonitrile to dehydrate the gel
and change the buffer every 5 minutes until the gel
pieces are rigid.

9. Remove acetonitrile and evaporate the remaining
solution in the samples by speed vac.

10. Incubate sample with 100 pL of 50 mM ABC buffer
containing 1 pg trypsin on ice until the white gel
pieces become transparent.

11. Remove the excess trypsin, add the ABC buffer just
cover gel pieces and incubate at 37°C overnight.

12. Transfer the ABC inside the gel-filled tube to a new
1.5 mL Eppendorf tube.

13. Add 200 pL of harvest buffer into the gel tube and
shake at 900rpm for 20 minutes.

14. Collecting the solution into the 1.5 mL tube of the
previous step 12.

15. Repeat steps 13 and 14 for two more times.

16. Dry the collected peptide solution in the speed vac at
4°C overnight.

Discussion

Taken together, our protocol amalgamates the popular
approaches for MS-based bottom-up proteomics, enabling
their further application and evaluation to elucidate
biological and pathophysiological questions. There is no
universal protein preparation method for bottom-up
proteomic research, albeit it is arguably the most critical
process. Previously, we employed the complementary protein
fractionation by SDS-PAGE and peptide fractionation by
reversed-phase liquid chromatography to delineate a draft
map of the human proteome, substantiating it as a powerful
routine to reduce proteome’s complexity.' Of note, the
inevitable pitfall of this method entails massive keratin
contamination, incomplete peptide recovery, and incompatibility
for high-throughput investigation.""'* The alternative
strategy, FASP, is touted to be conceptually promising for
removing interfering chemicals by utilizing a spin filter
and centrifugation. However, its inherent advantages are
weighed down by sample loss and incomplete SDS
elimination.>> We successfully applied the in-solution
digestion method for identifying albumin modifications in

©Korean Society for Mass Spectrometry

human serum and FASP for profiling the proteome of the
autism spectrum disorder mice.'*"* In addition, buffers in
this protocol (ABC, TEAB, and Tris-HCI) can be used
interchangeably depending on the experimental goals.
Thus far, the decision for the optimal approach is subject to
the samples' nature and the ultimate purposes of the
investigation.
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