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Chapter 5

ABSTRACT

The unambiguous identification of unknown compounds is of utmost importance in the field of
metabolomics. However, current identification workflows often suffer from error-sensitive
methodologies, which may lead to incorrect structure annotations of small molecules. Therefore,
we have developed a comprehensive identification workflow including two highly
complementary techniques, i.e. liquid chromatography (LC) combined with mass spectrometry
(MS) and nuclear magnetic resonance spectroscopy (NMR), and used it to identify five taste-
related retention time and m/z features in soy sauce. An off-line directed two-dimensional
separation was performed in order to purify the features prior to the identification. Fractions
collected during the first dimension separation (reversed phase low pH) were evaluated for the
presence of remaining impurities next to the features of interest. Based on the separation between
the feature and impurities, the most orthogonal second dimension chromatography (hydrophilic
interaction chromatography or reversed phase high pH) was selected for further purification.
Unknown compounds down to tens of micromolar concentrations were tentatively annotated by
MS and structurally confirmed by MS and NMR. The mass (0.4-4.2 ug) and purity of the isolated
compounds were sufficient for the acquisition of one and two-dimensional NMR spectra. The use
of a directed two-dimensional chromatography allowed for a fractionation that was tailored to
each feature and remaining impurities. This makes the fractionation more widely applicable to
different sample matrices than one-dimensional or fixed two-dimensional chromatography. Five
proline-based 2,5-diketopiperazines were successfully identified in soy sauce. These cyclic
dipeptides might contribute to taste by giving a bitter flavour or indirectly enhancing umami

flavour.
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INTRODUCTION

Metabolomics has gained a lot of interest in numerous disciplines like life sciences, environmental
sciences and the food industry.1.23 Despite the tremendous developments in metabolite analysis,
metabolomics still encounters several analytical challenges. Metabolite identification is
considered as one of the major bottlenecks in present-day metabolomics because of its labor-
intensive and error-prone methodologies.* Structure elucidation of unknown compounds is
essential in order to translate analytical data into useful information. In 2007, the Metabolomics
Standards Initiative (MSI) defined four levels of identification confidence.> Level 1 represents a
positive identification of an unknown compound. Level 2 and 3 are the putatively annotation of
compounds and compound classes, respectively. Unidentified and unclassified compounds that
can be differentiated based on spectral data are classified as level 4. Although these guidelines are
dated, they are still used as the standard for metabolite identification. Currently, the Metabolite
Identification Task Group of the Metabolomics Society is revising the reporting standards. In this
work, we aim for level 1 identification with regards to the MSI guidelines and level C with regards

to the newly proposed reporting standards.

Generally, metabolite identification annotates metabolites that have been characterized before,
which is referred to as to as non-novel identification. Non-novel identifications are mainly
performed by co-characterization with a synthetic standard. In order to reach level 1
identification, a minimum of two physical and/or chemical properties (e.g. fragmentation pattern,
chromatographic retention, NMR spectra) of the unknown metabolite and the synthetic standard
have to overlap. Two commonly used analytical techniques that are used for the analysis of such
properties are mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy.
Combined MS and NMR identification strategies have drawn an increased interest because they
are highly complementary which increases the identification confidence of unknown

metabolites.67

High-resolution mass spectrometers report an accurate mass and intensity ratio of the isotopes
that can be sufficient to suggest the elemental composition of a certain m/z value.8 The list of
possible elemental compositions can be further constrained by using MS/MS data in which a
fragment ion has to contain no other elements than the precursor ion and a precursor ion has to
contain all elements of the fragment ion. MS/MS scans also capture structural information of an
m/z value and can be compared with spectral libraries to search for identification hits. Once a hit
has been found, the metabolite can be purchased/synthesized and measured using the same MS
methodology. The retention time and MS/MS spectra of the synthesized compound can be

compared with an unknown metabolite and lead to level 1 identification. In case no synthesized
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compound is available, confident identifications can be achieved by combining structural

information obtained from MS with NMR.10.11

NMR spectroscopy can also be used for level 1 identification by comparing typical spin patterns
of a synthesized compound with an unknown metabolite. Main challenges for NMR-based
identifications are, however, low sensitivity and signal overlap.l2 Many metabolites consist of
similar molecular structural motifs which often result in similar peaks in the NMR spectra.t Signal
overlap is especially problematic for low abundance compounds since they are prone to be
overshadowed by signals of high abundance compounds. In addition, the concentration of low
abundance compounds are often below the detection limits because of the limited sensitivity of
NMR.13 Signal overlap and insufficient sensitivity can result in missing signals of an unknown
compounds and can, therefore, obstruct identification or structure confirmation.
Chromatographic separation can be used to drastically improve the power of NMR by isolating
target compounds from complex matrices into cleaner fractions which can be up-concentrated for
improved sensitivity.141516 The purification can even further be improved by including a second
orthogonal chromatographic separation.l” In addition, 2D NMR spectroscopy can be exploited for

identification purposes and complemented with 1D NMR quantification methods.

In this study, we demonstrate a platform for the identification of retention time and m/Zz features
in complex samples. In order to unravel the structure of these features, a tentative mass
spectrometry-based identification is performed. Thereafter, NMR and MS analyses are used to
confirm the structure proposed by MS. Since complex samples consist of a complex matrix and the
abundance of certain compounds can be low, we have developed a comprehensive fractionation
approach in order to decrease the sample complexity and to increase the concentration prior to
the NMR analysis. The fractionation consisted of an off-line directed two-dimensional
chromatography, which was tailored to the unknown feature and sample impurities. Fractions
collected during the first dimension were evaluated for the presence of impurities. The stationary
phase that resulted in the best separation between the unknown feature and the impurities was
selected for the second dimension fractionation. We have applied our platform to the
identification of five taste-related features in soy sauce. This identification platform provides a
general approach for metabolite identification and can be tailored to specific features and samples
types. The complementary structure confirmation by MS and NMR ensures a feature identification

with high certainty.

104



Target identification using off-line directed 2D-LC, MS and NMR

MATERIALS AND METHODS

Chemicals and product

Acetonitrile Ultra LC-MS was purchased from Actu-All (Oss, The Netherlands). Formic acid
(98%+) was purchased from Acros Organics (Bleiswijk, The Netherlands). Ammonium formate
(299.995%) and cyclo(Pro-Pro) were acquired from Sigma-Aldrich (Zwijndrecht, The
Netherlands). Cyclo(Pro-Phe), cyclo(Pro-Gly) and cyclo(Pro-Thr) were purchased from Bachem
AG (Bubendorf, Switzerland). Cyclo(Pro-Leu) was obtained from Santa Cruz Biotechnology
(Heidelberg, Germany). Deuterated water (D20, 99.9%) was purchased from Euriso-top (Saint-
Aubin, France). All soy sauce products used in this study were commercially available. The soy
sauce that was used for the identification and structure confirmation of the unknown compounds

was obtained from a local supermarket in Korea.

Fractionation chromatography and analytical chromatography
The identification platform included in total three off-line fractionation chromatography methods
and one analytical chromatography method. All fractionation chromatography methods used an

injection volume, flow rate and column temperature of 100 pL, 2 mL/min and 30 °C, respectively.

The reversed phase low pH (RP low pH) method used a C18 Atlantis T3, 4.6 x 150 mm, 3 pm
particle size column. Mobile phase A and B consisted of 0.1% formic acid in water and acetonitrile,
respectively. The column oven was set at 30 °C. The gradient started at 0% B and increased
linearly to 15% B in 7 minutes. Subsequently, the gradient increased to 55% B in 3 minutes and
to 100% B in an additional 0.5 minutes. The gradient was kept at 100% B for 2 minutes to flush
the column. The gradient decreased to 0% B in 0.1 min and was kept at this value for 2.4 minutes

to equilibrate the column. The total gradient time was 15 minutes.

The reversed phase high pH (RP high pH) method used a C18 Kinetex EVO, 4.6 x 150 mm, 5 pm
particle size column. The gradient profile was identical to the RP low pH gradient, but mobile
phase A and B consisted of 2 mM ammonium formate pH 9 in water and 95/5 (v/v)

acetonitrile/water, respectively.

The hydrophilic interaction chromatography (HILIC) method used a Sequant ZIC-HILIC, 4.6 x 100
mm, 5 pm particle size column. Mobile phase A consisted of 10 mM ammonium formate and
0.075/90/10 (v/v/v) formic acid/acetonitrile/water and mobile phase B of 10 mM ammonium
formate and 0.075/10/90 (v/v/v) formic acid/acetonitrile/water. The gradient started at 0% B
for 1.2 minutes. The gradient increased linearly to 75% B in 7.96 minutes and was kept at this
value for 6.04 minutes to flush the column. The gradient decreased to 0% B in 0.2 minutes and
stayed at this value for 4.8 minutes to equilibrate the column. The total gradient time was 20.2

minutes.
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The analytical chromatography RP low pH method used a C18 Acquity UPLC HSS T3, 2.1 x 100 mm,
1.8 um particle size column. The injection volume and flow rate were 1 pL and 0.4 mL/min,

respectively. The gradient profile was identical to the fractionation RP low pH method.

For the fractionation, liquid chromatography (LC) separations were performed on a Waters
Acquity UPLC system (Waters, Etten-Leur, The Netherlands) and fractions were collected in 0.35
min time windows using a Waters Fraction Manager (Waters, Etten-Leur, The Netherlands). The
analytical chromatography and three fractionation chromatography methods that were coupled

to MS were performed on a Shimadzu Nexera UHPLC (Darmstadt, Germany).

MS analysis

MS analyses were performed on a Sciex X500R QToF (Darmstadt, Germany). The fractionation
chromatography methods were coupled to MS via a 1:20 flow split in order to locate the features
in the acquired fractions, assess the orthogonality of the second dimension chromatography and
to identify the features. The analytical RP low pH method was directly coupled to the MS and was

used for structure confirmation and quantification by MS.

The exact mass and isotope pattern were analyzed using Sciex OS v1.5. MS/MS scans were
acquired in product ion scan mode and matched to three commonly used spectral libraries: NIST
2017, the MassBank of North America (MoNA) and mzCloud. NIST 2017 was searched in Sciex OS
1.5 by a candidate search. MoNA (https://mona.fiehnlab.ucdavis.edu) and mzCloud
(https://www.mzcloud.org) were searched via the web interface. The mass tolerance of the
spectral search was set at 0.01 Dalton. When this mass tolerance did not result in a confident hit,
the mass tolerance was increased to 0.3 Dalton. Features that did not result in a confident library
hit were evaluated further by searching their elemental composition in the Dictionary of Natural
products (DNP, dnp.chemnetbase.com). The standards of the proposed structures were used for
structure confirmation by comparing the retention time and MS/MS spectra of the standard and

feature.

The original concentration of the identified compounds in soy sauce were determined by means
of standard addition. Known concentrations of the standards were spiked to soy sauce at seven
different levels (C1-C7). C7 was the highest calibration concentration and contained all the
standards at relevant concentrations. The subsequent calibration levels were all 1:1 dilutions of
the previous calibration point. Calibration samples were prepared by mixing 10 uL soy sauce, 10
pL calibration standards and 80 pL H;0. CO represented the non-spiked soy sauce and was
prepared by replacing the calibration standards by H,0. In order to construct a calibration line,
the peak area obtained by analysis of the calibration samples was plotted against the

concentration of the calibration standards. The original concentration of the identified
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compounds was determined by dividing the intercept of the calibration line by the slope of the

calibration line.

NMR analysis

1D and 2D NMR spectra were recorded on 600 MHz NMR spectrometers equipped with
cryoprobes suitable for sample tube diameters of 1.7 (TCI MicroCryoProbe) and 5 mm (TCI
CryoProbe). In both cases samples were measured in 1.7 mm (30 pl) sample tubes. The pulse
sequences for the 2D heteronuclear single quantum coherence (HSQC), total correlation
spectroscopy (TOCSY), double quantum filtered homonuclear correlation spectroscopy (DQF
COSY) and heteronuclear multiple-bond correlation spectroscopy (HMBC) experiments were
taken from the Bruker library. 1D 1H NMR spectra were deconvoluted with the CHENOMX

software.

The concentration of the identified compounds in the final fraction and the total proton
concentration in non-fractionated soy sauce and the final fraction were determined using the
Pulse Length-based Concentration determination (PULCON) methodology8 on a Bruker 600 MHz
NMR spectrometer equipped with an Avance [I HD console and a 5 mm TCI CryoProbe probehead.
PULCON is an external method in which the absolute intensities in two different one-dimensional
NMR spectra are correlated based on the principle of reciprocity.192021 Based on this principle, the
90° pulse length is inversely proportional to the NMR signal strength for a sample in a given r.f.
coil. Therefore, if the concentration of a reference (ref) sample is known and the 90° pulse is
precisely calibrated, the unknown concentration (U) of each analyte can be obtained using the

following formula:

AUTUGgOnref

Cu = Klrer ArefTrefgggfnU

A indicates the integral over the resonances, T, the sample temperature in Kelvin, 890, the 90°
pulse length, and n, the number of transients used for the measurement of the reference and the
unknown sample. The correction factor k stands for any differences between the experiments
such as incomplete relaxation or different receiver gains which results in variation in signal
intensities of the reference and the analyte. The equation is valid when the experiments are
performed with the same NMR probe, which is properly tuned and matched to the same amplifier.
Trimethylsilylpropanoic acid (TSP) at a concentration of 11.6 mM was used as an external
reference. For quantification measurements, each 1D 1H NMR experiment was recorded with a
27-second relaxation delay and 128 number of scans at 300K. For each fraction, 90° pulse length
was calibrated individually. For quantification purposes, all spectra were manually phase and

baseline corrected and integral regions were set manually. The quantification of the identified
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compounds in the final fraction was based on manual integration of assigned and non-overlapping
signals. The proton purity of the final fractions and non-fractionated soy sauce were defined as
the ratio between the proton concentration of the identified compounds and the total proton
concentration excluding the water peak. The concentrations of the identified compounds in non-
fractionated soy sauce were determined by mass spectrometry as described in the previous

section. The other concentrations were determined by PULCON.

[H!|identified compound
[H1]total

Proton purity (soy sauce/final fraction) =

Identification workflow

The identification workflow is depicted in Figure 1. The workflow started with m/z and retention
time features in a biological matrix that correlated with a certain effect. (1) The complex matrix
was fractionated using the first dimension chromatography (RP low pH). Ten injections of 100 pL
were fractionated resulting in a total fraction volume of 7 mL. (2) 10 pL of the first dimension
fractions was analyzed using the first dimension fractionation coupled to mass spectrometry. The
fraction containing the highest abundance of the feature was selected and evaluated for remaining
impurities. (3) 50 uL of the selected first dimension fractions was analyzed using the second
dimension chromatography (HILIC and RP high pH) coupled to mass spectrometry. The
orthogonality of the second dimension was evaluated based on the separation between the feature
and remaining impurities. The chromatography phase that resulted in the most efficient isolation
of the features was selected for further purification. (4) The selected first dimension fractions
were freeze-dried and reconstituted in 300 pL of mobile phase A (RP high pH) or 50/50 (v/v)
acetonitrile/water (HILIC). Two injections 100 pL were fractionated using the selected second
dimension chromatography resulting in a total fraction volume of 1.4 mL. (5) 10 pL of the second
dimension fractions was analyzed using the second dimension fractionation coupled to mass
spectrometry. The features were identified by mass spectrometry and feature-containing
fractions were selected. (6) The proposed structure was confirmed by MS by comparing the
standard with the feature in the full biological matrix using the analytical chromatography method
coupled to mass spectrometry. (7) The selected second dimension fractions were evaporated and
reconstituted in 40 pL D0 for NMR analysis reaching a maximum concentration factor of 17. The
proposed structure was confirmed by NMR by comparing the standard with the purified feature

after the second chromatography dimension.

Complex food application

In an inhouse study performed at Unilever, we have found five retention time and m/z features
that were strong predictors for the sensory scores of fermented soybean flavour (Figure S1 in the

supplementary information). These features were measured by reversed phase LC-MS wherein in
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Figure 1. The MS/NMR-based identification workflow.

total 622 features were found (method can be found in Table S1 in the supplementrary
information). The soy sauce with the strongest fermented soybean flavour according to the partial
least squares (PLS) model was selected for the identification workflow. This particluar soy sauce

demonstrated the highest abundance of the five taste-related features.

RESULTS AND DISCUSSION

In this study, we aimed for structure identification of retention time and m/z features followed by
structure confirmation by two complementary techniques: mass spectrometry (MS) and nuclear
magnetic resonance (NMR). Because of the high complexity of complex samples and the low
apparent concentration of some unknown compounds, a thorough fractionation procedure was
often required in order to yield clean and concentrated fractions for NMR analysis. A directed two-
dimensional chromatography is used to tailor the fractionation procedure per individual feature.

The contaminants that are present after the first dimension chromatography were used to select
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the most orthogonal chromatography for the second dimension. This resulted in an efficient

isolation procedure that is adjustable to different features and sample matrices.

Sample fractionation

We have applied the identification platform that is depicted in Figure 1 to isolate five features in
soy sauce. The fractionation procedure is demonstrated by an example (feature A) in Figure 2.
After the first dimension chromatography, the mass spectrum of the feature-containing fraction
was compared with a blank fraction. The comparison with a blank fraction demonstrated which
peaks resulted from the mobile phase and which peaks resulted from the fraction itself. M/z peaks
present in the blank were attributed to the mobile phase and other m/z peaks were selected as
undesired contaminants from soy sauce. Thereafter, the fractions were injected into the second
dimension chromatography methods, i.e. fractionation reversed phase high pH (RP high pH) and
fractionation HILIC. The m/z values of the feature of interest as well as the contaminants were
extracted in order to assess the orthogonality of the second dimension. The method that resulted

in the cleanest separation of the feature from the contaminants was selected for further

fractionation.
A Contaminant selection in 1°* dimension fraction C Contaminants in 2" dimension fraction
z Tic > TIC — Blank fraction
G 2
] 2 — Feature fraction
t g
. ‘ 2
= T T T v T o
0.0 25 5.0 7.5 10.0 125 = | T T T T T
" 0.0 25 5.0 7.5 10.0 125
Retention time (min)
Mass spectrum Mass spectrum Retention time (min)

MS Intensity
MS intensity

50 150 250 350 450
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B \J Orthogonality of 2" dimension chromatography I
RP low pH RP high pH HILIC — Contaminants
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z
B
g
£
(%]
) M&

T T T T 1 r T wA 1

2 4 6 0 2 4 6 0 2 4 6

Retention time (min) Retention time (min) Retention time (min)

Figure 2. The fractionation workflow of feature A. (1) The mass spectrum (ranging over the grey
area) of the feature-containing and blank fraction measured in the first dimension. M/z values that
are present in the fraction next to the feature are selected as contaminants. (2) The orthogonality of
the second dimension chromatography methods is assessed by extracting the feature and
contaminant m/z values. (3) Contamination of the feature-containing fraction is assessed after the

second dimension chromatography.
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An overview of the identified features is provided in Table 1 and the orthogonality assessment is
shown in Figure S2 of the supplementary information. As Figure S2 shows, the fractions obtained
after the first dimension still contained highly abundant contaminants (represented by the red MS
signals). Therefore, the purity of these fractions could still be improved by adding a second
dimension chromatography step. For feature A, HILIC was selected for further purification as
feature A clearly demonstrated the least overlap with the contaminants in this method. RP high
pH was selected as the second dimension for feature B and E because of similar reasons. HILIC and
RP high pH both demonstrated a powerful cleanup efficiency for feature C, as both methods
resulted in little to no overlap with the contaminants. In this case, the selection of the second
dimension was based on peak shape, which was substantially better in the RP high pH method.
Smaller peak widths are beneficial for fractionation as it allows for a higher yield of the feature
per fraction. Although fractions could have been collected over alonger time, we tried to minimize
the collection time per fraction as much as possible. The chance of contaminant introduction into
the fraction increases with the collection time. Even if the chromatogram looks clean around the
feature of interest, undetected contaminants (neutral and /or negatively charged compounds) can
still be present and possibly interfere with the NMR analysis. The second dimension fractionation
of feature D demonstrated that not only contaminants of other masses but also isomeric
contaminants should be taken into account. For this feature, RP high pH was able to separate three
peaks for the feature mass whereas with HILIC they eluted as one. Isomeric contaminants may
interfere with NMR structure confirmation to a greater extent than other contaminants because

of the high chemical similarity.

The use of one-dimensional chromatography for compound fractionation is well studied and
common practice in structural elucidation using NMR.2223 However, as demonstrated by our
results, one-dimensional chromatography fractionation still leaves highly abundant contaminants
in the purified fractions. Second dimension chromatography ideally provides orthogonality to the
first dimension resulting in cleaner fractions. The majority of our results demonstrated that the

combination of RP low pH and RP high pH resulted in the most efficient fractionation. This is in

Table 1. Overview of the identified features.

Feature ID A B C D E
Mass (m/z) 155.082 195.113 199.108 211.14 245.13
Soy conc. (mM) 0.02 0.2 0.02 0.08 0.02
2nd dimension HILIC RP highpH RPhighpH RPhighpH  RP highpH
Library DNP DNP MoNA MoNA MoNA
Cyclo Pro-Gly Pro-Pro Pro-Thr Pro-Leu Pro-Phe
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accordance to a study of Gilar et al, in which was demonstrated that the highest peak capacity was
obtained by two RP chromatography methods that used significantly different pH conditions.24
However, the combination of RP low pH and RP high pH resulted in very little orthogonality for
feature A, which highly benefitted from the combination of RP low pH and HILIC. Although
orthogonality between two chromatography sorbents types may have been proven, orthogonality
is still highly dependent on the chemistry of the targeted compounds.25 This is emphasized in our
work because different first dimension fractions required different second dimension

chromatography methods.

MS identification and structure confirmation

The MS/MS spectra of the soy features were uploaded to three commonly used spectral libraries.
The confidence of the library hits was assessed by two criteria. Firstly, the elemental composition
of the library precursor ion had to be similar to the elemental composition suggested by the exact
mass and isotope pattern of the soy feature. Secondly, the product ion m/z values found in the
library hit had to be present in the soy feature MS/MS spectra. A library hit was labeled as
confident when it met the previously described criteria whereas a library hit was labeled as poor
when it met one or none of the criteria. The search in the NIST 2017 library did not result in any
library hit. The search in the mzCloud library resulted in poor library hits. The search in the MoNA
library resulted in three confident hits, i.e. cyclo(Pro-Thr), cyclo(Pro-Leu) and cyclo(Pro-Phe) for

feature C, D and E, respectively.

The experimental MS/MS spectra of two features (A and B) did either result in no library hit or
poor library hits. Therefore, their elemental composition was searched in the dictionary of natural
products, which resulted in a list of potential candidates. Thereafter, all experimental MS/MS
spectra were compared and evaluated for the presence of known substructures, which is common
practice in metabolite identification.26 All experimental MS/MS spectra contained the fragment
70.07 m/z, which is the immonium ion for proline.2” The three features that could be matched
using the MoNA spectral library indeed contained a proline amino acid in addition to another
amino acid in a 2,5-diketopiperazine structure. Since the MS/MS spectra of the other two features
also contained the characteristic fragment 70.07 m/z, it was hypothesized that these features also
contained a proline amino acid. The molecular formula search in the dictionary of natural

products revealed proline-based structures for the two remaining features.

The five suggested dipeptides were purchased, measured and compared with the soy features.
Figure S3 in the supplementary information demonstrates that the MS/MS spectra of the
standards and soy features overlap. The highest abundant product ions of the standards were all
found in the MS/MS spectra of the soy features. Some additional product ions that were found in

the soy MS/MS spectra were most likely caused by impurities. Since soy sauce is a complex matrix,
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it can be expected that some coeluting precursor ions with a similar nominal mass pass through
the Q1 filter in addition to the studied feature. The structures of the identified features are

depicted in Figure 3.

NMR structure confirmation and quantification of purified fractions

For all the purified soy features and dipeptide standards, two-dimensional homo- (DQCOSY,
TOCSY) and heteronuclear (HSQC, HMBC) NMR spectra were recorded. An overview of the 1H and
13C NMR signal assignments is given in Table 2. The soy features were of sufficient purity and
concentration to recognize the typical tH TOCSY NMR spin patterns of the amino acids present in
the suggested dipeptides.28 For several dipeptides the tH NMR spectral assignments could be
complemented with assignments of 13C NMR resonances. These assignments were all in the
expected regions. The 'H NMR signals of the standards were identical to the ones identified in the

fractions (see Table S2 in the supplementary information).

The overlaid 2D 1H-1H COSY spectra of feature B (blue) and cyclo(Pro-Pro) (red) are presented in
Figure 4. The data illustrates that the concentration of the features in the complex mixture is
sufficient for the recording of 2D spectra with a small volume MicroCryoProbe optimized for mass
sensitivity. It also shows that the resonances of the soy feature and the dipeptide standard are
identical, thus confirming the spectral assignments for cyclo(Pro-Pro) in Table 2. Moreover, the
majority of the correlations in the spectra of the fraction were arising from cyclo(Pro-Pro)
indicating the high purity of the fraction. For the other features, spectral assignments were also
performed by the 2D 1H-1H COSY spectra of the corresponding dipeptide (see supplementary

information Figure S4).

Figure 5 presents the 1D spectra of feature B. The non-overlapping resonances of cyclo(Pro-Pro)
between 2.25-2.37 ppm, 3.41-3.60 ppm and 4.40-4.48 ppm were used for quantification. The
number of underlying protons was accounted for and thus a concentration of 0.6 mM was
determined, as it is stated in Figure 5. In a similar manner, the other purified soy features were

quantified. The results are summarized in Table 2.

o o CH, o o
HC
N N HO N N N
HN, N HN CH HN HN
o o
A: Cyclo(Pro-Gly) B: Cyclo(Pro-Pro) C: Cyclo(Pro-Thr) D: Cyclo(Pro-Pro) E: Cyclo(Pro-Phe)

Figure 3. Structural formulas of identified features. No chirality is indicated and it is assumed that

only L-amino acids are present.
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Table 2. The concentration and the mass of the dipeptides in the final fractions, the

ratio between the final fractions and non-fractionated soy sauce with regards to

concentration (dipeptide concentration final fraction/soy sauce) and proton purity

(dipeptide proton purity final fraction/soy sauce) and 1H/13C NMR assignments of soy

features by spectral comparison with the dipeptide standards. *The signals of

cyclo(Pro-Pro) appeared twice as high with respect to the other dipeptides because of

the symmetry. This was taken into account during the quantification.

Cyclo Pro-Gly Pro-Pro Pro-Thr  Pro-Leu Pro-Phe
Conc. (mM) 0.3 0.6* 0.05 0.3 0.1
Final fraction
Mass (pg) 1.7 4.7* 0.4 2.5 1.2
Conc. 15 3 3 4 5
Final fraction
—— | Proton purity
Soy sauce 13 5 8 1 16
(102)
Nuclei analysis 3C 1H 13C 1H BC H 1BC H 13C IH
3.89
Ca 56.6 63 4.15 56.6 4.29 59.2 4.59
418
1.65 3.13
C1 68.8 4.45 40.6 40.2
1.83 3.28
C2
Other
C3 26.8 1.81
Amino
C4
acid
Me; 21.2 1.31 23.9 092
Me; 249 0.94
d1 1329 7.22
D2 131.5 7.39
@3 130.2 7.32
(C=0) C1 -- 433 635 443 61.6 430 - 434 - 406
- 196 2.00 191 - 197 - 079
C2 30 30.9
2.34 2.31 2.35 2.33 2.01
Proline - 196 2.00 199 244 197 --
C3 25.5 24.5 1.76
2.07 2.09 208 -- 209
- 3.56 3.66 - 334
NH-C4 3.55 48.0 48.1 3.56
3.47 3.51 3.5
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Compared with soy sauce (Table 1), the concentrations of the dipeptides in the final fractions
(Table 2) increased by a factor of 6, on average. Moreover, this increase in concentration was
accompanied by a substantial removal of the background signals. In comparison with soy sauce,
the proton purity improved by a factor of three orders of magnitude, on average, in the final
fractions. The cleanup efficiency of our platform is also emphasized by the decreased complexity
of the NMR spectra of the final fractions in comparison with the NMR spectrum of non-
fractionated soy sauce (see supplementary information Figure S5). This enabled the recording of
high quality 2D NMR spectra in a MicroCryoProbe (1.7 mm sample tubes), optimized for mass
sensitivity in small (30 pl) volumes. When the 1.7 mm sample tubes were measured in a
conventional 5 mm Cryoprobe, the sensitivity was sufficient for recording high quality 1D NMR

spectra which allowed for accurate quantification.

Despite the increase in concentration, the dipeptides were not fully recovered. From the
maximum concentration factor of 17, 15-88% was actually achieved. This can be explained by the
fraction collection procedure in which the collection vial was switched every 0.35 minutes. When
a dipeptide was eluting during the switching time, this dipeptide was collected into multiple
fractions. Eventually, the fraction containing the highest abundance of the dipeptide was selected
for further purification aiming for the highest analyte/impurity ratio. This resulted in the loss of
the dipeptide that ended up in a non-selected fraction. The purification of Cyclo(Pro-Gly) did not
suffer substantial losses as the concentration factor of 15 was close to the maximum factor. This
dipeptide was mostly fractionated into one fraction instead of multiple. Although the dipeptides
were not full recovered, the fractionation still allowed for a higher concentration in the final
fraction as compared to the original concentration in the investigated soy sauce. This emphasizes
the power of off-line fractionation prior to NMR analysis, because it enables the up-concentration
of purified fractions after the chromatographic separation. In on-line LC-NMR applications,
compounds would be diluted because of the mobile phase flow and diffusion caused by the
considerable amount of post-column tubing.2° This problem can be overcome by the use of an SPE
trapping prior to the NMR analysis. However, an LC-SPE-NMR platform often results in a tedious
analytical setup and method optimization and lacks efficiency for highly polar compounds.3?
Besides, pure and concentrated fractions, which are quantified by NMR, can be used to construct
calibration curves using LC-MS and quantify unknown features in the original sample when
authentic standards are unavailable.3132 This makes our identification platform suitable for de

novo identification with subsequent quantification.

2,5-diketopiperazines and taste

Soy sauce is a popular seasoning that is used particularly in Chinese and Southeast Asian cuisines.

It mainly delivers a salty and umami taste, but also adds a characteristic flavour. Amino acids,
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sugars, organic acids and minerals are considered as main taste components of soy sauce.3334
Since soy sauce is a fermented product, studies have focused on protein degradation and thus
several taste-active amino acids and peptides have already been identified.35 However, there are

still many unknown molecules that provide the typcial flavour of soy sauce.

We have identified five taste-related cyclic dipeptides, 2,5-diketopiperazines (2,5-DKPs), that
derive from proline condensation reactions. 2,5-DKPs can be produced through proteolysis of
microorganisms during fermentation or cyclization of linear peptides due to thermal processing.3¢
Especially proline-based 2,5-DKPs are produced in both heated and fermented foods. Since soy
sauce production involves both heating and fermentation, it can be expected that these particular
cyclic dipeptides are present in soy sauce. 2,5-DKPs are often found in food and beverages and
have shown to be key inducers of bitter taste.3” In addition, hydrophobic peptides that contain
proline have been associated with bitter sensations, because proline-peptides favour binding to
the bitter taste receptor.38 Although 2,5-DKPs have mostly been linked to bitter taste, these
compounds have also been linked to umami taste to a lesser extent.3” Moreover, Zhu et al. showed
that bitter-tasting linear peptides were able to significantly enhance umami taste in the presence
of soy sauce and monosodium glutamate.3? Since cyclic dipeptides generally have a stronger bitter
taste in comparison with linear peptides3’, it can be hypothesized that the synergistic effect on
umami taste is also stronger. This might explain the correlation between the concentration of
proline-based 2,5-DKPs and the taste experience of soy sauce. However, more research is needed
to prove this effect. In summary, proline-based 2,5-DKPs may affect bitterness and indirectly

enhance umami perception in soy sauce.

CONCLUSIONS

The unambiguous identification of unknown compounds remains one of the most challenging
aspects of metabolomics. The combination of two highly complementary techniques, however, can
drastically increase the confidence of structure annotations. In addition, when the spectral
matching of MS data does not result in a library hit (e.g. compound has not been identified before
or does not fragment), NMR is crucial for de-novo structure elucidation. Therefore, we have
developed a workflow for metabolite identification combining NMR and MS. A comprehensive
fractionation method was developed to purify five taste-related unknowns from soy sauce to
allow for the NMR analysis of m/z and retention time features from a complex sample. The
directed two-dimensional fractionation demonstrated that different second dimension
chromatography types were needed in order to isolate the unknown compound from other matrix
components. The use of a one-dimensional or a fixed two-dimensional fractionation would have

resulted in a less efficient purification. The purified fractions were clean and concentrated enough
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to allow for metabolite identification by MS and structure confirmation by MS and NMR. Although
the current study presents the identification of unknown compounds in soy sauce, the developed
method is not limited to this particular sample type. The evaluation of impurities and unknown
compounds between the first and second dimension ensures that this methodology can account
for differences in sample matrices. Each first dimension fraction will benefit from the most
orthogonal second dimension chromatography in order to remove remaining impurities. If
needed, it is also possible to extend the number of second dimension chromatography types to
push the versatility of the fractionation even more. In our study, however, the use of only two
different second dimension chromatography types was already sufficient to successfully identify
five unknown compounds. All taste-related soy features were identified as proline-based 2,5-
diketopiperazines (2,5-DKPs). These compounds are generally known to affect bitterness of food
products. Moreover, bitter tasting peptides have been shown to enhance umami perception in soy
sauce as well. More research should be conducted to prove that this is also the case for proline-

based 2,5-diketopiperazines.
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Figure S1. PLS-model predicting the average sensory scores of fermented soybean flavour from five
unknown features measured amongst 617 features by LC-MS-based global profiling (method can be
found in Table S1). The sensory scores were evaluated by a trained sensory panel. The model was
calculated on one principal component and with 7-fold cross-validation using SIMCA (version 15.02.
Sartorius Stedim Biotech, Uméa, Sweden). Panel A) shows the actual versus predicted sensory scores
of fermented soybean flavour. The sensory scores were evaluated from bouillons to which 10 different
commercially available soy sauces were added at three different relative concentrations. The color
indicates the soy sauce; black is the reference sample to which no soy sauce was added. The labels
indicate the soy sauce concentrations. Panel B) shows the predictability of the PLS-model (Q?=0.682)
when compared to f 900 permutation tests (Q?< 0.3), demonstrating that the PLS-model is
statistically significant. Panel C) is the variable of importance plot indicating the ranked contribution
of the five unknown features of the model. Panel D) is the coefficient plot, showing that the five
unknown features positively contribute to the prediction. The soy sauce S04 was used in this study

for metabolite identification.
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Table S1. The LC-MS-based global profiling gradient performed on an ACCQ-TAG ULTRA
C18 column (1.7 pm, 2.1 x 100 mm). Mobile phase A an B consisted of 2% formic acid in
water and acetonitrile, respectively, the injection volume was 5 pL and the MS was set at

positive polarity.

Time (min) Mobile phase B (%) Curve Flow rate (mL/min)
0.0 0.2 - 0.7
7.0 20.0 7 0.7
7.5 60.0 6 0.7
7.6 95.0 6 0.7
8.5 95.0 6 0.7
8.6 0.2 6 0.7
10.5 0.2 6 0.7
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Figure S2. Orthogonality of RP high pH and HILIC for features A-E. The extracted ion chromatograms
of the features and the contaminants are depicted in blue and red, respectively. All separations are

performed on the fractionation chromatography methods.
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_ Feature B: 195.115 m/z
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Figure §3. The MS/MS spectra and retention time (RT) of features A-E and the suggested cyclic

dipeptide standard. The analytical reversed phase low pH method was used for the analysis.
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Feature C and cyclo(Pro-Thr)
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Feature E: 245.130 m/z
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Figure S4. 2D 1H-1H COSY spectra of the second dimension fractions in blue overlaid with the

dipeptide standards in red.
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Feature C and Cylo(Pro-Thr)
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Table S2. Overview of 1H/13C NMR assignments of dipeptides standards.

Cyclo Pro-Gly Pro-Pro Pro-Thr Pro-Leu Pro-Phe
Nuclei analysis B¢ H B¢ H B¢ IH B¢ 'H Bc H
Ca 48.3 iiz 63 415 56.2 4.28 59.2 4.58
3.12
C1 68.8 4.45 40.6 1.65 40.7 308
Cc2
2::;; c3 268 181
acid &
Me; 21.3 1.33 235 0.92
Me, 25.1 0.94
o1 132.8 7.21
02 131.5 7.38
o3 130.8 7.34
(C=0)C1 615 433 63.7 443 61.6 43 619 433 62 4.06
1.96 2 1.93 1.96 0.79
Cc2 30.08 534 30 531 31 535 30.5 534 30.06 501
Proline 24.7 1.96 2 1.96 1.96 1.76
Cc3 5 08 25.6 5 08 24.6 5 06 24.6 5 08 23.7
3.56 3.56 3.65 3.34
NH-C4 48.2 48.2 346 48 35 48.1 3.56 47.8 35
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Figure S5. 1H NMR spectrum of non-fractionated soy sauce
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