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Abstract Modified nucleosides derived from the RNA me-
tabolism constitute an important chemical class, which are
discussed as potential biomarkers in the detection of mamma-
lian breast cancer. Not only the variability of modifications,
but also the complexity of biological matrices such as urinary
samples poses challenges in the analysis of modified nucleo-
sides. In the present work, a comprehensive two-dimensional
liquid chromatography mass spectrometry (2D-LC-MS) ap-
proach for the analysis of modified nucleosides in biological
samples was established. For prepurification of urinary sam-
ples and cell culture supernatants, we performed a cis-diol
specific affinity chromatography using boronate-derivatized
polyacrylamide gel. In order to establish a 2D-LC method,
we tested numerous column combinations and chromato-
graphic conditions. In order to determine the target com-
pounds, we coupled the 2D-LC setup to a triple quadrupole
mass spectrometer performing full scans, neutral loss scans,
and multiple reaction monitoring (MRM). The combination of
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a Zorbax Eclipse Plus C18 column with a Zorbax Bonus-RP
column was found to deliver a high degree of orthogonality
and adequate separation. By application of 2D-LC-MS ap-
proaches, we were able to detect 28 target compounds from
RNA metabolism and crosslinked pathways in urinary sam-
ples and 26 target compounds in cell culture supernatants,
respectively. This is the first demonstration of the applicability
and benefit of 2D-LC-MS for the targeted metabolome anal-
ysis of modified nucleosides and compounds from crosslinked
pathways in different biological matrices.
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Introduction

Breast cancer is the most frequently diagnosed type of cancer and
the leading cause of death by cancer among females. Twenty-
three percent of all cancer cases are breast cancer cases and 14 %
of all deaths by cancer can be traced back to breast cancer [1].

Besides the analysis of genomic and proteomic profiles, the
understanding of biochemical processes based on metabolites
is picked out as a central theme in order to find characteristic
biomarkers for breast cancer. Tumor markers can be produced
by cancer cells or by healthy cells as a reaction to the disease.
These markers can be single-protein-, RNA-, DNA-based
markers as well as a molecular signature consisting of multiple
compounds [2]. Regarding this, a metabolic signature of mod-
ified nucleosides has been suggested as potential biomarkers
for the early diagnosis of human breast cancer [3, 4].

The altered RNA metabolism of cancer cells results in ele-
vated excretion levels of modified nucleosides in different bio-
logical fluids. It has been reported that especially the tRNA
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turnover rate in tumor tissue exceeds the tRNA turnover rate in
normal tissue resulting in rapid degradation and excretion of
modified nucleosides [5]. As an explanation for differences of
base composition in tumor tRNA, numerous reasons have been
discussed, such as changes in tRNA concentration, presence of
tRNA with altered sequences and aberrant modifications [6].
Regarding this phenomenon, biological matrices, e.g., urine
[4, 7, 8] have been analyzed in order to find preferably specific
and sensitive biomarkers for the early diagnosis of breast cancer.

In the nucleolus, RNA can be modified posttranscriptionally
by several enzymes resulting in a diversity of modifications [9].
Modified RNA is degraded to modified nucleosides in the cy-
toplasm. The unmodified nucleosides adenosine, guanosine, uri-
dine, and cytidine can be recycled in the salvage pathway and
returned into the nucleus or can be excreted. Due to the lack of
specific kinases for the synthesis of modified nucleoside triphos-
phates in mammalian cells, modified nucleosides do not enter
the salvage pathway for RNA rebuilding and therefore they are
excreted quantitatively as metabolic endproducts. Consequently,
the insertion of modified nucleoside triphosphates into inappro-
priate positions in tRNA or rRNA is avoided [10].

Urine is one of the most commonly used and chemically
complex biofluids containing typical metabolic breakdown
products [11]. The application of urinary samples for the de-
tection of a metabolic signature as biomarker for breast cancer
would be beneficial because this would permit the develop-
ment of a non-invasive diagnostic tool. Due to the high com-
plexity of the biological matrices, we intended to establish a
2D-LC method being able to increase the peak capacity and
therefore minimize the ion suppression effects of the matrix.

Nucleosides have been analyzed by numerous methods be-
fore, e.g., high performance liquid chromatography (HPLC)
coupled to time of flight (TOF) MS via electrospray ionization
(ESI) [3], capillary electrophoresis (CE) TOF MS [12], liquid
chromatography (LC) ion trap (IT) MS [13], LC-ESI-MS [14,
15], ESI Fourier transform ion cyclotron resonance (FTICR) MS
[4] or matrix assisted laser desorption/ionization (MALDI) TOF-
MS [16, 17]. LC-ESI-MS provides a highly sensitive and selec-
tive analytical technique with a soft ionization technique, but has
shown to be susceptible to matrix signal suppression effects [18].

Numerous investigations have been made leading to a bet-
ter understanding of the molecular mechanism of electrospray
ionization as well as matrix and analyte effects in electrospray
ionization [19, 20].

Since metabolomics often deals with distinguishing marks
between two different biological states there is a need for im-
provement regarding the analysis of target compounds in diffi-
cult biological matrices. The complexity and high dynamic
range of metabolite concentrations pose the challenge of quali-
tative and quantitative analysis. Therefore, a highly effective
chromatographic separation is mandatory. The use of two-
dimensional (2D)-LC may be an effective alternative to carry
out the analysis of modified nucleosides in complex samples.
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There are two general criteria in multidimensional separa-
tions that have been postulated by Giddings [21]. The first
criterion is that components are subjected to two or more large-
ly independent separative dimensions. The second is that the
separation must be structured such that whenever two compo-
nents are adequately resolved in any one displacement step,
they will generally remain resolved throughout the process.

2D-LC can be classified into two basic techniques: In com-
prehensive 2D-LC, the whole effluent from the first dimen-
sion is transferred onto the second dimension, using a dedi-
cated switching valve and running ultrashort gradients. In
heart-cutting 2D-LC, only one or two cuts from the first di-
mension effluent are transferred onto the second dimension
with longer gradients than in comprehensive 2D-LC [22].

Erni and Frei [23] executed a 2D-LC approach for the first
time in 1978. It has been shown that online 2D-LC approaches
coupled to MS can be applied for analysis of different structural
classes in biological samples [24-26]. The implementation of
an orthogonal second dimension separation can increase peak
capacity in complex mixtures resulting in the product of peak
capacities of the first and second dimension separation [27].
The concept of peak capacity was introduced by Giddings in
1967 [28]. To maximize the separation utilizing the multiplica-
tive behavior of the peak capacities of the first and second
dimension, the column separation mechanisms should be as
orthogonal as possible. Orthogonality is generally understood
as the independency of two separation mechanisms [22]. This
challenge can be mastered either by generally different analyt-
ical techniques, e.g., standard HPLC and GC-MS or HPLC and
SFC, but also by different LC systems, consisting of stationary
and mobile phase. Li et al. have shown that a continuously
shifted gradient can be beneficial in analysis of complex sam-
ples using comprehensive 2D-LC because of the combination
of the peak compression effect of full gradient mode and the
tailed gradient program in parallel gradient mode [29].

The aim of this work was to develop a 2D-LC-MS
method for the detection of compounds from RNA metab-
olism and crosslinked pathways. In the course of this
targeted metabolomics approach, different biological matri-
ces with complex structural composition should be inves-
tigated. The peak capacity and orthogonality of the two
chromatographic separations should be maximized in order
to separate not only co-eluting matrix components from
target substances but also target substances themselves.

Materials and methods
Chemicals
Methanol and acetonitrile (LC-MS grade, Carl Roth GmbH &

CO, Karlsruhe, Germany), ultrapure water prepared from
Purelab Ultra laboratory water purification system (Elga



Metabolome analysis via comprehensive 2D-LC-MS

3557

LabWater, Celle, Germany) and analytical-grade formic acid
(FA) (Carl Roth GmbH & CO, Karlsruhe, Germany) for 2D-
LC analysis were used. Ammonium acetate (VWR international,
Darmstadt, Germany), sodium chloride (Carl Roth GmbH &
CO, Karlsruhe, Germany), and boronate-derivatized polyacryl-
amide gel (Biorad, Richmond, USA) were used for affinity chro-
matography. Inosine, adenosine, N*-acetylcytidine, uridine, 5,6-
dihydrouridine, 5-aminoimidazol-4-carboxamid 1-(3-D-
ribofuranosid, 5-methyluridine, 1-methyladenosine, NS-
methyladenosine, 1-methylguanosine, N*-methylguanosine, 5-
desoxy-5-methylthioadenosine, xanthosine dihydrate, and nucle-
oside test mix were purchased from Sigma-Aldrich (Munich,
Germany). Pseudouridine and isoguanosine were purchased
from Carbosynth (Berkshire, UK). N?,N?,7-trimethylguanosine
was purchased from Biolog (Bremen, Germany).

Cell culture and culture conditions

The starting culture of the breast cancer cell line MCF-7 was
kindly donated by Prof. Stickeler of University Hospital
Freiburg, Germany. MCF-7 was grown in RPMI 1640 (Life
Technologies, Darmstadt, Germany)/10 % Newborn Calf
Serum (Life Technologies, Darmstadt, Germany)/1 %
penicillin/streptomycin (Life Technologies, Darmstadt,
Germany)/1 % HEPES (Life Technologies, Darmstadt,
Germany). The starting culture of the reference cell line
MCF-10A was provided by Gillian Lehrbach and Roger
Daly, Garvan Institute of Medical Research, Sydney. MCF-
10A was grown in DMEM F12 (PAN-Biotech GmbH,
Aidenbach, Germany)/5 % horse serum (PAA, Colbe,
Germany)/1 % glutamine (PAN-Biotech GmbH, Aidenbach,
Germany)/l % HEPES (PAN-Biotech GmbH, Aidenbach,
Germany)/l % penicillin/streptomycin (PAN-Biotech
GmbH, Aidenbach, Germany)/250 pg hydrocortisone
(Sigma-Aldrich, Munich, Germany)/50 pg cholera toxin
(Sigma-Aldrich, Munich, Germany)/10 pg epidermal growth
factor (R&D Systems, Wiesbaden-Nordenstadt, Germany)/
4.858 mg insulin (Novo Nordisk Pharma GmbH, Mainz,
Germany). Cells were seeded in 75 cm? plastic flasks
(Greiner Bio One GmbH, Frickenhausen, Germany) and
grown at 37 °C/5 % CO,. After reaching confluence, cells
were washed with 8 mL 1x PBS (Life Technologies,
Darmstadt, Germany) twice and incubated with 5 mL 1x
trypsin/EDTA (Life Technologies, Darmstadt, Germany) at
37 °C/5 % CO,. Trypsin triggered detachment of adherently
growing cells was stopped by adding medium with serum. To
check the cell viability 10 pL cell suspension was mixed with
40 uL Trypan Blue solution, consisting of 0.5 % Trypan Blue
(Sigma-Aldrich, Munich, Germany) and 0.9 % NaCl in
double-distilled water, and incubated for 5 min at 37 °C/5 %
CO,. The number of living cells was averaged using a
Neubauer counting chamber under a light microscope.
Subsequently, cells were centrifuged (400g, 5 min, 4 °C) in

order to remove the serum-containing medium. Afterwards,
defined numbers of cells were seeded in three flasks for each
cell line using the proper media containing additives without
serum (sera contain nucleosides and individual components).
After four days of incubation (37 °C/5 % CO,) the supernatant
was collected and centrifuged (1000g, 10 min, 4 °C) to re-
move cell debris. The supernatant was stored at —20 °C.

Extraction of cis-diols

Following the method from Liebich et al. [30], cis-diol-spe-
cific affinity chromatography applying boronate-derivatized
polyacrylamide gel was used to purify the samples before
2D-LC analysis. Urinary samples of healthy volunteers
(20 mL) were spiked with 200 uL of an internal standard
solution (0.25 mM isoguanosine), alkalized to pH 8.8 with
ammonia solution and put on a column (column volume,
200 mL; column diameter, 15 mm) with 500 mg boronate-
derivatized polyacrylamide gel. Washing was achieved with
25 mL ammonium acetate solution (0.25 M, pH 8.8) and 6 mL
methanol/water (1:1, v/v). The cis-diols were eluted with
20 mL 0.2 M formic acid in methanol/water (1:1, v/v). In case
of cell culture supernatants, 50-mL samples spiked with
500 uL internal standard solution were eluted with 50 mL
0.2 M formic acid in methanol/water (1:1, v/v). The solvent
was removed by evaporation and the pellet was dissolved in
water. Thereby, the eluted fraction was concentrated 50-fold
for urinary samples, 150-fold in case of cell culture superna-
tants. Injection volumes for the residues of urinary samples
and cell culture supernatants were 5 and 15 pL, respectively.

Instrumentation

The 2D-LC analysis was performed on an Agilent 1290 Infinity
2D-LC System (Agilent, Waldbronn, Germany) consisting of a
1290 Infinity Quaternary Pump (G4204A), a 1290 Infinity
Binary Pump (G4220A), a 1290 Infinity Autosampler
(G4226A) with 1290 Thermostat (G1330B), coupled to a 1290
Infinity Valve Drive (G1170A) with a 2pos/4-port Duo Valve.
For the first dimension, the following columns were tested:
Zorbax SB-Aq (100%2.1 mm, 3.5 um), Eclipse XDB-C18
(150%x4.6 mm, 5 pum), Zorbax HILIC Plus (150%2.1, 1.8 pwm)
and Eclipse Plus C18 (150%2.1 mm, 1.8 wum). The following
second dimension columns were applied during method devel-
opment: Zorbax Bonus-RP (50%3 mm, 1.8 um), Zorbax Bonus-
RP (50%4.6 mm, 1.8 pum), Zorbax Eclipse Plus C18 (503 mm,
1.8 um), Poroshell 120 PFP (503 mm, 2.7 um), Poroshell 120
Phenyl Hexyl (50%3 mm, 2.7 pum). For the final column com-
bination, we used a Zorbax Eclipse Plus C18 (150%2.1 mm,
1.8 um) column in the first dimension and a Zorbax Bonus-RP
(50x4.6 mm, 1.8 pum) column in the second dimension. The
effluent from the first dimension was continuously transferred
to the second dimension column, achieved by filling two loops

@ Springer



3558

L. Willmann et al.

alternately using a valve switching. The setting of the valve/loop
configuration is depicted in Fig. 1, the volume of both loops was
80 uL for each. In the first dimension, we used the following
solvents at a flow rate of 0.07 mL/min: H,O+0.1 % FA (A) and
methanol+0.1 % FA (B). In the second dimension, the following
solvents were used at a flow rate of 2.5 mL/min: H,O+0.1 % FA
(A) and acetonitrile+0.1 % FA (B). The idle flow was set to
0.5 mL/min. The modulation time was set to 54 s. A flow rate
of 300 pL/min was directed to the ESI source of the MS system
using a metallic T-piece. The applied gradients are depicted in
the Electronic Supplementary Material (ESM) Fig. S1. The fol-
lowing gradient was used for the first dimension: 020 min, 2 %
B; 2045 min; 2-30 % B; 45-65 min, 30 % B; 6575 min, 30—
50 % B; 75-85 min, 50-75 % B; 85-90 min, 75 % B; 90.1 min,
2 % B. The 2D gradient is illustrated in the ESM Table S2. After
each run, the columns were flushed for 5 min at 98 % B, for re-
equilibration we flushed at starting conditions for 10 min in both
column dimensions.

Mass spectra were acquired on an Agilent 6460 triple quad-
rupole mass spectrometer (Agilent, Waldbronn, Germany)
equipped with an electrospray ionization source (Agilent Jet
Stream) using the following settings: capillary voltage,
4000 V, nozzle voltage to 500 V; gas temperature, 300 °C
(7 V/min); sheath gas, 350 °C (7 I/min); nebulizer pressure,
50 psi. All scan modi were carried out in the positive ioniza-
tion mode with a step size of 0.1 amu, a threshold of 0 and a
cell accelerator voltage of 7 V. The data storage was centroid.
Nitrogen was used as collision gas.

Fragmentor voltages and collision potentials of the pur-
chased reference standards were determined using
MassHunter Optimizer Software (Agilent, Waldbronn,
Germany). By application of the 1290 Infinity Binary Pump
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Fig. 1 Schematic depiction of the valve/loop configuration
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and the 1290 Infinity Autosampler 10 ul of each reference
standard solution (0.1 mg/mL) was injected into the Agilent
6460 triple quadrupole mass spectrometer for 1 min with a
flow rate of 0.5 mL/min. The mobile phase consisted of water
and methanol at 98:2 (v/v) ratio acidified with 0.5 % formic
acid. The fragmentor course range was set to 50-200 V and
the collision energy range was set to 5-60 V. The low mass
cut-off was set to 50m/z and the optimization dwell time was
20 ms. Compounds that were not available as standard sub-
stance were detected in full scan, product ion scan, and MRM
scan. Collision potentials were set according to product ion
scans (data not shown). Therefore, the following collision
potentials were tested at a fragmentor voltage of 100 V and a
scan time of 300 ms: 5, 10, 20, 30, 40, 50, 60 V. The fragmen-
tation pattern was compared to databases [31-33] and litera-
ture [4, 30]. For the full scan, the fragmentor voltage was set to
135 V. The mass range was m/z 50-700 with a scan time of
500 ms. The applied fragmentor voltages and collision poten-
tials applied for MRM scans are summarized in Table 1. The
dwell time was set to 5 ms and the cell accelerator voltage was
set to 7 V. The neutral loss scans were performed at a
fragmentor voltage of 100 V and a collision potential of
10 V. The scan time was set to 400 ms.

The data was acquired on a personal computer with Agilent
MassHunter Workstation Data Acquisition B.04.01, which
was externally started by a separate personal computer with
OpenLab CDS ChemsStation 2D LC A.01.05. For post-pro-
cessing, Agilent MassHunter Qualitative Analysis B.04.00
(Agilent, Waldbronn, Germany) and LCxLC-HRMS Version
2.4b2 (GC Image, Lincoln, Nebraska, USA) were used. Log
Kow values have been calculated by Estimation Programs
Interface Suite™ v 4.11 (United States Environmental
Protection Agency, Washington, DC, USA).

Results and discussion

At present, modified nucleosides are discussed as being poten-
tial biomarkers for breast cancer [3, 4, 7, 34-37]. In the present
study, we established a comprehensive 2D-LC method with a
triple quadrupole mass spectrometer detection, which can be
applied to the analysis of nucleosides and derivatives from
pathways crosslinked with the RNA metabolism.
Collectively, we investigated 22 compounds from RNA metab-
olism, three from polyamine/methionine cycle, one from histi-
dine metabolism, two from purine metabolism, and three from
nicotinate and nicotinamide metabolism. Exemplary chemical
structures of target metabolites are depicted in Fig. 2.
Therefore, we analyzed urinary samples of healthy volunteers,
cell culture supernatants, and standard substances. To the au-
thors® best knowledge, this is the first time that modified nu-
cleosides from RNA metabolism have been analyzed by 2D-
LC-MS.
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Fig. 2 Structures of some exemplary target compounds (MTA: 5-desoxy-
5-methylthioadenosine, m’G: 1-methylguanosine, ¥: pseudouridine, °4:
N-threonylcarbamoyladenosine, 3,4-PCNR: 1-ribosyl-pyridin-4-one-3-

For prepurification, we extracted the cis-diols of urinary
samples and cell culture supernatants using phenylboronic
acid affinity chromatography. Because the prepurification by
phenylboronic acid chromatography mainly separates low
molecular weight substances with cis-diol group, such as nu-
cleosides, catecholamines, coenzymes, and sugars, the main
matrix components should be polar as well as the target com-
pounds, too. Therefore, the two-dimensional separation
should be an improvement concerning the most matrix com-
ponents. According to this as the first targeted approach for the
analysis of modified nucleosides by 2D-LC-MS, a stable and
reproducible method had to be evaluated.
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carboxamide, 4ICAR: 5-aminoimidazol-4-carboxamid 1-f-D-
ribofuranosid, ms’1°A: 2-methylthio-N6 -threonylcarbamoyladenosine,
m’G: N*-methylguanosine, m°C: 3-methylcytidine)

In 2D-LC, the eluent from the first dimension is continu-
ously transferred to the second dimension column, achieved
by filling two loops alternately using a valve switching. The
valve (Fig. 1), which was designed exactly to be used as in-
terface of the first and second dimension, offers two absolute-
ly symmetrical flow paths in order to avoid any interferences
when changing the positions. This cannot be achieved in this
accuracy, when using a setup with a 2/10-valve, which needs
one additional bridging capillary. Also, a setup with two 2/6-
valves, which is sensitive to any disturbance in one of the two
valve or valve drives can lead to noisy baseline characterized
by binary patterns. In the described 2D-LC, 2pos/4-port valve
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two concentric circles with symmetrical connections eliminate
these potential issues and help to ensure the best repeatability
of the measurements.

Column selection

Because of the exceptionally high diversity of chemical func-
tionalities in metabolomic samples, the coupling of two
reversed-phase materials has great potential. Based on the good
chemical selectivity, applicability to numerous chemical classes
and reproducibility, reversed-phase chromatography is com-
monly used in metabolomics [27]. There are numerous
reversed-phase materials available characterized by selectivity
parameters [38], but the combination of two reversed-phase
materials may reduce orthogonality between the columns.

Fig. 3 Analysis of prepurified

Nevertheless, there is a potential in 2D-LC applications using
reversed phases because the separation is much more versatile
than in normal phase, ion exchange chromatography (IEC), and
size exclusion chromatography. The versatility and mechanisms
of gradient elution in reversed-phase chromatography have been
studied extensively [39—41]. Particularly in metabolomics, the
samples’ chemical diversity cannot be analyzed utilizing, e.g.,
IEC in one of the both dimensions, making the combination of
reversed-phase separations an attractive alternative [27].

When coupling two different LC systems, a flow instability
phenomenon called viscous fingering can occur. It is caused
by viscosity differences between the first and second dimen-
sion solvents in multidimensional chromatography [42]. To
avoid viscous fingering, the solvent transfer from the first to
the second dimension should be as low as possible. To
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minimize the injection volume to the second dimension, a low
flow rate is usually used in the first dimension [24, 25].
Modified nucleosides are mostly polar and are usually an-
alyzed by standard reversed-phase HPLC utilizing traditional
columns with C18 stationary phases and aqueous mobile
phases with increasing organic phase content. Therefore, we
tested three different C18 columns (ESM Table S1) at low
flow rates for the first dimension. To determine the maximum
1D flow rate, which depends on the maximum injection vol-
ume to the second dimension, each 1D column had to be

[

2D Retention Time [sec]

o

2D Retention Time [sec]

(7]

2D Retention Time [sec]

o
N
o
)
o
w
o
N
o
3]
o
o
=}
~
o
[
o
©
o

1D Retention Time [min]
Fig.4 Analysis of prepurified urinary sample using 2D-LC analysis with
the Eclipse Plus C18 (150 x 2.1 mm, 1.8 um) and the Zorbax Bonus-RP
(50 x 4.6 mm, 1.8 pum) coupled to a triple quadrupole mass spectrometer
in (a) full scan, (b) neutral loss scan and (¢) MRM scan mode (retention
times are summarized in Table 2, compound abbreviations in Table 1)
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investigated not only as 1D-, but also as 2D-LC application.
The Eclipse XDB-C18 (150%4.6 mm, 5 um) column showed
insufficient separation at low flow rates, because of the wide
column and particle diameter. Using the Zorbax SB-Aq (100 x
2.1 mm, 3.5 um) column at low flow rates, the separation
could be improved, but especially in the beginning of the
analysis the peak capacity was unsatisfactory. By application
of an additional splitter after the 1D column, we were able to
increase the flow rate and therefore improved the 1D separa-
tion, but the separation was still inadequate. In a further ap-
proach, we selected a Zorbax HILIC Plus (150%2.1, 1.8 pum)
column in the first dimension. In contrast to reversed-phase
chromatography, HILIC starts with a high organic solvent
composition. Combination of the Zorbax HILIC Plus column
with different reversed-phase materials (ESM Table S1) led to

Table 2  Detection of target compounds in urinary sample using 2D-
LC-MS with the Eclipse Plus C18 (150 x 2.1 mm, 1.8 pum) and the
Zorbax Bonus-RP (50 x 4.6 mm, 1.8 um) column (RT: retention time;
SD: standard deviation; compound abbreviations are shown in Table 1)

Peak no. Total Average RT Compound

RT [min] abbreviation
(2D-column; n=3) [s] £SD [s]

1 6.45 9.14 0.34 NA-R

2 7.42 13.36 0.10 IAA-R

3 8.41 18.60 0.75 DHU

4 9.20 12.01 0.15 C

5 9.36 21.62 129 P

6 10.99 1134 0.79 m’C

7 12.81 1251 0.80 m'A

8 13.86 21.62 129 acp’U

9 14.81 24.55 1.92 AICAR

10 16.70 29.73 1.62 U

11 2477 28.06 0.45 G

12 26.71 36.50 133 2,5-PCNR

13 2832 2534 1.50 A

14 30.03 19.95 0.81 Isog

15 35.67 3433 0.08 I

16 38.40 35.86 0.14 3,4-PCNR

17 40.07 28.24 1.50 m'G

18 4194 32.63 0.28 X

19 43.66 27.53 137 m'l

20 4431 12.83 1.02 T™MG

21 44.44 20.45 0.74 m°A

22 4451 24.84 0.87 m’G

23 45.44 26.65 2.90 ac*C

24 48.05 21.26 1.90 m%G

25 50.83 26.01 143 N°-SAR

26 51.59 17.61 1.10 MTA

27 58.83 19.77 0.96 t°A

28 69.68 22.96 1.54 m°t°A

29 70.66 27.53 1.37 ms*t°A
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inadequate chromatographic separation in the second di-
mension because of the early elution of target compounds
based on the organic solvent injection from the first dimen-
sion. Reduction of the injection volume by application of a
post-1D splitter could not solve this difficulty (data not
shown).

Finally, the Eclipse Plus C18 (150%2.1 mm, 1.8 pm) col-
umn resulted in adequate separation at low flow rate (0.07 mL/
min). Eclipse Plus C18 columns are valuable for reversed-
phase separation of acidic, basic, and other compounds with
high polarity. The packing material consists of a dimethyl-n-
octadecylsilane monolayer bonded to a double-endcapped,
porous silica support providing maximum deactivation of
the silica surface. According to the manufacturer, the silica
support reduces adsorption of basic and highly polar com-
pounds. The performance of the first dimension separation
has been evaluated by analysis of a urinary sample using the
Eclipse Plus C18 column directly coupled to a triple quadru-
pole mass spectrometer. Therefore, the same chromatographic
conditions as in the first dimension of the resulting 2D-LC
setup have been applied to the 1D-LC-MS approach. The
chemical complexity of the urinary sample and the incomplete
separation of target compounds from matrix components can
be observed by comparison of the TIC in full scan (Fig. 3a)
and the TIC in MRM scan mode (Fig. 3b). The quantifier
MRM transitions are displayed in Fig. 3¢ as overlaid spectra,
showing the incomplete separation of target compounds in the
1D-LC approach.

For the second dimension, we have also investigated nu-
merous columns (ESM Table S1), different solvents, modula-
tion times, shifted gradients, and flow rates (data not shown).

Fig. 5 Logarithmic 3D plot and
corresponding projections of the
first and second dimension of an
urinary sample analyzed by 2D-
LC-MS in MRM scan mode
showing the peak no. (retention
times are summarized in Table 2,
compound abbreviations in
Table 1)

Intensity [counts]

LY
_ 1x108

2D Retention
Time [sec]

Finally, we selected the Zorbax Bonus-RP column with
4.6 mm diameter, which allowed a rapid analysis and short
re-equilibration time. The diameter extension to 4.6 mm
allowed higher flow rates and consequently resulted in signif-
icantly better separation in contrast to 3-mm diameter col-
umns. The Zorbax Bonus-RP consists of diisopropyl-C14
groups, which are covalently bonded to silica by an amide
functionality. Silanol interactions are reduced by the high po-
larity of the amide function.

2D-LC-MS with Eclipse Plus C18-Zorbax Bonus-RP column
combination

The final setup consisted of the Eclipse Plus C18 (150x%
2.1 mm, 1.8 um) column in the first dimension and a
Zorbax Bonus-RP column (50x4.6 mm, 1.8 wm) in the sec-
ond dimension. We performed a slow analysis in the first
dimension (0.07 mL/min), resulting in a transfer of 63 pl to
the second dimension. In the first dimension, we used metha-
nol as eluent and in the second dimension acetonitrile, because
of its lower back pressure at high flow rate and the slightly
higher eluting power in reversed-phase chromatography. To
reduce the coelution of matrix components with target sub-
stances, we performed a shifted gradient in the second dimen-
sion with a maximum of 28 % B. This retained numerous
matrix compounds on the column. The retained matrix com-
ponents were eluted between single runs by application of
98 % B. By application of a shifted gradient, we were able
to separate the target compounds. The target substances have a
particularly narrow polarity range. This can be underlined by
the estimated log Kow values (Table 1). The hydrophobic

1D Retention Time [min]

@ Springer



3564

L. Willmann et al.

character of a substance can be expressed by the octanol water
partition constant Kqw, that can be calculated or investigated
experimentally [43, 44]. Therefore, a small shift of the solvent
B percentage in the second dimension (ESM Figure S1,
Table S2) delivered the best separation of target substances.
The impact of the additional chromatographic dimension can
be observed by comparison of the 1D-LC-MS (Fig. 3) and the
2D-LC-MS (Fig. 4) analysis of the same urinary sample of a
healthy volunteer. Retention time differences can be explained
by the different dead volume of the 1D- and 2D-LC system.
The separation of numerous matrix components from target
substances is depicted in Fig. 4a, showing the TIC of the full
scan, and in Fig. 4b, showing the TIC of the neutral loss scan
(—132 Da). The improved separation of the target substances
is viewed in Fig. 4c, showing the TIC of the MRM scan.
Retention times of target substances are listed in Table 2. In
consideration of the repeated retention time estimation
(Table 2), we have concluded that the second dimension sep-
aration shows adequate reproducibility. The additional sepa-
ration of the second dimension is accentuated in Fig. 5, show-
ing the TIC of the MRM scan as 3D plot with corresponding
projections of both dimensions. The additional chromato-
graphic separation can be recognized by comparison with
the 1D-LC approach (Fig. 3).

In general, all target compounds have been detected in full
scan and MRM scan. By application of neutral loss scans all
target substances could be detected except ¥ and MTA.
Instead of the labile N-glycosidic bond, W contains a stable
C-glycosidic bond resulting in a differential fragmentation
pattern. MTA eliminates a corresponding thioribose derivative
with a constant neutral loss of 162 amu. In collision-induced
dissociation experiments, the ribose moiety is usually split
from the purine- or pyrimidine base residue as a neutral
resulting in the constant neutral loss of 132 amu. The mecha-
nisms for this phenomenon have been discussed before [45].
The precursor ion of t°A as well as the quantifier and qualifier
ions of the MRM scan are shown in the ESM Fig. S2. The
quantifier ion of t°A with an m/z value of 281.1 is a hallmark
for the characteristic constant neutral loss of the ribose moiety
(—132 amu) at modified nucleosides.

Exometabolome comparison of investigated cell lines

In order to transfer the developed 2D-LC-MS method to
other biological matrices, we have investigated the
exometabolome of different human cell lines. Therefore,
we prepurified supernatants of the breast cancer cell line
MCF-7 and the breast epithelial cell line MCF-10A by
application of phenylboronic acid affinity chromatography
and analyzed them using 2D-LC-MS. Due to the different
excretion levels of the investigated target compounds, the
comparison of the breast cancer cell line MCF-7 with the
breast epithelial cell line MCF-10A showed significant
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differences (Fig. 6) resulting in a different metabolic signa-
ture. IAA-R, C, AICAR, m°C, m'L, m®A, ac*C, N®SAR, and
m®°A could solely be detected in the breast cancer cell line
MCEF-7 (Fig. 6a). I and A were solely detected in the breast
epithelial cell line MCF-10A (Fig. 6b). The detected com-
pounds in the investigated cell lines are summarized as a
bubble chart in Fig. 6¢, showing the compounds detected
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Fig. 6 Comparison of breast cancer cell line MCF-7 with breast epithelial
cell line MCF-10A utilizing 2D-LC-MS: (a) TIC of MRM scan (MCF-7);
(b) TIC of MRM scan (MCF-10A); (c) Bubble chart of target substances
showing relevant retention window (blue substances occurring in both cell
lines; red substances occurring in one of both cell lines; / IAA-R; 2 C; 3 P;
4m’C; 5 m'A; 6 acp®U; 7 AICAR; 8 U; 9 Isog; 10 A; 11 T; 12 m°U; 13
m°C; 14 3,4-PCNR; 15 MTA-SO; 16 m'I; 17 m?G; 18 TMG; 19 m®A; 20
ac*C; 21 m%G; 22 N°-SAR; 23 MTA; 24 °A; 25 m®t°A; 26 ms*t°A;
compound abbreviations are summarized in Table 1)
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in both cell lines in blue and the compounds detected in a
single cell line in red. Figure 6¢ has been created utilizing
Image Investigator (GC Image, Lincoln, Nebraska, USA).

Due to the heterogeneity of breast cancer [46] and the var-
iability of RNA modifications [31], biological samples should
be investigated by 2D-LC coupled to different MS methods in
relation to structural elucidation of RNA metabolites in a large
scale. The potential of modified nucleosides as potential bio-
marker for breast cancer should be examined on the basis of a
statistically meaningful number of patients’ biological fluids
utilizing 2D-LC, especially in semi-quantitative or quantita-
tive approaches. To accomplish these aims, the establishment
of a 2D-LC method, as described in the present article, is
beneficial in all intents and purposes.

Conclusions

In the present study, a comprehensive 2D-LC method with a
triple-quadrupole mass spectrometer as detector has been
developed for a targeted metabolomics approach. Target
substances from RNA metabolism and crosslinked path-
ways have been obtained by phenylboronic acid affinity
chromatography of urinary samples as well as cell culture
supernatants. For 2D-LC method development, we tested
numerous different column combinations with variable
chromatographic conditions in the first and second dimen-
sion. The combination of a Zorbax Eclipse Plus C18 column
in the first dimension and a Zorbax Bonus-RP column in the
second dimension provided a high degree of orthogonality
and adequate separation in the second dimension. The 2D-
LC-MS approach led to the detection of 28 target com-
pounds from RNA metabolism and crosslinked pathways
in urine and 26 target compounds in cell culture superna-
tants, respectively. The established 2D-LC-MS approach
with the combination of the Eclipse Plus C18 column and
the Zorbax Bonus-RP column should be applied to future
research based on the potential tumor marker class of mod-
ified nucleosides and interrelated compounds. In addition,
real online comprehensive 2D-LC offers great potential for
further analysis of complex biological samples. Cell culture
and urinary metabolites, for example, can be compared and
visualized as metabolic fingerprints in 3D plots.
Consequently, a minimization of ion suppression and matrix
effects caused by the high complexity of biological samples,
that are posing the challenge especially in the field of meta-
bolomics, will be accomplished.
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