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Abstract

Identification of metabolites in complex mixtures represents a key step in metabolomics. A new
strategy is introduced, which is implemented in a new public web server, COLMARM, that
permits the co-analysis of up to three 2D NMR spectra, namely 13C-1H HSQC, 1H-1H TOCSY,
and 13C-1H HSQC-TOCSY for the comprehensive, accurate, and efficient performance of this
task. The highly versatile and interactive nature of COLMARmM permits its application to a wide
range of metabolomics samples independent of the magnetic field. Database query is performed
using the HSQC spectrum and the top metabolite hits are then validated against the TOCSY-type
experiment(s) by superimposing the expected cross-peaks on the mixture spectrum. In this way the
user can directly accept or reject candidate metabolites by taking advantage of the complementary
spectral information offered by these experiments and their different sensitivities. The power of
COLMARM is demonstrated for a human serum sample uncovering the existence of 14
metabolites that hitherto were not identified by NMR.
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1. INTRODUCTION

Multidimensional nuclear magnetic resonance (NMR) spectroscopy offers excellent
resolution, accuracy, and reproducibility for metabolite identification in metabolomics
studies.1234 In 2D NMR experiments, where pairs of spins (e.g. two *H spins or a 1H spin
and a 13C spin) are physically correlated with each other leading to the appearance of cross-
peaks in the resulting 2D NMR spectrum, peak overlap is greatly diminished when
compared with the corresponding 1D NMR spectrum.>® Two of the most commonly used
2D NMR experiments in metabolomics are the 2D 13C-1H heteronuclear single quantum
coherence spectroscopy (HSQC) experiment,” which provides correlations between
chemical shifts of 1H spins with their directly attached 13C spins, and the 2D 1H-!H total
correlation spectroscopy (TOCSY),8 which monitors correlations between all 1H spins
within the same spin system or molecule. The TOCSY experiment contains valuable
connectivity information about entire spin systems within a molecule, which is not available
from HSQC. The combination of the two experiments into one, the 2D HSQC-TOCSY,?
combines some of the benefits of both experiments, but has a lower sensitivity than either
one of them. The short- and long-range connectivity information provided by TOCSY-type
spectra makes them uniquely suitable for the validation of metabolites that were identified
from HSQC experiments alone. Moreover, such connectivity information allows
deconvolution10 as well as structure elucidation of unknown metabolites in complex
mixtures.1112

2D NMR-based metabolite identification has made significant progress in recent
years,131415161718192021 |y ouyr research, customized metabolomics databases for the
querying HSQC and TOCSY experiments have proven instrumental to significantly increase
the accuracy of metabolite identification.2? The 13C-TOCCATA customized database?3 is
optimized for the querying of 13C-13C TOCSY spectra of uniformly 13C-labeled
metabolomics samples, whereas the H(*3C)-TOCCATA customized database?4 permits the
querying of IH-H TOCSY and 13C-H HSQC-TOCSY spectra of complex metabolite
mixtures at natural 13C abundance. A key feature of the TOCCATA databases is that they
sort the spectral information of each metabolite into individual spin systems and slowly
interchanging isomers matching the information directly obtainable from these spectra. This
substantially increases the accuracy (reliability) and confidence of metabolite identification
based on these types of experiments. Following a similar philosophy, the COLMAR HSQC
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metabolomics database?® was developed for the querying of 13C-1H HSQC spectra by
sorting the HSQC spectra of metabolites into individual slowly interchanging isomeric
states. This improves the query result, since it is insensitive to the relative populations of
different isomers, which sometimes can be quite uneven. The unambiguous detection of one
isomer per compound is then sufficient for a successful query when the other isomer(s) are
below the detection limit. COLMAR HSQC and TOCCATA databases were generated by
unifying chemical shift information of two of the largest public metabolomics databases,
namely the Biological Magnetic Resonance Data Bank!3 and The Human Metabolome
Database.1’

Although HSQC and TOCSY-type spectra each provide powerful information on their own,
their combined use could further improve the reliability of metabolite identification.
However, the complementary nature of these experiments has limited their combined use. At
present, they are used primarily for separate and independent querying against HSQC and
TOCSY metabolomics databases, respectively, without taking advantage of potential
synergies. 262728

Here, we introduce an integrated metabolite identification and validation approach,
COLMARM, which combines the unique strengths of 2D HSQC and TOCSY-type
experimental data. The approach allows the simultaneous analysis of multiple NMR spectra,
namely HSQC, TOCSY, and HSQC-TOCSY, thereby improving the accuracy and scope of
NMR-based metabolite identification of complex mixtures. The approach is implemented in
the new COLMARM web server, which is public and which provides a large number of
interactive capabilities that enable the comprehensive identification and analysis of a large
number of metabolites from a single sample in a way that is intuitive and efficient.
COLMARM is the most advanced and most interactive web server within the COLMAR
suite of web servers. The COLMARmM approach is demonstrated for a human serum sample
allowing the detection of a significant number of metabolites that previously could not be
identified by NMR methods alone.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation

10 mL of pooled normal human serum, which is a combination of serum samples from
multiple non-diseased (normal) individuals between the age of 18 and 65, was purchased
from Innovative Research Inc. (Novi, MI). The serum was treated using nanoparticle-
assisted protein removal combined with ultrafiltration as described previously.2® Briefly, 2
mL Bindzil 2040 silica nanoparticles (AkzoNobel and Eka Chemicals) were used to remove
the majority of serum protein. The remaining proteins were removed with an omega
membrane filter unit with 1 kD molecular weight cut-off (Pall Life Sciences, Port
Washington, NY). The flow-through was lyophilized and dissolved in 200 pL D,0O with 50
mM phosphate buffer and 0.5 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS). Next,
the sample was transferred to a 3-mm tube for all NMR experiments. The spike-in
experiment was performed by spiking 1 mM isoleucine, 2 mM triglyceric acid, 2 mM
trigonelline, and 2 mM 2-aminobutyric acid into a fresh serum sample followed by the
collection of the same 2D NMR data sets for comparison with the original serum sample.
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Only the spiked metabolites were found to have increased peak intensities whereas the other
metabolites remained unchanged, which confirmed the presence of these metabolites in the
original serum sample.

2.2 NMR Experiments and Processing

2D 13C-1H HSQC and 2D 13C-'H HSQC-TOCSY spectra of human serum were collected
with N;=512 and N»=1024 complex points along the two dimensions. The spectral widths
along the indirect and the direct dimensions were 34211.2 Hz and 10204.1 Hz, respectively.
The number of scans per t; increment was 64 for the 13C-1H HSQC and 96 for the 13C-1H
HSQC-TOCSY experiment. The transmitter frequency offsets were 75 ppm in the 13C
dimension and 4.726 ppm in the 1H dimension. 2D 1H-1H TOCSY spectrum of human
serum was collected with N;=512 and N»=2048 complex points. The spectral widths along
the indirect and the direct dimensions were 10202.0 Hz and 10204.1 Hz, respectively. The
number of scans per t; increment was 32. The transmitter frequency offsets were 4.726 ppm
in both IH dimension. The isotropic mixing times for 13C-1H HSQC-TOCSY and H-1H
TOCSY were 80 ms and 117 ms, respectively. The relaxation delay between consecutive
scans (d1) was 1.5 seconds. The NMR spectrum was collected using a cryogenically cooled
TCI probe at 850 MHz proton frequency on a Bruker Avance 111 spectrometer. All NMR
spectra, which were collected at 298 K, were zero-filled, Fourier transformed, and phase and
baseline corrected using NMRPipe.30 The collection of all three 2D NMR experiments takes
typically 2 — 3 days. Cosine-squared and cosine bell window functions were used to for
apodization of the HSQC and HSQC-TOCSY spectra along their direct and indirect
dimensions, respectively. Cosine bell functions were used for TOCSY spectra along the
direct and indirect dimensions.

3. RESULTS AND DISCUSSION

3.1. General strategy for simultaneous analysis of 2D HSQC and TOCSY for metabolite
identification

The spectral information contained in HSQC and TOCSY spectra is highly complementary.
The HSQC spectrum is simpler than TOCSY and at the same time its interpretation is also
more ambiguous, since it does not contain information about medium- or long-range
molecular connectivities, i.e. it is not a priori known whether two cross-peaks belong to the
same molecule or not. At 13C natural abundance, HSQC experiment has an inherently
reduced sensitivity because only 1 in 99 carbons is a 13C isotope. Among the two TOCSY-
type experiments, HSQC-TOCSY has better resolution along the indirect wq (13C)
dimension, whereas H-1H TOCSY has better sensitivity because it does not depend on the
low abundance 13C isotopes. Hence, among the 3 2D experiments, 1H-1H TOCSY has the
highest sensitivity, which is followed by 13C-1H HSQC with medium sensitivity. The 13C-1H
HSQC-TOCSY is the least sensitive experiment, since it does not only suffer from 13C
natural abundance, but also from the distribution of the initial magnetization over multiple
spins during TOCSY mixing.

The new COLMARM metabolite identification strategy consists of two main steps, which
are depicted in Figure 1: the first step consists of querying against the HSQC spectrum and
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the second step concerns validation using the TOCSY and/or HSQC-TOCSY spectra. In the
first step, all resolved cross-peaks in the 13C-1H HSQC are queried against the COLMAR
HSQC metabolomics database.2®> Next, for each positive metabolite hit that fulfills the well-
defined quality criteria, the corresponding H-H TOCSY and/or 13C-1H HSQC-TOCSY
spectrum is reconstructed from the COLMAR H(13C)-TOCCATA database?* and
superimposed on the experimental TOCSY and/or HSQC-TOCSY spectrum. Depending on
whether the reconstructed TOCSY and HSQC-TOCSY cross-peaks superimpose well on the
corresponding cross-peaks observed in the mixture spectra, the metabolite hit is either
manually confirmed or rejected. In this way, a list of compounds is assembled whose
spectral signatures are consistent with the mixture cross-peaks observed in HSQC, TOCSY
and/or HSQC-TOCSY. This provides a level of confidence and accuracy in the identified
compounds, which is not obtainable when using any one of these spectra alone.

This approach was implemented in the new COLMARM web server, which is the latest and
most versatile addition to our suite of public COLMAR web servers: http://spin.ccic.ohio-
state.edu/index.php/colmarm. COLMARM is equipped with many interactive features to
provide a flexible and easy-to-use platform for a broad range of scientists with different
NMR backgrounds in the analysis of complex metabolite mixtures. The relationship
between the workflow of COLMARM and the existing COLMAR HSQC web server is
shown in Figure 2. The COLMARM web server uses a 2D 13C-1H HSQC spectrum and one
or both 2D TOCSY-type spectra (*H-IH TOCSY and/or 13C-H HSQC-TOCSY) of the
same mixture sample as input. Currently accepted file formats for the 2D spectra are the
widely used NMRPipe (.ft2) and Sparky (.ucsf) formats. An example input data set is
available on the web server for demonstration and training purposes. After uploading the
experimental mixture spectra, the web server displays the experimental 2D HSQC spectrum
on the browser window with an automatically adjusted contour level, which is followed by
automated peak picking. A useful web server feature is the adjustment of contour levels by
the user: one can decrease the lowest contour level to pick more peaks especially the ones
belonging to metabolites at low concentration or increase the contour level to pick fewer
peaks to remove thermal noise, t;-noise, and other artifacts. Upon change of the contour
levels, the web server redraws the spectrum, and performs automated peak picking to update
the peak list for the new contour levels. Furthermore, the user can add and remove cross-
peaks to manually curate the final peak list. Since chemical shift reference errors can have a
large adverse effect on database query, COLMARM provides a convenient semi-automatic
referencing option, which is based on pattern matching of either the standard referencing
compound DSS or commonly occurring metabolites alanine, leucine, glucose, and lactic
acid. Users can visually inspect the matching results of any of these metabolites when they
are present in the sample and perform automated or manual referencing. Once the HSQC
peak list has been finalized, it is queried against the database. The querying algorithm used
for the matching of compounds was adopted from the COLMAR HSQC web server.2> For
each database compound, or isomer, the average of 1H and 13C chemical shift differences
(15t and 2" output parameters) are computed to the closest cross-peaks of the mixture. If the
database cross-peak is within a given frequency cutoff, it is considered a “matched peak”.
The “matching ratio” is then defined as the ratio of the matched peaks to the total number of
peaks of the metabolite (34 output parameter). In contrast to COLMAR HSQC,
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COLMARM does not use the uniqueness parameter to filter false positives. Instead, the
TOCSY-based connectivity information is used to remove false positives. On the new
COLMARmM web server, the default HSQC cutoff parameters for the average 1H and 13C
chemical shift differences are set at 0.03 and 0.3 ppm, respectively, and the lowest accepted
matching ratio is set to 0.6. Users have the option to interactively change these three
parameters on the web server.

Next, for each positive metabolite hit obtained using the above criteria, COLMARmM
automatically computes the expected TOCSY and/or HSQC-TOCSY spectra for this
compound allowing the user to directly compare the reconstructed cross-peaks with the
experimental TOCSY and/or HSQC-TOCSY spectra. Further down on the COLMARM web
server page, experimental HSQC, TOCSY, and HSQC-TOCSY spectra can be plotted side-
by-side or top-to-bottom. The interactive user interface written in Java allows the
superposition of HSQC, TOCSY, and HSQC-TOCSY peaks of individual compounds in the
database, displayed as circles or ellipses, with the experimental peaks upon selecting the
metabolite from the “matched compound” list. Using its automated zoom-in feature, the web
server selects and reassembles only the relevant regions of the HSQC, TOCSY and HSQC-
TOCSY spectra of each metabolite of interest for visual inspection at very high spectral
resolution. This allows the simultaneous and user-friendly inspection of cross-peaks in
matched compounds in up to three experimental 2D spectra. This is the first metabolomics
database that allows co-analysis of HSQC, TOCSY and HSQC-TOCSY spectra to maximize
the confidence in metabolite identification. The matched compounds are returned in the
format “Metabolite Name_Number_Number”, where the integer in the middle is used to
label the different isomeric states of a given metabolite, whereas the integer at the end labels
the different spin systems of the metabolite. Metabolites with only one isomeric state appear
as “Metabolite_1 1", such as “Acetic_acid_1 1", whereas metabolites with more than one
isomeric state and/or spin system appear as “Metabolite Name_n_m” where 7=1,2,3, ... are
different isomers of the same metabolite (e.g., Glucose_1 1, Glucose_2_1 for a-glucose and
B-glucose, respectively) and /m=1,2,3, ... are different spin systems of the metabolite (e.g.,
L-Carnitine_1 1, L-Carnitine_1_2). Only NMR data of compounds that were measured in
aqueous solution (H,O/D,0) at pH 7.0 or 7.4 were included in COLMARM. A complete list
of database compounds with their number of isomeric states and spin systems can be found
on the web server. Since the previous publication of COLMAR,25 the number of metabolites
in the database has increased from 555 to 701 metabolites offering improved coverage of
common metabolites. The web server includes a number of user-friendly interactive features.
For example, users can adjust the zoom level and the figure size with built-in sliders,
download matched compounds information and produce high-quality figures at any stage of
their work. Minimal effort is required if users want to start over, e.g., to explore other
choices for contour levels or database query parameters. Each job is saved on the server with
a unique file name only known to the user, which permits users to resume work at a later
time without the need to upload the spectra again.

3.2. Application to human serum

COLMARM is demonstrated on a human serum sample collected from a pool of healthy
individuals. A concentrated serum sample (10 mL), which was treated with the recently
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introduced nanoparticle-assisted ultrafiltration protein removal approach,2® provided
information-rich TOCSY and HSQC-type spectra (Figure S1). After uploading of all three
spectra to COLMARM, the contour levels of the HSQC spectrum were adjusted first using
the slider above the spectrum. Next, automated peak picking was performed and the
resulting peak list was queried against COLMARM. The returned metabolite hits were
analyzed visually one-by-one. Figure 3 illustrates the protocol for serum for the
identification of isoleucine. The experimental HSQC peaks of isoleucine (green circles)
matched reasonably well the database chemical shifts of isoleucine (red circles) (Figure 3A).
A small shift was observed because of differences in pH and ionic strength between the
serum sample and the sample of the isolated reference compound despite pH adjustment
before the measurement. Observation of the cross-peak connectivity patterns of isoleucine in
serum TOCSY (Figure 3B) as well as HSQC-TOCSY (Figure 3C), which were consistent
with the expected cross-peak patterns from the database, validated the presence of isoleucine
in serum. By using the same protocol, we identified 62 distinct metabolites in serum. A list
of the identified metabolites can be found in Table 1, where those serum metabolites that
were identified from the NMR spectrum of the entire mixture for the first time are marked
with “N” (new). One of the new metabolites identified in serum was glyceric acid (Figure 4).
Glyceric acid peaks appeared in the crowded region of the HSQC (Figure 4A). Its validation
based on 1H-1H TOCSY was difficult because of heavy peak overlap in the 3.7 — 3.9 ppm
proton region (Figure 4B). Peak overlaps could be resolved in the 13C-1H HSQC-TOCSY
due to the better peak dispersion along the carbon dimension, which provided a direct
validation of the HSQC hit (Figure 4C). This example illustrates the benefit of using the
complementarity information of TOCSY and HSQC-TOCSY spectra in COLMARM.
Another instructive example concerns the identification of 2-aminobutyric acid, which has
three HSQC cross-peaks (Figure S2A) that all reside in an overlapped 1H region and made
validation by TOCSY alone difficult (Figure S2B). Peak overlaps were resolved in the
HSQC-TOCSY along the carbon dimension, which validated this identification (Figure
S2C).

It is well-known that HSQC-TOCSY and HSQC spectra have higher resolution than
TOCSY, but at the same time lower sensitivity. This makes TOCSY particularly useful for
the identification of low abundance metabolites. One of the low abundance metabolites
identified in serum was trigonelline. Trigonelline has five HSQC peaks, but only two had a
sufficiently high signal-to-noise in the HSQC spectrum of serum (Figure S3A), which made
the identification of trigonelline by using HSQC alone ambiguous. On the other hand, many
of the trigonelline signals were detected in the serum TOCSY spectrum (Figure S3B), which
again illustrates the beneficial complementarity of TOCSY.

As mentioned above, an important difference between COLMAR HSQC and COLMARmM
query is that the latter does not use the uniqueness parameter to filter out false positives,
since TOCSY-based connectivity information is more effective to filter out false positives in
the HSQC spectrum. In this study, several of the true positive metabolites such as 1-
methlyhistidine and 2-aminobutyric acid had a uniqueness value 0, which would have been
missed if the uniqueness filter had been applied in the HSQC-based query. It demonstrates
the advantage of this type of co-analysis of multiple 2D NMR spectra to maximize the
number of identified metabolites in serum.
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Human serum is a well-studied biological sample. Out of the 62 serum metabolites identified
in this study, 48 of them were previously identified in human serum by NMR.3132 However,
the other 14 metabolites (1-methyluric acid, 3-hydroxypropionic acid, alpha-
hydroxyisobutyric acid, glyceric acid, glycerophosphocholine, ethanolamine, citrulline,
hypotaurine, malate, trigonelline, taurine, valeric acid, beta-alanine, trans-4-hydroxyproline)
have been identified here for the first time by using NMR alone. Taurine, citrulline and
trans-4-hydroxyproline were previously identified in human blood plasma by NMR.3334 The
Metabolomics Standards Initiative (MSI) categorizes the confidence of metabolite
identification according to four different levels, where level 1 (highest confidence level) is
achieved by spiking of authentic standards into the original sample.3® In this study only the
presence of isoleucine, 2-aminobutyrate, glyceric acid, and trigonelline were confirmed by
spiking experiments (level 1 identification). According to MSI, which defines the use of
databases for metabolite identification as level 2 identification,3® the remaining 58
metabolites have been identified at this level by COLMARM. Some of the newly identified
metabolites were previously detected and identified in human serum by other methods. For
instance, glyceric acid and alpha-hydroxyisobutyric acid were previously identified in serum
by GC-MS,3! glycerophosphocholine was previously identified by LC-MS,36 and taurine
and citrulline were previously identified by ion-exchange chromatography.3’ Literature
references for the other identified metabolites in this study can be found in the human
metabolome database (HMDB).17 The total number of unique HSQC peaks detected in
serum is 480, but only 225 of them belong to the 63 compounds (including DSS). Assuming
a similar number of HSQC peaks per compound, another ~71 metabolites are estimated to
be present that show up in the HSQC spectrum, but their identity remains unknown. In a
recent study, 1012 unique HSQC peaks were reported for human urine;38 therefore, with the
sensitivity of our current TCI cryoprobe, concentrated human serum with its 480 unique
HSQC peaks is not as metabolite rich as urine. Notably, some of the newly identified serum

metabolites such as trigonelline, taurine and beta-alanine were previously detected in human
urine.394041

Currently, peak-picking and querying of HSQC spectra with the COLMARmM web server is
fully automated, while the validation step with TOCSY and HSQC-TOCSY involves human
intervention, since the trained human eye is very capable at distinguishing true cross-peaks,
including overlapping cross-peaks, from spectral noise and other artifacts. The graphical
web server interface helps users to efficiently make these decisions. A future goal is to
further automate the entire COLMARmM workflow.

4. CONCLUSIONS

The accurate and comprehensive identification of metabolites is one of the most important
steps in metabolomics. Here, we presented the first metabolomics web server that allows
simultaneous analysis of multiple commonly used 2D NMR spectra, namely HSQC,
TOCSY and HSQC-TOCSY, of metabolite mixtures on the same web platform by using the
customized 2D NMR metabolomics databases COLMAR HSQC and TOCCATA. By
combining the high-resolution nature of HSQC with spin-connectivity information from
TOCSY and HSQC-TOCSY, we achieved metabolite identification with high accuracy,
which would not be possible using 1D NMR spectra or any of the 2D NMR spectra alone.
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The approach allowed identification of 14 new metabolites in serum, thereby expanding the

lis

t of metabolites that can be routinely studied in serum by NMR spectroscopy. Still, a large

number of HSQC signals in human serum remains unidentified, which can be attributed to
the incompleteness of the current NMR metabolomics databases. In order to identify
unknown metabolites, one can use physical separation methods*243 or database-independent
hybrid strategies, such as the recently developed SUMMIT MS/NMR approach.4445
Expansion of the COLMARmM web server with newly discovered metabolites enables routine
identification of an ever larger number of metabolites in metabolomics mixtures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
The workflow of the proposed metabolite identification strategy implemented in the new

interactive COLMARM web server for the combined analysis of 2D 13C-1H HSQC with
2D 1H-IH TOCSY and/or 2D 13C-1H HSQC-TOCSY. In the first step, all HSQC cross-
peaks are queried against the COLMAR HSQC metabolomics database. Next, for each
positive match, the corresponding TOCSY (and/or HSQC-TOCSY) spectrum is
reconstructed from the TOCCATA metabolomics database and the expected diagonal and
cross-peaks are superimposed on the experimental TOCSY and/or HSQC-TOCSY spectra
for direct validation.
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Figure2.
Workflow of the new COLMARmM web server in comparison with the existing COLMAR

HSQC web server. Uploading of a single HSQC spectrum is sufficient for COLMAR HSQC,
whereas COLMARM uses in addition: at least one TOCSY-type spectrum as input,

i.e. IH-1H TOCSY or 13C-1H HSQC-TOCSY or both, for the validation of the metabolite
identities derived from HSQC.
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Illustration of COLMARmM with the identification of isoleucine in human serum by the co-
analysis of (A) HSQC, (B) TOCSY, and (C) HSQC-TOCSY. Green and red circles represent
experimental and database cross-peaks of isoleucine, respectively, whereas magenta circles
represent the expected isoleucine peaks according to the TOCCATA database. The close
match between green and red circles identifies isoleucine as a strong candidate. This was

validated by the good agreement found for the expected magenta peaks with the
experimentally observed TOCSY and HSQC-TOCSY cross-peaks.
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Figure 4.
Identification of glyceric acid with the COLMARmM web server by uploading (A) HSQC, (B)

TOCSY and (C) HSQC-TOCSY of human serum as input. Green and red circles represent
experimental and database peaks of glyceric acid, respectively, whereas magenta circles

represent the expected glyceric acid peaks from the TOCCATA database. The close match
between green and red circles indicates that glyceric acid is a strong candidate, which was
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validated by the good agreement between the magenta peaks and the TOCSY and HSQC-
TOCSY peaks.

Anal Chem. Author manuscript; available in PMC 2017 December 20.



Page 16

Bingol et al.

Ge0'0 | STO | 880 aulpuN ¥§ | ¥200 | €10 | T T J8WOS! 350)0NI4 v
6200 | 020 | €80 auluefelAusyd ‘€S | G600 | 860 | T (N) auiwejoueyi3 €z
L0000 | vTO | T aulleA g | 1200 | €10 | T auluneald zz
€200 | 20 | T (N) proe ausfen 1S | €200 | 810 | T auneald Iz
9100 | 20 | T auIsoJAL 05 | 6200 | Seo | T (N) auninmo ‘0z
ze00 | gzo | T ueydoydAiL e | sz00 | €00 | T arenId 6T
€800 | ze0 | T 8pIX0-N-suIWelAyBWIL 8% | 6200 | €T0 | T auloyD gt
2e00 | vzo | T (N) surjoidAxoipAy-p-sueiL 2y | 1200 | 810 | T auniured */1
8000 | 9TO0 | T p1oe oINS 9y [ ze0o | 660 | T (N) auiuere-elag "91
8600 | 9z0 | T auLeS 'S | 0600 | T20 | T aureleg ‘ST
0v00 | zvo | T auIsoases ‘v | €200 | ¥10 | T sulbiy yT
1€00 [ 0O | T autjoid e | 2000 | ¢t0 | T | (N)p1oeauAingosiAxoipAy-eydiv-eT
9200 | 0z0 | T sulmwio zy | 9700 | zzo | 1T auluely gt
1200 | €0 | T BUIABIApBWIA-N'N 'Tv | G200 | STO | T aunuIed|A180Y ‘TT
9200 | 9z0 | T suisk1-or | s000 | 210 | T PIoe 21130V ‘0T
6700 | T¢0 | T autna '6€ | 8200 | szo | T [o1pauedoid-z'T ‘6
ovo0 | 00| T ayeyoe'ge | €600 | €20 | T p1oe oLAINGOSIAXOIPAH-€ '8
z100 | vT0 | T p1oe oualeAos| L€ | 2€00 | 620 | T p12e d113[eAOSIAX0IPAH-E L
G100 | 6T0 | T auronajos| '9g | 91070 | GTO0 | T (N) proe o1uoidosdAxoIpAH-€ "9
G700 | 800 | T p1oe onAingos| ‘e | 9100 | 00 | T p1oe OUAINGX0IPAH-Z °G
00 | 150 | T (N) suunelodAH v€ | 200 | 620 | T p1e dLAINg [AYISW-g-AX0IPAH-Z ¥
€e00 | 00 | T autpnsiH e | z€00 | 860 | T pIoe dLAINqoUIWY-Z €
ceoo | etof| T (N) surjoyooydsoydossdAlo ze | 1600 | STO | T (N) p1oe sunAYsIN-T 2
0€00 | 600 | T (N) proe o1120A19 T | 0€00 | €0 | T auIpBSIYIAUBIN-T ‘T
Hr Oet N oHr | gQer | eW

"A19A1108dS8 'SBOUBIBIIP WIYS [BOIWBYD Hy PUR D¢y 0y wdd 90 0 pue wdd 90
pue onel Buiysrew 40 a1am Asanb ayy 1oy sis1ewieed 1J0INd 92UBIBYIP YIYS [RIIWBYD "auoje Adoasosidads HIAN AQ WNJss urwny Ul PalLiuapl salljogelsw
MBU a10uap (sasaualed ul) sawreu a)1jogeIaw puIyad ..N,, Jans| syl “JaAlas gqam WYHWINTOD 8yl Ag winijoads wnias uewny ul paiiuapl saijoqelsin

T alqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Anal Chem. Author manuscript; available in PMC 2017 December 20.



Page 17

Bingol et al.

Author Manuscript

"SYIYS [edIWIaYD aseqelep aul pue Indul paydTeL a1 Uaanmlag (widd JO SHUN 1) 83USIBLIP IS [EIIWALD Hy mmEm><u

"SIIYS [edIUIBYD Sseqelep aul pue Indul paydTeL au) Uaamlag (widd JO SHUN UI) 83UBIBLIP WIS [EJIWALD De dBRISNY

q

‘0 pJemoy saoh 11 se sasealoap Alljenb Buiyorew ayy pue yojew 10apiad
© 0] spuodsaliod (9%00T =) T "aSeqerep ay} ul ayijogelaw ayl Jo syead Jo Jaquinu ay 0} winudads DOSH [eruswadxa ayy ul syead payalew Jo Jaquunu syl Uaamiaq oljed ayl si Yaiym ‘oirel Buiyorew = W,

¥20'0 | ¥€0 | O¥'0 (N) sunpguobuL z9 | 9100 | €20 | T 10439419 08
0200 | 6€0 | 050 (N)auuneL 19 | 7500 | 050 | T auIdAI9 62
9200 | 020 | 290 auluoa1yL 09 | 6100 | 820 | T aulweIn|o ‘gz
G000 | 210 | L90 (N) orereN 65 | ¥200 | 6T0 | T ajewen|o */g
L2000 | 2v'0 | 290 sjepedsy 85 | 2700 | 9T0 | T T 13wos| 3s09N|9 "9z
7200 | €0 | SL0 auluoIYdIN *2G | €100 | 8T0 | T T J3W0s| 3s09N|9 '9Z
Ly00 | 920 | sL0 proe ounddiH ‘95 | 2100 | 220 | T PIo® OLIBWNS ‘GZ
2200 | ¥€'0 | G0 | evelAxoquea-g-auoulpljonAd-z 's§ | £200 | 120 | T Z lawos! 8s01on1d vg
Ht Ogr N oHt | qOet | oW

Author Manuscript

Author Manuscript

Author Manuscript

Anal Chem. Author manuscript; available in PMC 2017 December 20.



	Abstract
	TOC image
	1. INTRODUCTION
	2. EXPERIMENTAL SECTION
	2.1. Sample Preparation
	2.2 NMR Experiments and Processing

	3. RESULTS AND DISCUSSION
	3.1. General strategy for simultaneous analysis of 2D HSQC and TOCSY for metabolite identification
	3.2. Application to human serum

	4. CONCLUSIONS
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1

