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Abstract

Metabolic profiling has received increasing recognition as an indispensable complement to genomics
and proteomics for probing biological systems and for clinical applications. 1H nuclear magnetic
resonance (NMR) is widely used in the field but is challenged by spectral complexity and overlap.
Improved and simple methods that quantitatively profile a large number of metabolites are sought
to make further progress. Here, we demonstrate a simple isotope tagging strategy, in which
metabolites with carboxyl groups are chemically tagged with 1°N-ethanolamine and detected using
a 2D heteronuclear correlation NMR experiment. This method is capable of detecting over one
hundred metabolites at concentrations as low as a few micromolar in biological samples, both
quantitatively and reproducibly. Carboxyl-containing compounds are found in almost all metabolic
pathways, and thus this new approach should find a variety of applications.
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The improved characterization of the metabolome promises immense benefits for better
understanding cellular activities, linking genotypes and phenotypes, and providing new
understanding of complex biological states, including those of health and diseasel =11, The
significant interest in developing improved methods for metabolic profiling (including
metabolomics and metabonomics) stems from the high sensitivity of metabolite profiles to
even subtle stimuli, which is potentially important for detecting the earliest onset of various
adverse biological perturbations. However, while most eukaryotic organisms are now thought
to possess 3-5,000 metabolites, and possibly many more®, current high throughput analytical
technologies are only capable of detecting a small fraction of these metabolites owing to severe
limitations of sensitivity, resolution and/or reproducibility. These drawbacks critically limit
metabolic profiling applications since the information extracted from a small metabolite subset
may be too non-specific to draw a meaningful conclusion.
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The information-rich analytical techniques of mass spectrometry (MS) and nuclear magnetic
resonance (NMR) spectroscopy are the primary methods used in metabolite studies, and efforts
are currently underway to improve their ability to access and measure a greater number of
metabolites12714, MS is extremely attractive in metabolite studies due to its exquisite
sensitivity, experimental flexibility and ability to determine unknown molecules. While MS is
more sensitive compared to NMR, the data from NMR are often more quantitative and
reproducible. In particular, the same nuclei detected in an NMR experiment have the same
sensitivity, independent of the properties of metabolite molecules. Therefore, the absolute
quantities of different metabolites can be measured with a single internal standard. NMR does
not require much sample preparation or separation, and it is nondestructive. However, the
complexity and spectral overlap apparent in NMR spectra of biofluids remain significant
obstacles to the identification and quantification of a large number of metabolites.
Methodological innovations which alleviate the current bottlenecks of NMR will greatly
advance metabolomics applications.

Targeted profiling has recently shown to be a powerful approach for better understanding the
metabolome in complex biological systems. As every metabolite contains at least one chemical
functional group, the use of chemoselective tags can reduce the molecular complexity of the
samples and potentially improve the detection of low-concentration metabolites by reducing
the contribution of less interesting chemical signals. For example, liquid chromatography-
coupled mass spectrometry (LC/MS) has been used for targeted metabolite detection in
combination with chemoselective tagging and enrichment!2. This approach provided over 300
signals from metabolites with carboxyl, amino, mercapto, or aldehyde/ketone groups in cancer
cells. Such strategy is analogous to the use of chemical probes in targeted proteomics®: 16,
Efforts have also been made for relative quantification of metabolites with certain functional
groups by using isotopic variant tags with LC/MS7 and two-dimensional gas chromatography/
mass spectrometry experiments!®. We recently reported a proof-of-principle approach for
NMR-based targeted metabolic profiling in which amine-containing metabolites were tagged
with 13C to achieve improved detection limits and resolution, and applied this approach to the
study of inborn errors of metabolism2°.

In the present work, we report a robust method for detecting a large number of low-
concentration carboxyl-containing metabolites using a straightforward method to tag
metabolites of interest with 1°N. Carboxyl-containing compounds represent a large and
important class of metabolites or exogenous compounds, and they appear in essentially all
important metabolic pathways20. A number of these compounds are known biomarkers or
potential biomarkers for various diseases?1 =23, Advantages of the NMR method detailed below
include its quantitative accuracy, improved resolution that reduces spectral overlap, and a
concomitant improvement in identification. The approach makes use of high

resolution H-15N 2D NMR and results in the detection of nearly two hundred well-resolved
signals corresponding to well over 100 carboxyl-containing metabolites that can be routinely
and reproducibly detected in serum and urine samples.

EXPERIMENTAL SECTION

Chemicals and biological samples

Sixty-two carboxyl-containing metabolite standards (Table 1), 3-(trimethylsilyl) propionic-2,
2, 3, 3-d4 acid sodium salt (TSP) (all from Sigma - Aldrich), 4- (4, 6- dimethoxy [1. 3. 5]
triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM) (Acros) and 1°N-ethanolamine
(Cambridge Isotope Laboratories) were used without further purification. Human serum and
urine samples were obtained either from commercial sources or from healthy volunteers in
accordance with the Internal Review Board at Purdue University. Sodium azide (0.1% wt/vol)
was added to urine samples to prevent bacterial growth. The urine and serum samples were
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then filtered with a centrifugal filter device Centriprep YM-10 (Millipore, Billerica, MA),
aliquoted, and frozen at —80 °C until used.

General procedure of 1°N-ethanolamine tagging

3 L 15N-ethanolamine (50 umol) was added to 400 pL of the sample in a dry glass vial, and
the pH of the mixture was adjusted to 7.0 with 1 M HCI. DMT-MM (21 mg) was added to
initiate the reaction?*: 25, The mixture was continuously stirred at room temperature for 4 hrs
to complete the reaction. In order to maintain 1°N amide protonation, the pH was adjusted to
5.0 by adding 1 M HCI or 1 M NaOH, and then the solution volume was adjusted to 600 pL
by adding water prior to NMR detection26. The mixture of metabolite standards was prepared
by mixing 10uL of a 20 mM stock solution for each compound. Urine was used with no
pretreatment. Serum was deproteinated by a procedure described in the Supporting Information
prior to tagging.

NMR spectroscopy

The sample solutions (570 ul each) were mixed with 30 ul of D,O containing TSP (0.5% wt/
vol) and placed in 5 mm NMR tubes. NMR experiments were carried out at 298 K on a Bruker
Avance-111-800 spectrometer equipped with a room temperature H inverse detection Z-
gradient probe unless otherwise noted. Additional spectra were acquired using a Bruker
DRX-500 spectrometer equipped with a IH inverse detection Z-gradient cryoprobe (Figure S3
& S5). IH NMR spectra were obtained using the water Pre-SAT180 sequence?’. A 1H-1H
double quantum-filtered COSY spectrum was obtained with WATERGATE solvent
suppression. The sensitivity-enhanced 1H-1°N 2D HSQC experiments employed an INEPT
transfer delay of 5.5 ms corresponding to a 1Jyy of 90 Hz. Spectral widths of approximately
10 kHz for the H dimension and 5 kHz for 15N were used at 800 MHz and spectral widths of
approximately 6 kHz for the 1H dimension and 3 kHz for 15N were used at 500 MHz. 128 or
256 free induction decays of 2,048 data points each were collected in the indirect (t;) dimension
with either 4 or 8 transients per increment. 1°N decoupling during the direct detection
dimension (ty) was achieved with the GARP (Globally Optimized Alternating-Phase
Rectangular Pulses) sequence. The resulting 2D data were zero-filled to 1,024 points in the
t, dimension after forward linear prediction to 512 points. A 45°-shifted sinebell window
function was then applied to both dimensions before Fourier transformation. Chemical shifts
were referenced to the 1H signal of TSP for the 1D spectra or the derivatized formic acid signal
(*H: 8.05 ppm; 15N: 123.93 ppm) in the HSQC spectra. The signal-to-noise ratios of peaks in
the 2D spectra were calculated by dividing the peak intensity by the standard deviation of 50
noise peaks randomly chosen from the nearby spectral region (i.e., within + 0.1 ppm in 1H
dimension and + 1 ppm in 15N dimension of the peak itself). NMR data were processed using
Bruker Topspin 2.0 spectrometer software on a Redhat Linux platform and Bruker XWINNMR
3.5 0n a SGI/IRIX platform.

RESULTS

15N-ethanolamine was found to meet the criteria for a good isotope tag for NMR analysis of
carboxyl-containing metabolites. Ethanolamine easily and selectively combines with carboxyl-
containing metabolites under aqueous conditions through the formation of amide bonds (Figure
1). The use of 15N-enriched reagent ensures that other N-containing metabolites are invisible
in the spectrum because of the low natural abundance of 1°N (0.37%). Because the tagged
metabolite contains at least one polar group (hydroxyl in ethanolamine), it retains its solubility
in aqueous medium. The magnetic characteristics of the detected pairs of nuclei (°N and 1H)
from ethanolamine, such as the J-couplings and relaxation times, are very similar for different
tagged metabolites, which reduces detection bias. J-couplings of ~90 Hz between 1H and 15N
were observed in all formed 1°N-amides ensures high sensitivity detection in the 2D
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heteronuclear coherence single quantum (HSQC) NMR experiment. On the other hand, the
varied chemical environment of individual metabolites leads to high 1H-19N peak dispersion
in the 2D spectrum. As illustrated in Figure 1, this tagging approach leads to a well-resolved
2D spectrum that is much less complex than its 1D counterpart. The improved resolution results
in part due to the fact that each reacted carboxyl group is represented by a single peak in the
2D spectrum.

15N-ethanolamine tagging was evaluated using a mixture of 62 known carboxyl-containing
compounds (Table 1) that were chosen because of their importance in a number of biological
systems. In our experience, most normal carboxyl-containing compounds (having no strong
electron-donating or withdrawing functional groups at a-carbons) are converted into 1°N-
amides quantitatively or with yields greater than 95% using an excess amount of 15N-
ethanolamine. Some complications do arise: a-amino acids that undergo intramolecular side
reactions and have lower tagging efficiencies (~30%), and compounds with a-hydroxyls (lactic
acid) or conjugated carboxyl groups also show reduced yields, yet the reproducibility is still
maintained in both cases (See Note in Supporting Information).

Figure 2a shows the 2D 1H -1°N HSQC spectrum of the 62 compound mixture after tagging
with 15N-ethanolamine. The peaks in the 2D spectrum are well dispersed and span a range of
~15 ppm in the 1°N dimension and ~1.0 ppm in the 1H dimension. Each peak in the 2D HSQC
spectrum represents one carboxyl-containing metabolite. However, metabolites that contain
multiple carboxyl groups may give rise to additional peaks depending on the molecular
structure. Metabolites having identical carboxyl groups such as adipic, maleic, and succinic
acids (labeled 3, 57, and 39, respectively) show only one peak while those having two non-
identical carboxyl groups such as aspartic and malic acids (labeled 10 and 40, respectively)
show two peaks in the spectrum. All assigned peaks were identified using a library of chemical
shifts constructed from 2D HSQC spectra of individual standard compounds reacted

with 1°N-gthanolamine (Table 1). In contrast to the well-resolved 2D HSQC spectrum shown
in Figure 2, the 1D TH NMR spectrum of the same mixture without tagging produces a complex
and highly overlapped spectrum (Figure. 2b) from which it is difficult to identify many of the
same metabolites without spiking individual compounds.

The detection linearity was evaluated using a set of mixtures of 11 standard compounds that
were reacted with 1°N-ethanolamine and analyzed by HSQC. The integrated volumes of the
2D signals were plotted against the corresponding concentrations measured by 1D IH NMR
(See Figure S1). All metabolites exhibited good linearity with coefficients of regression (R2)
greater than 0.99, including compounds with one and two carboxyl groups. The detection limit
was evaluated using an 8 min 2D experiment at 800 MHz. 15N labeled metabolites could be
detected with concentrations as low as 8 uM (SNR ~3).

Tagging metabolites in biological samples

15N-ethanolamine tagging of metabolites in urine samples resulted in a rich 2D 1H-1°N HSQC
spectrum (Figure 3). Nearly 200 well-dispersed peaks were detected that arise entirely from

carboxyl-containing metabolites. This result demonstrates the facility with which 1°N tagging
can be utilized to detect a large number of such metabolites, well over 150, assuming that most
of these metabolites do not have multiple unique carboxyl groups. Twenty-two metabolites

were identified by comparing the chemical shifts of 2D peaks in Table 1 and compounds are
labeled in Figure 4. This group includes metabolites such as oxalic acid that cannot be detected
by 1D 1H NMR experiment. In contrast, approximately 30-40 metabolites (including less than
20 containing carboxyl groups) can be identified in a typical urine 1D H NMR spectrum?28,

For the urine sample used in this study, the 1D *H NMR spectrum contained identifiable signals
from only 13 carboxyl-containing metabolites because of the high degree of spectral overlap
(See Figure S2 and Table S1). Spectral overlap further impedes reliable quantitative analysis,

Anal Chem. Author manuscript; available in PMC 2010 June 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Yeetal.

Page 5

unless selective methods or spiking experiments are employed??: 30, Even the use of high
resolution two-dimensional experiments, such as H-H correlation spectroscopy (COSY), did
not appreciably increase the number of detected metabolites (Figure S3).

Figure 4 shows the H-15N 2D spectrum of a serum sample after treating with 1°N-
ethanolamine. Nearly 180 well-dispersed peaks corresponding to a similar number of carboxyl-
containing metabolites can be seen in the spectrum. Twenty-one metabolites identified by
comparison with the chemical shift library of Table 1 are labeled in the figure. Typically, 30—
50 metabolites can be identified from the 1D 1H NMR spectrum of a serum sample, and less
than 20 of these metabolites contain carboxyl groups. With the combination of JRES, COSY
and HMQC NMR experiments, up to 40 carboxyl-containing metabolites have been identified
from human serum samples3: 32, From the 1D proton NMR spectrum of the serum sample
used here, spectral features for only 15 carboxyl- containing metabolites could be found (Figure
S4 and Table S2). Not surprisingly, peaks from almost all these metabolites are overlapped or
are obscured by the varying baseline, which thus significantly complicates reliable quantitative
analysis.

The reproducibility was tested by performing triplicate reactions and analyses on a split serum
sample. ldentical 2D spectra were observed for the three samples, with all the peaks matching
on a one-to-one basis (Figure S5 & S6), which indicates the excellent reproducibility of this
tagging method. Automated peak picking and integration using Bruker Topspin gave an
average coefficient of variation (CV) of 7% for the 101 most intense peaks and an average CV
of 5% for the 47 most intense peaks detected using a higher peak-picking threshold.

DISCUSSION

Selection of the 15N-labeled ethanolamine ‘tag molecule’ was based on the following criteria.
First, the 1°N isotope imparts a large dispersion to the individual metabolite signals because
of the broad chemical shift dispersion of 1N nuclei (~900 ppm for 15N in varied chemical
environments, and ~15 ppm for 1°N-labeled ethanolamides investigated here). To utilize such
dispersion efficiently, the isotopically enriched nucleus was chosen to be as close as possible
(one bond) to the metabolite upon tagging. Second, the sensitivity of metabolite detection
utilizing the heteronuclear correlation NMR experiment benefits from having the 15N of the
tagging molecule coupled relatively strongly to a more sensitive nucleus such as 1H. To retain
quantitation, both the magnitude of the coupling and the relaxation properties of the nuclear
pair (1N and *H) do not appreciably vary across the metabolites of interest. Third, the 15N
tagging process yields a simple NMR spectrum (one peak per carboxyl group) to ensure high
resolution in the NMR spectrum. Fourth, the tagging reaction should have a high yield to ensure
good detection sensitivity and quantitation. Aqueous reaction conditions are preferred to avoid
an additional change of solvent that could reduce reproducibility; for the same reason the
metabolites should continue to be soluble after tagging. The use of 15N-ethanolamine meets
these criteria and offers a simple method to tag the carboxyl-containing metabolites selectively
and directly in the complex biofluid. 1H-1°N 2D HSQC NMR detection provides access to
several hundred low concentrated metabolites (as low as a few uM) in a single experiment
within one hour.

The 15N tag shows excellent reproducibility for a complex biological sample such as serum.
These characteristics strongly reinforce the advantages of NMR for quantitative metabolic
profiling. The resolution improvement is imparted from the combined dispersion of the
chemical shifts of the tagging nuclei (N and 1H) and the high sensitivity is derived from the
combination of factors such as isotope labeling and the strong J-coupling between the observed
nuclei. In addition, a single peak (devoid of multiplicity) for each tagged metabolite and
effective filtering of non-tagged metabolites significantly add to the sensitivity and background
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suppression. These characteristics are important for advanced metabolic profiling as well as
for identifying unknown potential metabolite biomarkers.

In contrast, one-dimensional (1D) 'H NMR experiments, commonly used in metabolic
profiling, primarily emphasize signals arising from highly concentrated (mM) metabolites.
These metabolites (often referred to as the “usual suspects™) are often found to be too non-
specific to be used reliably as biomarkers. Most low-concentration metabolites in crowded
1D *H NMR spectra are buried beneath the dominant signals of high concentration metabolites.
This situation leads to low numbers of detected metabolites and challenges in direct
quantitation without spiking. Considering such limitations in the 1D and 2D NMR experiments
commonly used for detecting relatively low concentrated metabolites in metabolomics studies,
the high number of quantifiable metabolites available for detection using the 1°N tagging
approach shown here is a significant improvement.

The growth of metabolic profiling applications critically depends on the ability to measure the
onset of the biological perturbations. Therefore, technological advancements in both detecting
and identifying larger numbers of low concentrated metabolites in the spectra will be a key
driver for future progress and applications in metabolite profiling. Further improvements in
detection limits may be obtained by the use of preconcentration and microcoil NMR33, or
potentially by new methods in dynamic nuclear polarization34. Although the 2D experiment
used here may require more time than a simple 1D IH NMR, incorporation of latest
technological advancements for data collection and processing will potentially make this
approach suitable for high throughput applications3>=37 Alternatively, this approach could be
used for biomarker discovery, while selective 1D NMR approaches could then be applied for
quantitative and faster analysis?®: 30, Regarding the identification of unknown metabolites, we
anticipate that the structures of individual metabolites can be established from NMR
experiments such as 2D HSQC-TOCSY which could provide crucial molecular connectivity
for the tagged metabolites38. We are also pursuing LC/microcoil NMR based methods for
structural analysis. These approaches will be particularly important for identifying any new
metabolites that do not exist or are not well confirmed in existing databases and for constructing
larger chemical shift libraries of tagged metabolites.

In conclusion, we have demonstrated a simple isotope tagging approach for conducting a
multidimensional NMR based targeted profiling with the aim of detecting a large number of
low concentrated metabolites. Carboxyl-containing metabolites represent a major part of the
metabolome, and thus profiling these metabolites is vital, particularly since they are believed
to be present in virtually all the important metabolic pathways. 15N-ethanolamine is
straightforwardly coupled to carboxyl groups and allows the reproducible and quantitative 2D
NMR detection of over one hundred metabolites in commonly studied biofluid samples such
as serum and urine. The inherent characteristics of this tagging approach add significantly to
the number of metabolites that can be detected and quantified by NMR. Simultaneous detection
of a class of metabolites of this large number, we believe, will be of high utility towards the
advancement of metabolic profiling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic figure illustrating the approach used for metabolite 1°N tagging. 1°N-ethanolamine
reacts with carboxyl-containing metabolites in the presence of DMT-MM to form 15N-amides.
The 2D 1H-15N HSQC experiment detects the tagged metabolites with wide dispersion that
greatly improves the resolution and limit of detection.
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Figure 2.

(a) A 2D TH-15N HSQC NMR spectrum (with annotations) of a mixture of 62 metabolite
standards tagged with 1N-ethanolamine and acquired at 800 MHz within 40 min. The
identified metabolites correspond to the numbered entries in Table 1. (b) 1D 1H NMR spectrum
of amixture of 62 metabolite standards acquired at 800 MHz with a pre-SAT180 pulse sequence
before tagging.
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Figure 3.

A 2D 1H-15N HSQC spectrum of human urine obtained after tagging carboxyl-containing
metabolites with 1°N-ethanolamine acquired at 298K within 40 min. Nearly 200 metabolites
are detected and 23 of these are identified and annotated by comparing the chemical shifts with
those of metabolites in Table 1.
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Figure 4.

A 2D 1H-15N HSQC spectrum of human serum obtained after tagging carboxyl-containing
metabolites with 1°N-ethanolamine. Nearly 180 metabolite peaks are detected and 21 of these
stronger peaks are identified as annotated by comparing the chemical shifts with those of
metabolites in Table 1.
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