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Abstract
NMR spectroscopy is a powerful analytical tool for both qualitative and quantitative analysis.
However, accurate quantitative analysis in complex fluids such as human blood plasma is
challenging, and analysis using one-dimensional NMR is limited by signal overlap. It is
impractical to use heteronuclear experiments involving natural abundance 13C on a routine basis
due to low sensitivity, despite their improved resolution. Focusing on circumventing such
bottlenecks, this study demonstrates the utility of a combination of isotope tagged NMR
experiments to analyze metabolites in human blood plasma. 1H-15N HSQC and 1H-13C HSQC
experiments on the isotope tagged samples combined with the conventional 1H one-dimensional
and 1H-1H TOCSY experiments provide quantitative information on a large number of
metabolites in plasma. The methods were first tested on a mixture of 28 synthetic analogues of
metabolites commonly present in human blood; twenty-seven metabolites in a standard NIST
(National Institute of Standards and Technology) human blood plasma were then identified and
quantified with an average coefficient of variation of 2.4 % for 17 metabolites and 5.6% when all
the metabolites were considered. Carboxylic acids and amines represent a majority of the
metabolites in body fluids and their analysis by isotope tagging enables a significant enhancement
of the metabolic pool for biomarker discovery applications. Improved sensitivity and resolution of
NMR experiments imparted by 15N and 13C isotope tagging is attractive for both the enhancement
of the detectable metabolic pool and accurate analysis of plasma metabolites. The approach can be
easily extended to many additional metabolites in almost any biological mixture.
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Introduction
Nuclear magnetic resonance (NMR) spectroscopy is increasingly used in metabolomics for
the analyses of multiple metabolites in biofluids and tissue. Metabolomics promises a
number of important applications in biomedicine including a more detailed understanding of
biological processes, the discovery of the biomarkers associated with numerous diseases,
pharmaceutical development and toxicology.1-6 It is increasingly recognized that because of
its high reproducibility and quantitative nature, NMR is very attractive. In particular, the
improved resolution of two-dimensional (2D) NMR methods is considered very useful for
metabolomics applications.7-11 However, a major drawback of 2D NMR is that the cross-
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peak volume in the spectrum is influenced by numerous experimental or intrinsic parameters
including the nonuniform excitation profile of the radio frequency pulses, number and
duration of the pulses, inter-pulse delays, relaxation times and the magnitude of indirect
spin-spin couplings. The high sensitivity of peak intensities (or volumes) to these parameters
has limited the use of 2D (particularly 1H homonuclear 2D) experiments for quantitative
analysis in metabolomics.

To overcome the limitations of quantitation and to improve the analysis, new higher
resolution 2D approaches utilizing 1H-13C heteronuclear 2D experiments (HSQC) have been
proposed.12,13 One approach is to utilize the information from 2D 1H-13C NMR spectra of
standard compounds obtained under identical conditions and relate the peak heights in the
samples to standard mixtures;12 another is to utilize calibration curves obtained
using 1H-13C HSQC spectra for individual metabolites to determine the metabolite
concentrations13. Most recently, a more general approach that does not require
measurements of standard compounds was proposed.14 This method utilizes correction
factors derived theoretically from the solution of the Bloch equations and the analysis of
product operator formalism incorporating longitudinal (T1) and transverse (T2) relaxation
parameters, 1H-13C heteronuclear J-coupling and various delays used in the pulse sequence.

A major drawback of using the 1H-13C HSQC experiment for quantitative analysis, is the
lack of sensitivity arising from low metabolite concentration and natural abundance of 13C
(1.1 % natural abundance). To compensate this limitation, unusually long acquisition times
(nearly 10 hrs or more) are typically required since the NMR sensitivity scales with the
square-root of the number of scans. Moreover, although 1H-13C HSQC greatly enhances
resolution when compared with 1D NMR, given the complexity of the biological samples,
the resolution obtainable from a single 2D experiment is not always adequate for analyzing a
large number of metabolites.

In the present study, with the idea of circumventing the drawbacks of resolution and
sensitivity, we utilize a combination of isotope tagging approaches and 2D NMR methods to
accurately analyze human plasma metabolites. A number of the most common metabolites
in blood plasma were quantified using this approach after validating the experimental
protocols using a mixture of synthetic compounds. Metabolites containing carboxyl and
amino groups were tagged with 15N or 13C, respectively, before detection by 2D NMR. We
have recently shown the proof-of-principle approaches to introduce isotope tags using
simple chemical derivatization methods and that the NMR spectra of the tagged metabolites
improve both resolution and sensitivity.15-18 The combination of advanced isotope tagging
methods with conventional 1D and 2D NMR methods as described in the present study
enables the quantitative analysis of a large number of metabolites in human blood on a
routine basis.

Experimental Section
Chemicals and blood plasma

Twenty-eight metabolite standards (Table 1), 4,4-dimethyl-4-silapentane-1-sulfonic acid
(DSS), maleic acid, ethanolamine (all from Sigma–Aldrich, St. Louis, MO), 4-(4,6-
dimethoxy [1,3,5] triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM) (Acros, Geel,
Belgium), 15N-ethanolamine, 13C-formic acid (Cambridge Isotope Laboratories, Andover,
MA), N, N-dicyclohexylcarbodiimide and N-hydroxysuccinimide (Sigma-Aldrich) were
used without further purification. An ultra-pure primary quantitative standard,
tris(hydroxymethyl)aminomethane, (99.9%) was obtained from Mallinckrodt Baker Inc.
Phillipsburg, NJ. Human blood plasma (10 × 1 mL) was procured from the National Institute
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of Standards and Technology (NIST, Gaithersburg, MD). Frozen plasma samples were
transported to Purdue under dry ice and stored at −80 °C until used for the analysis.

Calibration of the standard solutions
Twenty-eight metabolites that commonly occur in human blood plasma were selected based
on entries in the human metabolite database (HMDB),19 the analysis of isotope
labeled 1H-13C HSQC and 1H-15N HSQC spectra, as well as 1D and 2D 1H-1H TOCSY
spectra of a human plasma sample. Stock solutions (20 mM) for the synthetic analogues of
all these 28 metabolites (Supplementary Table S1) and internal standards, DSS (5 mM),
maleic acid (20 mM) and ethanolamine (20 mM), were prepared. The concentration of the
DSS solution was calibrated using 1H NMR against a primary stoichiometric standard,
tris(hydroxymethyl)aminomethane (22.4 mM), prepared in the lab. The calibrated DSS
solution was then used to calibrate all other standard solutions. Briefly, solutions of the
synthetic analogues of the 28 metabolites and internal standards were divided into 5 groups
as shown in Supplementary Table S2. The grouping of samples in Table S2 was such that
the 1H NMR peaks for at least one proton from each compound in the group were isolated
for the measurement of the peak integral. For each group, the one-dimensional (1D) 1H
NMR spectrum was recorded, and based on the integrated area of the isolated peaks with
reference to DSS, exact concentrations of the standard solutions were determined
(Supplementary Table S1).

Mixture analysis
A mixture of the 28 synthetic analogues of the metabolites was prepared using the stock
solutions such that the final concentration of each standard compound was matched
approximately to its expected concentration in human blood plasma19 (Table 1). From this
mixture, three identical sets of samples (Set 1, Set 2 and Set 3) were prepared (see
Supplementary Material; Flow Diagram 1); each set consisted of four solutions, 2× 500 μL
and 2× 1000 μL of the mixture. All solutions were then dried under vacuum. To the samples
from Set 1, maleic acid solution (92 nmol) was added as an internal reference and the
solutions were diluted to 500 μL using doubly distilled water. The carboxylic acid class of
metabolites was then tagged with 15N-labeled ethanolamine following the established
procedure17 (see Supplementary Material). To each sample from Set 2, ethanolamine
solution (200 nmol) was added as an internal reference and the solution diluted to 500 μL
using doubly distilled water. Amines and amino acids were subjected to 13C isotope tagging
using a 13C-formic acid reaction following the established procedure18 (see Supplementary
Material). Finally, to the samples from Set 3, DSS (9.44 nanomol) was added as an internal
reference and reconstituted in 560 μL of phosphate buffer (pH=7.4) in D2O and transferred
to 5 mm NMR tubes for 1D and 1H-1H 2D TOCSY NMR experiments.

Isotope tagging of plasma metabolites
Cold methanol (4° C; 9.6 mL) was added to 4.8 mL of the NIST plasma, vortexed, and then
kept for 30 min at -20 °C. The precipitated protein pellet was removed after centrifuging at
13,200 g for 10 min. The supernatant was divided into 12 equal parts and divided into three
groups, each group consisting of four samples (see Supplementary Material; Flow Diagram
2). In each group, two samples served as controls and the remaining two were spiked with
400 μL of the stock solution mixture of 28 synthetic samples. All three groups of samples
were then dried in vacuum. One group was used to label metabolites containing carboxylic
acid groups with 15N-ethanolamine, and the second group was used to label metabolites
containing amine groups with 13C-formic acid, after the addition of internal standards, either
maleic acid or ethanolamine, appropriately. Identical procedures were used for isotope
tagging the plasma metabolites. To the third group of samples, DSS (9.44 nanomol) was
added as an internal reference and reconstituted in 560 μL of phosphate buffer (pH=7.4) in
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D2O. Samples from all the three preparations were transferred to 5 mm NMR tubes after
adjusting the pH and solution conditions as described earlier for the mixture of standards.

NMR experiments
NMR experiments were performed at 298 K on a Bruker Avance-III-800 equipped with a
room temperature 1H inverse detection Z-gradient probe or a Bruker DRX-500 spectrometer
equipped with a 1H inverse detection Z-gradient cryo-probe. 1D NMR experiments for the
five groups of standard samples (Supplementary Table S2), the mixture of 28 synthetic
analogues, and the plasma extracts were performed using a one pulse sequence with residual
water signal suppression by pre-saturation during relaxation delay. Thirty-two scans with 64
k time domain data points were collected with a sufficiently long recycle delay (20 s) to
ensure complete recovery of the magnetization between scans. For the 15N isotope tagged
samples, 1H-15N 2D HSQC experiments were performed employing an INEPT transfer
delay of 5.5 ms corresponding to a 1JNH of 90 Hz. Spectral widths of approximately 10 kHz
in 1H and 5 kHz in 15N dimensions were used for the 800 MHz experiments. For 13C
isotope tagged samples, sensitivity-enhanced 1H-13C 2D HSQC experiments were
performed employing an INEPT transfer delay of 2.5 ms corresponding to a 1JC-H of 200
Hz. Spectral widths of approximately 10 kHz for the 1H dimension and 600 Hz for 13C were
used at 800 MHz. For both 1H-15N HSQC and 1H-13C HSQC 2D experiments, 128 free
induction decays were collected along the indirect (t1) dimensions using 4 transients per
increment and 2s or 3s recycle delay, resulting in a total acquisition time of 18 min for
the 1H-15N HSQC and 28 min for the 1H-13C HSQC. Phase-sensitive data were obtained
using echo-anti-echo mode with nitrogen (for 1H-15N HSQC) or carbon (for 1H-13C HSQC)
decoupling during acquisition (t2 dimension) using the GARP (Globally Optimized
Alternating-phase Rectangular Pulses) sequence. 1H-1H 2D TOCSY experiments were
performed for the neat (non-derivatized) samples with a spectral width of 6 kHz (500 MHz)
or 12 kHz (800 MHz) in both the dimensions. The residual water signal was suppressed by
presaturation. 400 free induction decays were collected with t1 increments using 8 transients
per increment and 2s recycle delay, resulting in a total acquisition time of 116 min (500
MHz) or 111 min (800 MHz).

All 1D data were Fourier transformed with a 0.3 Hz line broadening function. The 2D data
were zero-filled to 1,024 points in the t1 dimension after forward linear prediction to 512
points and Fourier-transformed after multiplying by a squared sine-bell window function
shifted typically by π/4 or π/2 along both the dimensions. All NMR data were processed
with Bruker Topspin 2.0 on a Redhat Linux platform and Bruker XWINNMR 3.5 on a SGI /
IRIX platform. An automatic baseline correction using a polynomial of degree 5 was used to
correct the baseline in both 1D and 2D spectra.

Peaks in the 1D and 2D NMR spectra were assigned to various metabolites based on
literature reports.17-19 Integrals for well resolved peaks in 1D and 2D spectra were obtained
with respect to the peak for the internal standard DSS, maleic acid or ethanolamine. Integral
limits for each peak in the 2D spectra were selected such that the selected region
encompassed the whole peak and that no other peak interfered with the selection. Once
chosen for each type of 2D spectrum, the same sets of integral limits were used for all other
samples. Concentrations of the plasma metabolites were determined by comparing the peak
integrals from the spectra obtained with and without spiking with the synthetic analogues,
and also by directly comparing the peak integrals of the plasma metabolites with those from
the standards. The accuracy, reproducibility and errors were estimated from two to eight
measurements, depending on the detection of the resolved peak for a particular metabolite in
one or more types of spectra, for both synthetic mixtures and plasma samples. The 1H-15N
HSQC, 1H-13C HSQC and 1H-1H TOCSY experiments and the data analyses were
performed by independent persons.
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Results
The standard solutions of the synthetic analogues of the plasma metabolites and internal
standards (maleic acid and ethanolamine), prepared based on their weights, were calibrated
using 1D 1H NMR. The actual concentration of the standard solutions prepared based on the
weight varies depending on the purity and hygroscopic nature of the compounds and hence,
it is important to calibrate the standard solutions especially for accurate quantitative
analysis. The DSS solution, which was first calibrated using a primary stoichiometric
standard, tris(hydroxymethyl)aminomethane, was used for calibrating all the standard
solutions (Supplementary Table S2). The difference between the concentrations determined
based on sample weight and calibration using 1D NMR varied as much as 10% for all but
three metabolites, which varied up to nearly 20% (Supplementary Table S1) due to
hygroscopic nature of the metabolites or sample impurities.

Analysis of synthetic metabolite mixture
A mixture of 28 metabolites was analyzed using both 15N and 13C isotope tagging
approaches. Fig. 1 shows 2D spectra of the mixture of 28 compounds with 15N and 13C
isotope tagging, as well as without tagging. The integrated 2D peak volumes were obtained
and then used to calculate the metabolite concentrations. Fig. 2 shows the concentration of
the compounds thus determined. As can be seen in the figure, an excellent match between
the metabolite concentrations derived from NMR methods and the actual values was
obtained. Further, as shown in Supplementary Figure S1, a correlation of the NMR derived
values with the expected values showed a very good agreement for all low and high
concentration metabolites (R2 > 0.99).

Quantitation of plasma metabolites
The 1D 1H NMR spectrum of the plasma sample obtained without isotope labeling is highly
complex, with only a relatively small number of metabolite signals being isolated from other
signals (Supplementary Figure S2). 2D HSQC spectra of plasma samples tagged with 15N
and 13C isotopes provide resolved peaks for a much larger number of carboxylic acid and
amine containing metabolites. Fig. 3 shows 2D spectra of the plasma obtained with and
without 15N or 13C tagging. The 2D TOCSY spectrum of the same plasma sample also
provided a number of well resolved peaks (Fig. 3c). However, unlike the HSQC spectra, the
TOCSY spectrum showed a number of redundant peaks for the same metabolite, which
increases the complexity of the spectrum.

Quantitation of the plasma metabolites followed an identical procedure used for the
determination of the concentrations of metabolites in the synthetic mixture. The integrated
peak areas/volumes in the 1D/2D spectra of the neat and the spiked plasma samples were
obtained and the metabolite concentrations determined. Twenty-seven metabolites that were
identified in human plasma were analyzed in duplicate measurements with and without 15N
and 13C isotope tagging. Fig. 4 depicts the concentration of the metabolites thus determined.
The 1H, 13C and 15N chemical shifts for the blood plasma metabolites analyzed in this study
are shown in Table 2 and the derived concentrations using a combination of four different
NMR methods is shown in Table 3. Further, the concentration of the carboxylic acid and
amino metabolites were also determined by directly comparing the 2D peak integrals with
those for the corresponding standard compound. Comparison of the metabolites
concentration determined with and without spiking is shown in Fig. 5. Notably, the values
determined from both approaches agree well.
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Discussion
1H NMR spectroscopy is an attractive tool for the quantitative analysis of multiple
metabolites from intact biological samples. Considering its ease of use, reproducibility and
high-throughput nature, 1D 1H NMR spectroscopy is often used for metabolomics based
studies. However, it is challenging to analyze the 1D NMR spectrum of plasma in an
absolute quantitative fashion as it contains a large number of overlapping signals due to
hundreds of metabolites present at variable concentrations. The multiplicity of the signals
due to J-coupling makes 1D 1H NMR spectra of plasma particularly challenging. The
interference from macromolecules such as proteins and lipids adds to the complexity and
causes baseline distortions in the spectra. Such overlap and baseline issues substantially
affect the accuracy of the quantitative analysis using 1D NMR. To offset such limitations, a
majority of the studies that use 1D NMR resort to comparisons of the relative intensities of
the 1D NMR signals between disease and healthy samples. While the use of relaxation
edited techniques such as Carr-Purcell-Meoboom-Gill (CPMG) experiment, serum/plasma
deproteinization, and line fitting approaches significantly improves the analysis of
metabolites,20 such methods are not ideal. Diffusion-sensitized 1D NMR spectroscopy,
which uses data from two separate 1D experiments, one obtained using low diffusion
gradients and the other using high gradients to suppress macromolecular background signals
effectively, was shown to be useful for the quantitative analysis of blood plasma
metabolites.21 However, spectral overlap still significantly limits the number of metabolites
that can be analyzed.

2D NMR promises quantitative analysis of a large number of metabolites on a routine basis.
An important requirement is that the cross-peaks in 2D spectra should be devoid of overlaps
for reliable quantitative results; however, this criterion is not often met for a large number of
metabolites by a single 2D experiment due to the extremely high complexity of plasma. The
advantage of the new 2D NMR approaches used here is that the use chemoselective isotope
tags greatly reduce the complexity of the spectra, since only a single peak is observed for the
metabolites with a single functional group (see Fig. 1 and Fig. 3). The reduced complexity
of the spectra due to the absence of less interesting chemical signals is particularly important
for the analysis of low-concentration metabolites (Fig. 2 and Fig. 4). This method, however,
does not work for the analysis of lipoproteins, which represents a major class of metabolites
in blood plasma, and which have been effectively been analyzed using a multivariate
deconvolution approach.22,23

An important criterion for the quantitative analysis method to be robust is that it does not
require the use of spiking standards for each sample. To test this, we also determined the
concentration of 15N and 13C isotope tagged metabolites in plasma by comparing the 2D
peak integrals with those from the synthetic analogues. It may be interesting to note that as
shown in Fig. 5, the values thus determined using both 15N and 13C isotope tagging agree
well with those determined based on spiking with synthetic analogues. Therefore, it is
sufficient to obtain the integral for each synthetic analogue only once, which can be used for
the analysis of any number of samples. Utilization of 2D HSQC experiments involving the
isotopes has the additional advantage since both the magnitude of the coupling and the
relaxation properties of the nuclear pairs (15N/13C and 1H) do not appreciably vary across
the metabolites of interest and hence provide the relative cross peak intensities that are less
sensitive to instrumental settings.

In this study, we quantified 27 metabolites with an average CV of 2.4 % for 17 metabolites
and 5.6% when all the metabolites were considered. When the results from all the four NMR
methods were combined for the same metabolites, the average CV’s were 4.8% and 8.7%,
respectively. We note that, as the metabolite library expands, we can quantify additional
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metabolites from the same and already acquired 2D data by comparison of the peak integrals
with those from the standards. Mass spectrometry (MS), another very useful method for
quantitative analysis, is highly sensitive and provides quantitative information on a larger
number of metabolites. However, MS invariably involves the combination of a separation
method such as gas chromatography or liquid chromatography for accurate analysis and
often renders the obtained results to be sensitive to the specific column and separation
parameters and especially the ionization conditions. In addition, a standard compound is
needed for each quantified metabolite.

In conclusion, this investigation presents quantitative analysis of over 25 plasma metabolites
using 15N and 13C isotope tagging methods. Carboxylic acids and amines represent a
majority of the metabolites in body fluids and their analysis by isotope tagging significantly
enhances the detectable metabolic pool for biomarker discovery applications. The
combination of improved sensitivity and resolution, and less time required when compared
to natural abundance heteronuclear NMR methods, is attractive for the routine and accurate
analysis of metabolites in complex biological samples. Although, the isotope tagging
methods use 2D NMR experiments, each 2D experiment requires only 30 min or less (<10
min with a cryoprobe), and hence the approach can be useful for high throughput analysis of
human plasma as well as other biological fluids. Further, combination of the isotope tagging
approach with latest advancements in NMR technology, such as detection using micro-coil
probes, for example, can significantly minimize the volume of biofluid samples required for
routine analysis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
2D spectra of mixtures of 28 synthetic compounds obtained with or without isotope tagging:
(a) 1H-15N HSQC spectrum with15N tagging of carboxylic acids (b) 1H-13C HSQC
spectrum with 13C tagging of amines and amino acids; and (c) 1H-1H TOCSY spectrum of
the neat mixture. All the spectra were obtained on a 800 MHz spectrometer. The labeled
peaks correspond to the numbered metabolites in Table 2.
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Figure 2.
Concentration of 28 standard metabolites obtained by combining 2D NMR experiments with
and without 15N or 13C tagging: (a) obtained from 1H-15N HSQC NMR after 15N tagging;
(b) obtained from 1H-13C HSQC NMR after 13C tagging and (c) obtained from 1H-1H
TOCSY NMR of the neat mixture. The shaded bar on the right in each pair represents the
actual concentration of the metabolite.
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Figure 3.
2D spectra of NIST plasma obtained with and without isotope tagging: (a) 1H-15N HSQC
spectrum obtained after 15N tagging of carboxylic acids (b) 1H-13C HSQC spectrum
obtained after 13C tagging of amines and amino acids; and (c) 1H-1H TOCSY spectrum of
the neat mixture. All the spectra were obtained on a 800 MHz spectrometer. The labeled
peaks correspond to the numbered metabolites in Table 2.
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Figure 4.
Concentration of metabolites in the NIST plasma obtained using 1D/2D NMR experiments
with and without isotope tagging: (a) obtained from 1H-15N HSQC NMR after 15N tagging;
(b) obtained from 1H-13C HSQC NMR after 13C tagging; (c) obtained from 1H-1H TOCSY
NMR of neat plasma; and (d) obtained from 1D NMR of the neat plasma sample.
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Figure 5.
Comparison of the concentrations of (a) carboxylic acid and (b) amino metabolites in the
NIST plasma obtained with spiking (left bars) and without spiking (right bars) with the
standard compounds.
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Table 1

Synthetic analogues of metabolites used for the quantitative analyses of human plasma metabolites.

Serial Number Standard compound Estimated approximate blood plasma
concentrations* (μM)

Actual NMR calibrated concentrations in the
mixture (μM) used for spiking&

1 3-hydroxybutyrate 60 59.2 ± 0.9

2 Acetate 80 73.7 ± 1.1

3 L-Alanine 300 287.1 ± 4.5

4 L-Arginine 80 90.1 ± 1.4

5 Citrate 30 28.1 ± 0.4

6 Creatinine 40 31.6 ± 0.6

7 Formate 40 32.5 ± 0.5

8 L-glutamic acid 50 53.8 ± 0.3

9 L-Glutamine 300 292.1 ± 2.8

10 L-Glycine 200 172.6 ± 2.7

11 L-Histidine 80 83.7 ± 0.6

12 L-Isoleucine 50 50.7 ± 0.2

13 Lactate 1000 959.5 ± 15.1

14 L-Leucine 80 80.7 ± 1.2

15 L-Lysine 100 75.3 ± 2.3

16 L-Methionine 20 19.2 ± 0.03

17 L-Phenylalanine 70 71.1 ± 1.1

18 L-Proline 100 93.3 ± 1.5

19 L-Threonine 100 90.0 ± 1.9

20 L-Tryptophan 30 29.1 ± 0.4

21 L-Tyrosine 80 80.9 ± 0.3

22 L-Valine 200 183.2 ± 1.5

23 Succinate 10 9.9 ± 0.1

24 Betaine 50 44.6 ± 0.7

25 4-hydroxy-L-proline 50 53.4 ± 0.8

26 L-Serine 100 93.3 ± 0.7

27 L-Asparagine 40 43.9 ± 0.7

28 Taurine 30 27.7 ± 0.1

*
Obtained from the combination of database search and comparison of the relative peak integrals in the NMR spectra.

&
The errors are standard deviations from two measurements.

Anal Chem. Author manuscript; available in PMC 2012 March 29.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Nagana Gowda et al. Page 15

Ta
bl

e 
2

T
he

 1 H
, 13

C
 a

nd
 15

N
 c

he
m

ic
al

 s
hi

ft
s 

of
 th

e 
pe

ak
s 

us
ed

 in
 th

e 
an

al
ys

is
 o

f 
N

IS
T

 p
la

sm
a 

m
et

ab
ol

ite
s.

E
xp

er
im

en
t:

 1 H
-15

N
 H

SQ
C

E
xp

er
im

en
t:

 1 H
-13

C
 H

SQ
C

L
ab

el
M

et
ab

ol
it

e
1 H

 (
pp

m
)

15
N

 (
pp

m
)

L
ab

el
M

et
ao

lit
e

1 H
 (

pp
m

)
13

C
 (

pp
m

)

2
A

ce
ta

te
8.

01
12

0.
93

3
L

-A
la

ni
ne

7.
96

16
3.

40

3
L

-A
la

ni
ne

8.
23

11
3.

70
10

L
-G

ly
ci

ne
8.

03
16

4.
15

5
C

itr
at

e
8.

04
12

2.
62

11
L

-H
is

tid
in

e
7.

97
16

3.
56

8
L

-G
lu

ta
m

ic
 a

ci
d

8.
21

11
5.

58
12

L
-I

so
le

uc
in

e
8.

03
16

3.
81

10
L

-G
ly

ci
ne

8.
12

11
4.

78
18

L
-P

ro
lin

e
8.

10
16

3.
10

11
L

-H
is

tid
in

e
8.

25
11

6.
42

19
L

-T
hr

eo
ni

ne
8.

12
16

4.
12

17
L

-P
he

ny
la

la
ni

ne
8.

13
11

7.
19

20
L

-T
ry

pt
op

ha
n

7.
88

16
3.

51

19
L

-T
hr

eo
ni

ne
8.

28
11

7.
52

22
L

-V
al

in
e

8.
05

16
3.

88

20
L

-T
ry

pt
op

ha
n

8.
03

11
6.

90
25

4-
hy

dr
ox

y 
pr

ol
in

e
8.

04
16

5.
21

21
L

-T
yr

os
in

e
8.

18
11

7.
25

26
L

-S
er

in
e

8.
07

16
3.

92

22
L

-V
al

in
e

8.
30

11
8.

43
27

L
-A

sp
ar

ag
in

e
8.

01
16

3.
57

24
B

et
ai

ne
8.

57
12

4.
28

28
T

au
ri

ne
7.

99
16

4.
23

25
4-

hy
dr

ox
y 

pr
ol

in
e

8.
26

11
6.

74

E
xp

er
im

en
t:

 1 H
 1

D
 N

M
R

E
xp

er
im

en
t:

 1 H
-1 H

 T
O

C
SY

L
ab

el
M

et
ab

ol
it

e
1 H

 (
pp

m
)

L
ab

el
M

et
ab

ol
it

e
1 H

 (
pp

m
) 

F
2 

di
m

en
si

on
1 H

 (
pp

m
) 

F
1 

di
m

en
si

on

1
3-

hy
dr

ox
yb

ut
yr

at
e

1.
19

4
L

-A
rg

in
in

e
1.

68
3.

23

2
A

ce
ta

te
1.

91
5

C
itr

at
e

2.
65

2.
51

3
L

-A
la

ni
ne

1.
47

11
L

-H
is

tid
in

e
7.

07
7.

06

7
Fo

rm
at

e
8.

45
12

L
-I

so
le

uc
in

e
3.

66
0.

98

9
L

-G
lu

ta
m

in
e

2.
13

13
L

ac
ta

te
1.

32
1.

32

11
L

-H
is

tid
in

e
7.

06
14

L
-L

eu
ci

ne
0.

95
1.

70

12
L

-I
so

le
uc

in
e

1.
01

15
L

-L
ys

in
e

3.
02

1.
48

16
L

-M
et

hi
on

in
e

2.
13

19
L

-T
hr

eo
ni

ne
3.

57
1.

33

17
L

-P
he

ny
la

la
ni

ne
7.

42
20

L
-T

ry
pt

op
ha

n
7.

53
7.

72

20
L

-T
ry

pt
op

ha
n

7.
74

21
L

-T
yr

os
in

e
6.

90
7.

18

Anal Chem. Author manuscript; available in PMC 2012 March 29.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Nagana Gowda et al. Page 16

E
xp

er
im

en
t:

 1 H
 1

D
 N

M
R

E
xp

er
im

en
t:

 1 H
-1 H

 T
O

C
SY

L
ab

el
M

et
ab

ol
it

e
1 H

 (
pp

m
)

L
ab

el
M

et
ab

ol
it

e
1 H

 (
pp

m
) 

F
2 

di
m

en
si

on
1 H

 (
pp

m
) 

F
1 

di
m

en
si

on

21
L

-T
yr

os
in

e
6.

89
22

L
-V

al
in

e
3.

60
2.

27

22
L

-V
al

in
e

1.
03

29
G

lu
co

se
5.

23

Anal Chem. Author manuscript; available in PMC 2012 March 29.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Nagana Gowda et al. Page 17

Ta
bl

e 
3

N
IS

T
 p

la
sm

a 
m

et
ab

ol
ite

 c
on

ce
nt

ra
tio

ns
 o

bt
ai

ne
d 

us
in

g 
a 

co
m

bi
na

tio
n 

of
 N

M
R

 e
xp

er
im

en
ts

 w
ith

 o
r 

w
ith

ou
t i

so
to

pe
 ta

gg
in

g.

L
ab

el
M

et
ab

ol
it

e
N

IS
T

 P
la

sm
a 

co
nc

en
tr

at
io

n 
(μ

M
)&

L
ab

el
M

et
ab

ol
it

e
N

IS
T

 P
la

sm
a 

co
nc

en
tr

at
io

n 
(μ

M
)&

1
3-

hy
dr

ox
yb

ut
yr

at
ed

99
.3

 ±
 1

3.
1

16
L

-M
et

hi
on

in
ed

16
.6

 ±
 2

.8

2
A

ce
ta

te
a,

d
14

2.
0 

±
 3

.0
17

L
-P

he
ny

la
la

ni
ne

a .
d

50
.6

 ±
 3

.8

3
L

-A
la

ni
ne

a,
b,

d
27

9.
4 

±
 1

8.
9

18
L

-P
ro

lin
eb

12
7.

6 
±

 1
3.

1

4
L

-A
rg

in
in

ec
15

5.
9 

±
 1

6.
0

19
L

-T
hr

eo
ni

ne
a,

b,
c

10
7.

3 
±

 1
6.

7

5
C

itr
at

ea
,c

40
.1

 ±
 2

.3
20

L
-T

ry
pt

op
ha

na
,b

,c
,d

45
.9

 ±
 8

.1

7
Fo

rm
at

ed
51

.2
 ±

 2
.1

21
L

-T
yr

os
in

ea
,c

,d
58

.9
 ±

 7
.2

8
L

-G
lu

ta
m

ic
 a

ci
da

69
.3

 ±
 5

.3
22

L
-V

al
in

ea
,b

,c
,d

15
9.

7 
±

 1
1.

6

9
L

-G
lu

ta
m

in
ed

36
8.

5 
±

 2
.3

24
B

et
ai

ne
a

27
.3

 ±
 2

.8

10
L

-G
ly

ci
ne

a,
b

20
4.

5 
±

 3
1.

2
25

4-
hy

dr
ox

y 
pr

ol
in

ea
,b

11
.5

 ±
 1

.3

11
L

-H
is

tid
in

ea
,b

,c
,d

63
.1

 ±
 5

.7
26

L
-S

er
in

eb
95

.8
 ±

 1
5.

0

12
L

-I
so

le
uc

in
eb

,c
,d

48
.2

 ±
 2

.4
27

L
-A

sp
ar

ag
in

eb
33

.4
 ±

 2
.8

13
L

ac
ta

te
c

24
03

.6
 ±

 1
27

.6
28

T
au

ri
ne

b
32

.4
 ±

 0
.8

14
L

-L
eu

ci
ne

c
10

0.
1 

±
 0

.1
29

G
lu

co
se

d
87

78
.5

 ±
 6

2.
8

15
L

-L
ys

in
ec

19
0.

8 
±

 2
1.

9

&
T

he
 e

rr
or

s 
ar

e 
st

an
da

rd
 d

ev
ia

tio
ns

;

a ob
ta

in
ed

 f
ro

m
 1

H
-1

5 N
 H

SQ
C

;

b ob
ta

in
ed

 f
ro

m
 1

H
-1

3 C
 H

SQ
C

;

c ob
ta

in
ed

 f
ro

m
 1

H
-1

H
 T

O
C

SY
; a

nd

d ob
ta

in
ed

 f
ro

m
 1

H
 1

D
 N

M
R

.

T
w

o 
sa

m
pl

es
 w

er
e 

us
ed

 f
or

 e
ac

h 
ex

pe
ri

m
en

t r
es

ul
tin

g 
in

 tw
o,

 f
ou

r,
 s

ix
 o

r 
ei

gh
t i

nd
ep

en
de

nt
 m

ea
su

re
m

en
ts

 f
or

 e
ac

h 
m

et
ab

ol
ite

.

Anal Chem. Author manuscript; available in PMC 2012 March 29.


