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Abstract

One-dimensional (1D) H nuclear magnetic resonance (NMR) spectroscopy is used extensively for
high-throughput analysis of metabolites in biological fluids and tissue extracts. Typically, such
spectra are treated as multivariate statistical objects rather than as collections of quantifiable
metabolites. We report here a two-dimensional (2D) *H-13C NMR strategy (Fast Metabolite
Quantification, FMQ by NMR) for identifying and quantifying the ~40 most abundant metabolites
in biological samples. To validate this technique, we prepared mixtures of synthetic compounds and
extracts from Arabidopsis thaliana, Saccharomyces cerevisiae and Medicago sativa. We show that
accurate (technical error 2.7%) molar concentrations can be determined in 12 minutes using our
quantitative 2D H-13C NMR strategy. In contrast, traditional 1D 1H NMR analysis resulted in 16.2%
technical error under nearly ideal conditions. We propose FMQ by NMR as a practical alternative
to 1D H NMR for metabolomics studies in which 200-400 mg (preextraction dry weight) samples
can be obtained.

One-dimensional (1D) H NMR spectroscopy has been used for decades as an analytical tool
for identifying small molecules and measuring their concentrations.1: 2 Traditionally,
quantitative analysis by NMR has been restricted to relatively simple mixtures with minimal
peak overlap. In these applications, 1D 1H NMR is a natural choice, because its peaks scale
linearly with concentration and its analytical precision is usually independent of the chemical
properties of target molecules. Recently, interest has surged in using NMR for high-throughput
analysis of complex biological processes at the metabolic level.3: 4 These studies, defined as
“metabolomics” or “metabonomics”, place an emphasis on biomarker discovery or disease
classification and are typically centered on unfractionated biological fluids and tissue extracts.
1D IH NMR spectra of these samples typically contain hundreds of overlapping resonances
(Figure 1) that make traditional NMR-based analytical practices, such as resonance assignment
and accurate peak integration, a challenging prospect. As a result, sophisticated statistical tools
have been developed to translate spectral data into biologically meaningful information.% ©

All statistical tools used for analyzing complex spectra face the same fundamental barrier:
overlapped peaks do not scale in the discrete linear fashion that typifies well-isolated peaks.
They scale as the sum of the total overlapped resonance. Consequently, multivariate and
correlation statistics are reporters of overlapped spectral density, not concentrations of specific
compounds. Although peak overlap does not interfere with the reproducibility of traditional
analyses,6 it does prevent accurate quantification.
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Two approaches can be used to overcome this barrier, one mathematical the other experimental.
The mathematical approach is to fit overlapped 1D NMR spectra with modeled peaks. This
approach has been successfully applied by Weljie and co-workers.” The experimental approach
is to collect NMR spectra that disperse peaks into two or more dimensions. This allows non-
overlapped peak intensities to be measured directly.

Two-dimensional NMR (Figure 1) is a well established technique for reducing peak overlap
and has been recognized for over ten years as an excellent tool for metabolomics.8-11 Despite
this, published applications of multidimensional NMR in the metabolomics literature have
been largely restricted to qualitative analyses. One reason for this is that 2D cross-peak
intensities (or volumes) are influenced by a greater number of variables (e.g. uneven excitation,
non-uniform relaxation, evolution times, mixing times, etc.) than are 1D 1H NMR peaks. This
non-uniform behavior makes it difficult to translate peak intensities into metabolite
concentrations. A second reason is that 2D NMR spectra usually require more time to collect
than 1D 1H spectra. Long NMR acquisition times are impractical for metabolomics studies
requiring the analysis of hundreds of samples.

In this paper we introduce a simple experimental protocol, Fast Metabolite Quantification
(FMQ) by NMR (Figure 2), for measuring molar concentrations of metabolites in complex
solutions using 2D H-13C NMR. This method is accurate and allows 2D experiments to be
collected in as little as 12 minutes. Our method requires that all target metabolites be identified
and that 2D TH-13C NMR spectra of standards have been collected under comparable
conditions. Metabolite identification has recently become feasible with three new public
databases: the metabolomics extension of the Biological Magnetic Resonance Data Bank
(BMRB, www.bmrb.wisc.edu);lz: 13 the Madison Metabolomics Consortium Database
(MMCD, http://mmcd.nmrfam.wisc.edu),13 Qiu Cui, LLA.L., Adrian D. Hegeman, Mark E.
Anderson, Jing Li, Christopher F. Schulte, W.M.W, Hamid R. Eghbalnia, M.R.S, and J.L.M.,
manuscript in preparation; and the Human Metabolome Project (HMP,
Www.metabolomics.ca).14 We describe how to identify metabolites using these tools and
demonstrate the process by identifying and quantifying metabolites in Arabidopsis thaliana,
Saccharomyces cerevisiae and Medicago sativa tissue extracts. In addition, we estimate the
technical error associated with 1D and 2D NMR analyses of complex mixtures. The protocol
we describe is a general quantitative procedure that can be applied to any biological system in
which 200-400 mg (mass of dry tissue prior to extraction) samples can be obtained.

EXPERIMENTAL SECTION

Experimental Rationale

One of the main purposes of this study was to evaluate 1D 'H NMR and 2D 1H 13C NMR as
quantitative tools for metabolic profiling. To do this, we identified ~80% of the NMR-
observable metabolites present in Arabidopsis, Saccharomyces and Medicago extracts. A
subset of these compounds was selected to represent an average extract, and several synthetic
mixtures of pure compounds were prepared. All of the error estimates reported in this study
are based on the synthetic mixtures rather than real biological extracts. This approach allowed
us to measure the absolute error associated with the experimental techniques. Although our
synthetic samples contained considerably fewer compounds than a real extract, the mixtures
were created with biologically realistic concentrations and chemical diversity.

Plant Growth and Tissue Extraction

Arabidopsis thaliana seeds were germinated and grown in sterile liquid cultures of MS
medium.1® Seedlings were incubated under continuous illumination on a shaker platform.
After two weeks of growth, plants were harvested, washed in ddH,0 and flash-frozen in liquid
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nitrogen. Wild type (DS10) Saccharomyces cerevisiae were prepared by growing a culture in
YPD medium until cells had reached the stationary phase (optical density of 15). Cells
suspensions were centrifuged, and the pellet was washed in 20 volumes of phosphate buffered
saline (10 mM sodium phosphate, 150 mM NaCl, pH 7.0). Washed cell suspensions were
centrifuged, and the remaining cell pellet was flash frozen in liquid nitrogen. Medicago
sativa sprouts were obtained from a local grocery store. Sprouts were washed in ddH,O and
flash frozen in liquid nitrogen.

Frozen Arabidopsis seedlings, Medicago sprouts, and Saccharomyces cells were lyophilized
for 48 h and homogenized in a coffee grinder. 400 mg of each dry homogenate was suspended
in 16 mL of boiling ddH,0 and incubated at 100°C in a screw-top 22 mL vial for 15 minutes.
Extracts were microfiltered through ddH,O-washed 3 kDa cutoff spin filters, and the filtrate
was lyophilized to a dry powder. The lyophilized extract was suspended in NMR buffer B:
D,0, 5 mM HEPES (4-(2-hydroxylethyl)-1-piperazine ethanesulfonic acid), 500 pM NaN3
and 500 uM DSS (2,2-dimethylsilapentane-5-sulfonic acid) at a volume-to-weight ratio of 8.75
uL buffer B per milligram extract. The resulting solution was titrated with DCI or NaOD as
needed to achieve an observed pH of 7.400 (+ 0.004).

Preparation of Synthetic Samples

A total of thirty synthetic mixtures were prepared for the error analysis study. Twenty-four of
these samples were designated as “test mixtures”, and six samples were designated as
“concentration references.” Both the test mixtures and concentration references contained
twenty-six small molecules (see Supplementary Table 1). Twenty-five of these standards were
metabolites selected from the larger list of molecules identified in the three biological extracts
(see Quantitative Protocol, Step 1). HEPES was also included in the synthetic samples as an
internal concentration reference. All mixtures were prepared from weighed pure standards
(Sigma-Aldrich) suspended in NMR buffer B and were titrated to an observed pH of 7.400 (+/-
0.004). Test mixtures contained nineteen metabolites with invariant concentrations (all 5 mM)
and seven metabolites with variable concentrations ranging from 5.5 to 29.1 mM. Although
each test mixture had a unique metabolite profile, the samples were designed to group into six
classes with biologically relevant concentrations and standard deviations (see Supplementary
Table 2). The six concentration reference samples were prepared with equimolar mixtures of
the twenty-six metabolites. These samples contained each metabolite at 2 mM (N=2), 5 mM
(N=2), or 10 mM (N=2).

A separate set of biological concentration reference standards was prepared for estimating
concentrations in the three tissue extracts. Biological reference samples had a total of 52
metabolites split between three groups. The groups were designed to minimize overlap between
metabolites signals in 2D *H-13C NMR spectra. Biological references were prepared in the
same manner as described for the synthetic concentration reference samples.

NMR Spectroscopy

All NMR spectroscopy was carried out at the National Magnetic Resonance Facility in
Madison. Spectra were collected on a Varian 600 MHz spectrometer equipped with a triple-
resonance (1H, 13C, 15N, 2H lock) cryogenic probe and a sample changer. The probe was tuned,
matched, and shimmed by hand for the first sample. All subsequent samples were collected
using an automated shimming and data acquisition macro written in house. 1D 1H and

2D 1H-13C HSQC (heteronuclear single-quantum correlation) spectra of each sample were
collected. 1D 1H spectra were collected using 90° pulses with four acquisitions, four silent
scans, an initial delay of 2 s and an acquisition time of 2 s. Sensitivity enhanced H-13C HSQC
spectra were collected with four scans, 32 silent scans, an initial delay of 1 s and an acquisition
time of 0.3 s with broadband decoupling. The spectral width and number of increments were
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adjusted to achieve a good compromise between resolution and total acquisition time.
Quantitative IH-13C HSQC spectra were collected in 128 increments using a 70 ppm spectral
width in the indirect (:3C) dimension. The carbon transmitter offset frequency was tuned to
allow all aliphatic resonances to be contained within the spectrum. Our objective was to
minimize spectral width while avoiding peak aliasing in the aliphatic region. Aromatic
resonances and the anomeric resonances of sugars were allowed to wrap into the top of the
spectral window (see Supplementary Figure 1). Each quantitative 1H-13C HSQC spectrum
required 12 min to collect. With these spectrometer settings, every molecule in the synthetic
mixtures yielded at least one non-overlapped cross peak as did each of the identified metabolites
in the biological extracts, with the exception of putrescine, lactate, and acetate. One high-
resolution 1H-13C HSQC spectrum was collected for each biological extract. These spectra
were acquired with 512 increments, 16 scans and a 13C spectral width of 140 ppm. High-
resolution spectra were used to identify metabolites. The larger spectral width helped avoid
resonance assignment errors resulting from spectral folding.

Data Processing and Statistical Analysis

Protocol for

All spectra were chemical-shift referenced, phased, Fourier-transformed with a shifted sine
bell window function, zero-filled and peak-picked using automated nmrPipe16 processing
scripts written in-house. Concentration calculations, regressions, and error analyses were done
using automated scripts written in R, a free statistics software package (www.r-project.org).
A detailed description of the calculations, annotated R scripts, and all of the raw data are
available (see Data availability). Regression analyses report the best fit linear model of
calculated concentrations (N=168) vs. the known concentration of each metabolite. Error
analyses report the mean absolute difference between calculated metabolite concentrations
(N=168) and known concentrations.

FMQ by NMR

Step 1: Identification of Metabolites in Cell Extracts—High-resolution *H-13C HSQC
data were collected from each biological extract, and nmrPipe16 was used to process and peak-
pick each spectrum (see NMR spectroscopy). A list of possible metabolite matches was
obtained by cross-referencing observed H-13C chemical shifts (NMR peak locations) with
shifts in the BMRB and MMCD databases. All matches were checked visually by overlaying
spectra of pure standards from the BMRB onto the high-resolution 1H-13H HSQC spectrum
of each extract. Sparky (freely available from www.cgl.ucsf.edu/home/sparky) was used to
prepare the overlaid spectra. All of the assigned metabolites with concentrations greater than
~5 mM were further validated on the basis of long-range 1H-13C couplings observed in the 2D
spectra (Figure 3). A total of 52 metabolites met our assignment criteria, and twenty-six of
these metabolites were included in the synthetic mixtures used in the error analysis study (see
Supplementary Table 1).

Step 2: Concentration Reference Samples—Six equimolar mixtures of the identified
metabolites (2 MM N=2, 5 mM N=2, and 10 mM N=2) were prepared as concentration
reference samples (see Preparation of synthetic samples).

Step 3: Data Collection—All test samples and concentration reference samples were run

as a block under identical acquisition parameters (see NMR Spectroscopy). The sample block
was run twice to produce two technical replicates for each sample. To minimize experimental
bias, a random number generator (www.radom.org) was used to determine the sample order.

1D 1H and 2D 1H-13C HSQC spectra were collected sequentially on each sample with custom
macros written in-house.
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Step 4: Calculation of Concentrations—For the error analysis study, two well-dispersed
peaks in the 1H-13C HSQC spectra were selected for each of the seven target metabolites. A
standard curve was constructed for each metabolite by regressing absolute peak intensities
from the concentration reference samples with their known concentrations (Figure 4). Standard
curves were averaged across the technical replicates (N=4, two block replicates and two sample
replicates), and the resulting regression coefficients were used to predict metabolite
concentrations in the test samples. Concentration estimates were also averaged across technical
replicates (N=4, two block replicates, and two peaks were selected from each molecule) to
produce a final predicted concentration for each metabolite. Identical procedures were used to
estimate concentrations from both 1D and 2D NMR data. Proton chemical shifts used in the
1D H analysis were those identified from the positions of 2D 1H-13C HSQC cross peaks.
These shifts were hand-verified to ensure that the correct resonance was selected. Some minor
adjustments to the HSQC-based chemical shifts (+ 0.005 ppm) were necessary because of the
higher resolution of the 1D 1H spectra. Chemical shift translation was done with custom scripts
written in R.

Step 4 (alternative): Normalized Calculation of Concentrations—All of the samples
used in this study contained 5mM HEPES as an internal standard. An alternative strategy used
for calculating concentrations was to normalize all observed intensities to the average signal
from the two dispersed HEPES peaks. Standard curves were then constructed with the HEPES
normalized intensities, and concentrations were predicted in the same manner as described
above. This method corrects for any changes in the NMR sensitivity between experiments and
allows standards to be collected at a different time from the test samples. Metabolite
concentration estimates for the biological extracts were carried out in this manner, and all well-
dispersed peaks were used in the calculations. Chemical shifts and raw intensities of peaks
used for quantification are provided as text files in the supplementary materials.

Data Availability

RESULTS

A detailed description of the metabolite identification process, assignment criteria, chemical
shifts of assigned metabolites, a metabolite assignment tutorial, processed NMR data, and R
functions used for automatic peak assignment, quantification, and regression analysis are
available as downloadable files from the NMRFAM website at
http://ww.nmrfam.wisc.edu/Software/FMQ_data/.

Regression and Error Analyses

One hundred sixty-eight NMR-based concentration estimates were made from NMR spectra
of the 24 synthetic mixtures. Each estimate was regressed against the known concentration of
the metabolite (Figure 5). Parallel regressions of 2D 1H-13C HSQC and 1D H NMR
measurements indicated that the 1D estimates were considerably noisier than the 2D estimates
(r2=0.88 versus r2 = 0.99). In addition, regression slopes indicated that the 2D 1H-13C HSQC
estimates were precise (slope = 0.97; theoretical slope = 1), whereas the 1D H-based data
underestimated concentration (slope = 0.71; theoretical slope = 1). Error estimates calculated
from the divergence of observed from actual concentrations indicated that the HSQC-based
method averaged 2.7 % error with a maximum of 10.3 %, while the 1D 1H analysis averaged
16.2 % error with a maximum of 44.5 % (Supplementary Figure 2). This error translates to an
average (root mean square) accuracy of 0.6 mM for the 2D and 3.5 mM accuracy for 1D
estimates.
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Quantification of biological extracts

Fifty metabolites (excluding HEPES and MES) were identified in high resolution spectra of
the three biological extracts. Forty of these were observed in Arabidopsis, thirty-seven were
seen in alfalfa sprouts, and forty-one were present in yeast extracts. These metabolites
represented, respectively: 81%, 81%, and 86% of the observed peaks in the Arabidopsis, alfalfa,
and yeast extracts (Supplementary Table 2). Of the 50 observed metabolites, 41 (82%) could
be quantified in automated fashion from 12-min 2D 1H-13C data acquisitions. Observed
concentrations, as measured in the NMR tube, ranged from 230 mM to as little as 40 uM
(Supplementary Table 3). Metabolite concentrations below 1 mM should be treated with
caution because they are below the limit of our measured error. Half of the metabolites seen
in high resolution 1H-13C NMR had concentrations lower than 4 mM and metabolites observed
in the three tissues were distributed proportionally to the inverse of concentration (Figure 6).

Factors influencing quantification

It should be noted that most metabolite concentrations were predicted well beyond the range
of the standard intensity versus concentration curves. In an earlier trial of this experiment, we
found that higher standard concentrations (>10 mM for each metabolite) influenced the
sensitivity of the probe and produced nonlinear calibration curves. When included in an
analysis, the nonlinear standards caused a systematic underestimate of concentration and
greater technical error (data not shown). It should also be noted that the standards data must
be collected at multiple concentrations for accurate quantification. Multidimensional peak
intensities are influenced by a range of variables (uneven excitation, multiple relaxation
pathways, etc.) that change the scaling factors for individual peaks from different metabolites
(Figure 4). Our data show that calculating concentrations from three standard concentrations
(2 mM, 5 mM, and 10 mM) is sufficient for estimating concentrations between 1 mM and 30
mM.

We recognize that quantitative estimates are influenced by any variable that affects
spectrometer sensitivity (primarily salt concentration and NMR line shape). HEPES (5 mM)
was included in all the samples to act as an internal control for these variables. HEPES is a
convenient choice for 2D 1H-13C NMR studies, because it is a pH indicator and has several
well dispersed peaks (Fig. 1). An additional benefit of HEPES normalization is that it allows
standard curves generated for one study to be used in others, provided that all of the NMR
instrument settings are identical. However, we found that HEPES normalization in the synthetic
samples led to greater (10.2%) technical error (Supplementary Figure 2). In our experience,
accurate quantification (<3% error) requires measurements of absolute peak intensities
referenced to concentration standards collected at the same time as the test samples.

Sample Size Requirements for Fast Quantification

Fast 2D 1H-13C NMR quantification requires a substantial amount of starting material. In this
study, we extracted 400 mg of dry weight tissue per sample, used standard 5 mm NMR tubes,
and collected data for 12 min. The sample requirement can be reduced to 200 mg by using 5
mm susceptibility matched NMR tubes (e.g. from Shigemi, Inc), which require smaller
volumes and at the same concentration provide nearly the same signal-to-noise. Smaller
amounts of starting material will result in loss of information about metabolites present below
the detection threshold. The use of longer NMR data collection times can compensate for lower
concentrations, but because NMR sensitivity scales with the square-root of the number of scans,
this approach is limited.
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DISCUSSION

Our data indicate that 2D *H-13C HSQC is superior to 1D H NMR for quantitative analyses
of complex mixtures. Although lower error estimates (~1%) have been reported for 1D 1H
NMR analyses,17'19 these studies have been limited to well dispersed peaks. One-
dimensional 'H NMR spectra of unfractionated biological extracts contain hundreds of
overlapping resonances. Our analysis indicates that peak overlap considerably increases
technical error.

We believe that the error estimates reported here represent the practical limit of quantitative
precision for 1D TH NMR based metabolomics. Our synthetic mixtures included only 26
metabolites, and we had the luxury of knowing the exact chemical shifts of every molecule
from 2D 1H-13C HSQC spectra. NMR-based analyses of real biological samples must contend
with >50 observable compounds with ambiguous resonance assignments and larger variations
in chemical shift than our synthetic mixtures. Although these present serious obstacles for
1D 1H NMR analysis, they can be overcome using the 2D *H-13C NMR protocol we introduce
here.

FMQ by NMR requires that target metabolites be identified prior to quantitative analysis.
Although the identification of metabolites is laborious, it enables well controlled quantitative
analyses to be based on intensities of minimally overlapping peaks. Our experimental method
and guidelines for reducing NMR acquisition times should make quantitative metabolite
analyses feasible for biological studies in which 200-400 mg (weight of dry tissue prior to
extraction) samples can be obtained.

Supplementary Material

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

(a) One-dimensional 1H NMR spectrum of an equimolar mixture of the 26 small molecule
standards listed in Supplementary Table 1. (b) Two-dimensional 1H-13C HSQC NMR spectra
of the same synthetic mixture (red) overlaid onto a spectrum of aqueous whole-plant extract

from Arabidopsis thaliana (blue).
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Figure 2.

(Left) The two-step experimental design used in traditional metabolomics, which typically
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Figure 3.

Page 11

Two-dimensional 1H-13C HSQC NMR spectrum of sucrose from the BMRB (red) overlaid
onto an aqueous whole-plant extract from Arabidopsis thaliana (blue). Black boxes indicate

long-range proton carbon couplings used to validate the assignment.
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Figure 4.

Two-dimensional 1H-13C HSQC NMR peak intensities for three metabolites in the
concentration reference samples plotted as a function of known concentration. The
concentration of metabolites in the test samples were calculated from the best fit regression
lines of the concentration reference samples.
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Figure 5.

(a) Concentration estimates (N = 168) based on two-dimensional *H-13C HSQC and (b) one-
dimensional 1H NMR data. Estimates are plotted as a function of the known concentration of
metabolites in synthetic mixtures. Dotted lines indicate the ideal regression (slope = 1) and the
solid lines indicate the best fit regression.
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Figure 6.

Number of observed metabolites in Arabidopsis, Medicago, and Saccharomyces extracts as a
function of observed concentration (mM in the NMR tube; N=94). Bars indicate the total
number of metabolite occurrences in the three extracts within consecutive 2 mM windows, and
the regression line indicates the best-fit power regression (y = 42 x x "1-36 r2 = 0.86). The
internal standard (HEPES; N = 3), overlapped metabolites (acetate, lactate, and putrescine; N
=9) and nine metabolites with concentrations over 30 mM were excluded from the analysis.
Metabolites observed in high resolution 1H-13C HSQC spectra that were too dilute for FMQ
by NMR (N = 13) were included with the quantifiable metabolites in the 0-2 mM bar. A
complete list of all observed concentrations is provided in Supplementary Table 1.
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