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Abstract

The complexity of biological mixtures continues to challenge efforts aimed at unknown metabolite
identification in the metabolomics field. To address this challenge, we provide a new method to
identify related peaks from individual metabolites in complex NMR spectra. Extractive ratio
analysis NMR spectroscopy (E-RANSY) builds on our previously described ratio analysis method
[Anal. Chem. 2011, 83, 7616-7623] and exploits the simplified NMR spectra provided by the
extraction of metabolites under varied pH conditions. Under such conditions, metabolites from the
same biological specimen are extracted differentially and the resulting NMR spectra exhibit
characteristics favorable for unraveling unknown metabolite peaks using ratio analysis. We
demonstrate the utility of the E-RANSY method by extracting carboxylic acid containing
metabolites from human urine, one of the highly complex biological mixtures encountered in the
metabolomics field. E-RANSY performs better than the original RANSY method and offers new
avenues to identify unknown metabolites in complex biological mixtures.
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INTRODUCTION

NMR spectroscopy exhibits numerous unique characteristics that are favorable for
metabolomics applications. In particular, besides accurate quantitation, NMR’s capability to
establish identity of unknown metabolites is unmatched. Currently, a combination of one and
two-dimensional NMR experiments have been widely used to quantify metabolites and to
identify unknown metabolites.~7 In addition, publicly available spectral libraries and
chemical shift databases such as HMDB (Human Metabolome Database),® BMRB
(Biological Magnetic Resonance Data Bank),? MMCD (Madison Metabolomics Consortium
Database),10 COLMAR (Complex Mixture Analysis by NMR),11 and PRIMe (Platform for
RIKEN Metabolomics)!2 have aided the identification of unknown metabolites immensely.
More recent advances enable automated analysis of NMR spectra by combining chemical
shift databases with computer algorithms.13:14 Such automated analysis tools enable
metabolomics analyses even for researchers with limited knowledge of the interpretation of
NMR spectra. Despite many such advances, however, a large number of metabolites detected
in the NMR spectra of complex biological specimens such as urine remain unknown.

To address this challenge, efforts to facilitate compound identification have focused on
reducing the spectral complexity and identifying NMR peaks that belong to the same
compound, and include the development of statistical correlation, covariance NMR, and
ratio analysis methods. For example, in statistical total correlation spectroscopy (STOCSY),
peaks are identified based on high correlations obtained by generating correlation
coefficients between every pair of 1D NMR peaks across multiple spectra.1>16 A covariance
based algorithm called COLMAR (Complex Mixture Analysis by NMR) helps to identify
metabolites combining spectral data from BMRB and HMDB.1! Ratio analysis, on the other
hand, is based on the analysis of intensity ratios between peaks from the same metabolite,
and has been applied to both NMR spectrosocpy (RANSY)17 and mass spectromtery
(RAMSY).18 RANSY works on the principle that the NMR intensity ratios between peaks
from the same metabolite are fixed; thus multiple peaks from a specific metabolite can be
identified based on ratios of peak integrals.1” RAMSY, the mass spectrometry analogue of
RANSY, similarly works on the principle that the abundance/intensity ratios between the
mass fragments from the same metabolite are relatively constant. Therefore, the quotient of
average peak ratios and their standard deviations generated using a small set of mass spectra
from the same ion chromatogram, allows the statistical recovery of all the mass fragments
and facilitate reliable identification of unknown metabolites efficiently. Unlike RAMSY,
however, the challenge for RANSY is that it generally works with complex untargted NMR
spectra, as samples are not subjected to prior simplication or separation methods before
acquring the data. Therefore, isolation of metabolite peaks in NMR spectra of highly
complex bifluids such as urine often becomes challenging even for the RANSY method.
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In this study, we describe the development of an improved approach, which we call E-
RANSY (extractive RANSY). E-RANSY involves extraction of metabolites in the same
sample using a single solvent at different pH. The method was first developed using a
mixture of standard compounds and then applied to the extraction of carboxylic acid
containing metabolites from human urine. E-RANSY showed excellent performance based
on NMR spectra of urine, after extraction in ethyl acetate at varied pH. The pH-assisted
extraction in ethyl acetate offers both metabolite peak intensity variation across the spectra,
as required for RANSY, as well as tremendous simplicity compared to the parent
(unextracted) spectra. The presented results show superior performance to RANSY as well
as the conventional correlation methods, such as STOCSY.

MATERIALS AND METHODS

Chemicals and Solvents.

Forty-nine standard compounds used as metabolite analogues were purchased from Sigma-
Aldrich (St. Louis, MO), except for 3-hydroxy-3-methyl-butanoic acid, which was
purchased from Fisher Scientific (Waltham, MA) (see S| Table S1). Sodium phosphate
monobasic (NaH,PQO,), sodium phosphate dibasic (Na,HPO,), and 3-
(trimethylsilyl)propionic acid-2,2,3,3-d4 (TSP) were purchased from Sigma-Aldrich (St.
Louis, MO). Ethyl acetate was purchased from ACROS Organics (New Jersey, USA).
Deuterium Oxide (D»0) was purchased from Cambridge isotope laboratories, Inc. (Andover,
MA). Deionized (DI) water was obtained using an in-house Synergy Ultrapure Water
System from Millipore (Billerica, MA).

Preparation of Phosphate Buffer in D,0.

Phosphate buffer (0.1 M) was prepared by solubilizing 249.9 mg of anhydrous NaH,PO4
and 1124.0 mg of anhydrous Na,HPO, into 100 g of D,O and pH adjusted to 7.45+0.01 by
adding HCI and/or NaOH solutions. TSP (25 uM) was added to the buffer to be used as a
chemical shift reference.

Extraction of Standards Mixture at Different pH.

A solution of 49 standards (~300 pM each; Table S1), was prepared by mixing appropriate
volumes of their stock solutions. Using this mixture, 19 different solutions were obtained by
extracting standards into ethyl acetate at different pH by liquid-liquid extraction as follows:
For each sample, 500 pL of the standard mixture was taken in a 5 mL Eppendorf tube, pH
adjusted to a desired value (pH range 0.57 - 12.01) (see Sl Table S2) by adding 0.1to 6 N
HClI and/or 0.1 to 1 N NaOH solutions. Each sample was volume adjusted to 550 uL by
adding DI water, subjected to liquid-liquid extraction into 1833 pL ethyl acetate (the mixture
was stirred and centrifuged at the speed of 4500 xg for ca. 20 min). 1375 pL of the ethyl
acetate layer (top layer) was withdrawn, to which 200 uL DI water was added, then dried
with a Vacufuge concentrator (Eppendorf, Hauppauge, NY, USA) and stored at —20 °C until
used for NMR analysis.
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Urine Extraction at different pH.

Approximately 90 mL urine (45 mL each in two 50 mL Eppendorf tubes) was collected
from a healthy individual and pH adjusted to ca. 7.45 by adding 1 N NaOH solution. It was
centrifuged (4500 xg, 30 min) and supernatant separated (solid residue settled at the bottom
was discarded). Aliquots (each 4.8 mL in 15 mL Eppendorf tube) of the supernatant urine
were dried and the residue was reconstituted into 800 uL deionized (DI) water. For each
sample, 600 pL of the reconstituted urine supernatant was taken in a 5 mL Eppendorf tube
and pH was adjusted to a desired value (pH range 0.54 -7.36) (see Sl Table S3) by adding 1
to 8 N HCl and/or 1 N NaOH solutions. Each solution was then made up to 725 pL by
adding DI water. To selectively extract carboxylic acid containing metabolites, each solution
was stirred for ca. 30 min with 2.4 mL of ethyl acetate and centrifuged (4500 g, 30 min). 2
mL of ethyl acetate layer (upper layer) was withdrawn, dried, and stored at —20 °C until
used for NMR analysis. In total, fourteen extracted urine samples were obtained by this
approach.

Intact urine samples.

Eleven urine samples were obtained from the same healthy individual, each sample was
obtained on a different day. The samples were spun at 4500 g and 4.8 mL of the supernatants
were dried and stored at =20 °C until used for NMR analysis.

NMR Experiments.

All NMR experiments were performed using a Bruker AVANCE 111 800 MHz spectrometer
using triple-resonance TH{*3C/1°N} pulse field gradient cryoprobe. The instrument was
equipped with a 24 sample case carousel and a sample changer for automation. Dried
residues of standard mixtures as well as urine samples, obtained after solvent extraction,
were solubilized into 600 puL phosphate buffer in D,O (pH adjusted to 7.43 + 0.01) in order
to reduce pH effects on the chemical shifts, and the solutions were transferred to 5 mm
NMR tubes. The TSP concentration was 18.75 uM for standard mixtures and 50 uM for
urine extracts. For intact urine samples, each dried residue was reconstituted into 960 pL
phosphate buffer in D,O, and 600 L was taken in a 5 mm NMR tube after adjusting pH to
7.43 +£0.01.

1H 1D NMR spectra were recorded at 298 K temperature using a 90° pulse width and a
relaxation delay of 6 s. The data were acquired using 48k time domain points, a 10,000 Hz
spectral width, 432 or 592 transients, and presaturation of the residual water signal. The
pulse sequence used was the 1D version of the NOESY sequence with water presaturation.
The data were processed after multiplying by a Gaussian function (GB: 0.2 Hz; LB: -0.5
Hz) or an exponential line broadening function (LB: 0.3 Hz). The Fourier transformed
spectral size was 128k points for urine samples and 8k for standard compound mixtures. The
spectra were referenced to the TSP internal standard peak. TopSpin 3.2 software was used
for data acquisition and processing and automated with ICON NMR.

Data Processing and Analysis.

Spectral regions from —0.5 to 10.1 ppm were converted to text format and imported into
Microsoft Excel. When necessary, the interval correlation optimized shift alignment
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algorithm (icoshift)1® which was implemented in MatLab, was applied to spectral regions to
compensate for peak drifts due to pH or concentration effects. Spectral regions that
contained no peaks were removed. A binomial smoothing function algorithm was written as
a MatLab script, which was applied to reduce the data size by a factor of 12 to facilitate fast
computation (see Supporting Information for the MatLab script). Spectra were then
normalized to total sum and multiplied by 10°.

NMR data of standards mixtures, extracted urine and intact urine were subjected to ratio
analysis. Calculation of the E-RANSY spectra utilized a MatLab script and followed the
RANSY protocol that we have described in detail previously.1? In brief, in E-RANSY, the
ratio spectrum is computed based on the quotient of means and standard deviations across
columns of the ratio matrix D (Equation 1). The E-RANSY spectrum is derived using a peak
of interest, which is called the “driving peak.” Thus, the jth data point of the E-RANSY
spectrum is given by R;.

(””)Z?: lDi,j __ mean ratio
- (1)

R =
J 2 Osi
\/(”")Z?: (D= () Xi= 1 D)) rae

Where D; ;= X;i are the points in the ratio matrix D of dimension n x m; n is the number
1

of 1D NMR spectra and m is the number of data points in each spectrum. The #th data point
of the #h spectrum is denoted by a vector as X; ;. The data point k'is the driving peak of the
fth spectrum and is denoted as X, 4.

RESULTS AND DISCUSSION

The intact urine NMR spectrum is highly complex, whereas the spectrum obtained after
extraction of metabolites in ethyl acetate is greatly simplified. Figure 1 shows a typical
spectrum of intact urine (before extraction) and the spectrum obtained after extraction in
ethyl acetate at a lower pH. NMR spectra of extracts of the same urine samples at various pH
were qualitatively similar. However, the spectra differed quantitatively and the relative peak
intensities for the same metabolites varied significantly across the pH range (Figure 2). The
simplicity to the spectra combined with the variation in the relative peak intensities were
favorable to the isolation of individual metabolite peaks for unknown compounds using ratio
analysis spectroscopy. The simplicity arises in part due to the elimination of other classes of
metabolites such as amines,20 as well as the differences in the pKa’s of the carboxylic acid
groups across the different metabolites.

The NMR spectra of intact urine as well as the spectra of extracted urine were analyzed
using the RANSY and STOCSY methods. Two examples are shown in Figures 3 and 4 that
illustrate results of the analysis based on the driving peaks at 6.8702 ppm (4-
hydroxyphenylacetic acid) and 7.6893 ppm (2-furoylglycine) as shown in Figures 3a and 4a,
respectively. In both figures, the conventional RANSY (Figures 3b, 4b) and STOCSY
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(Figures 3d, 4d) spectra were obtained from the analysis of intact urine spectra, whereas E-
RANSY (Figures 3a, 4a) and E-STOCSY (Figures 3c, 4c) were obtained from the analysis
of ethyl acetate extracted urine spectra. It can be seen from the two figures that STOCSY, E-
STOCSY and even the conventional RANSY fail to clearly identify and differentiate peaks
in the complex spectrum that are associated with the driving peaks. By contrast, E-RANSY
identified a number of associated peaks in the spectra. The identities of metabolites
determined based on the evaluation of the chemical shifts of the identified peaks in the E-
RANSY spectra (Figures 3a, 4a), were 4-hydroxyphenylacetic acid and 2-furoylglycine,
respectively. They were further confirmed by the HMDB chemical shift library and 2D
NMR spectra.8 Using a similar strategy, but a simpler, more intense target peak,
identification of hippuric acid established based on E-RANSY and STOCSY (though not as
clearly) is shown in Figure S1. It may be noted while only E-RANSY identified 4-
hydroxyphenylacetic acid and 2-furoylglycine (Figures 3 a, 4a), both RANSY and E-
RANSY, as well as STOCSY identified hippuric acid (Figure S1). The ability to clearly
identify hippuric acid even by the conventional RANSY and STOCSY methods arises from
the fact that hippuric acid is fairly well resolved and a dominant metabolite in urine NMR
spectrum (Figure S2). Thus identification of metabolites such as 4-hydroxyphenylacetic acid
and 2-furoylglycine, whose peaks overlap due to the spectral complexity benefits from the
new E-RANSY technique. Further, as shown for 4-hydroxyphenylacetic acid, 2-
furoylglycine and hippuric acid (Figures S3 to S5), virtually identical E-RANSY spectra are
obtained irrespective of the metabolite’s driver peak used for the analysis. These results
further substantiate the robustness of the E-RANSY method for identifying peaks from
individual metabolites in complex NMR spectra.

The urine NMR spectrum is one of the most complex among the spectra of virtually all
biological mixtures. Hence, despite the many studies that have focused on identifying
metabolites in urine,20-22 unknown metabolite identification in urine continues to be a major
challenge. This challenge is further compounded by numerous variables including pH, ions
concentration, diet and medication use, which cause significant variation in chemical shifts
and urine composition. In view of such challenges, unknown metabolite identification using
intact urine NMR spectra often fails to yield the desired outcome. Here, spectral
simplification is achieved by combining solvent extraction using ethyl acetate at varied pH
and ratio analysis spectroscopy. The extraction method was first evaluated using mixtures of
standard compounds (Table S1; Table S2; Figure S6) and then applied to urine. The
simplification of the NMR spectra using this approach is produced mainly by the selective
extraction of carboxylic acid containing metabolites into ethyl acetate under acidic pH
conditions. Carboxylic acid containing compounds represent a large and important class of
endogenous or exogenous metabolites particularly in urine, and are found in almost all
metabolic pathways. Nearly 2500 metabolite features from carboxylic acid containing
metabolites have previously been detected by mass spectrometry in human urine,2°
highlighting their ubiquitous nature, even when considering that multiple features in mass
spectrometry can correspond to a single compound owing to the formation of different types
of adducts, isotopes and etc. The identity of a large number of such metabolites, however,
continues to be unknown. Hence, given the challenges for unknown metabolite
identification, the E-RANSY method described here is a novel method to isolate metabolite
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peaks from complex NMR spectra and aid unknown identification. In future studies we plan
to extend the E-RANSY approach by the use of different extraction solvents to capture
different classes of metabolites as well as incorporating 2D NMR methods for improved
resolution and reduced peak overlap.

E-RANSY analysis does require multiple NMR spectra, where each spectrum ideally
possesses the same metabolite of interest but with different concentrations. Based on the
evaluation of different numbers of spectra, from 5 to 80, we have shown previously that
RANSY spectra can be generated using as few as 5 NMR spectra; however, increasing the
number of spectra up to 20 provides improved resolution and better peak lineshapes.1’ In
view of these previous results, we have used 14 spectra obtained by the ethyl acetate
extraction of the same urine at different pH for E-RANSY analysis. Protonation of
carboxylic acid groups is generally high at pH values below the pKa of the acid group, and
protonation reduces with increasing pH. Neutral molecules with protonated acid groups are
extracted by ethyl acetate, whereas charged species remain in the water layer. Hence the
numbers of carboxylic acid containing metabolites extracted into ethyl acetate generally
increases as the pH is reduced (see Figure 5). Further, as anticipated, changing the pH
helped to make the metabolite levels vary among the different spectra as well as different
metabolites. Hence, the NMR peak intensity variations for each metabolite were different
from other metabolites at many pH conditions, which is critical for the E-RANSY to
efficiently isolate individual metabolites from the complex spectra. Such, intensity variation
is governed by the unique physicochemical characteristics including the pKa of the
individual metabolites. As an example, Figure S7 illustrates the typical NMR peak intensity
variation for four metabolites, 2-furoylglycine, 4-hydroxyphenyl acetic acid, hippuric acid
and succinic acid, at different pH. It is clear that the intensity of the peak is dependent on the
extraction conditions and tend to match the pKa values of the different metabolites.
Nevertheless, there are some metabolites, like 4-hydroxyphenylacetic acid that do not follow
the monotonically increasing trend as the pH is lowered. This phenomenon is not fully
understood at this time.

Incorporation of liquid chromatography (LC) online or offline, in principle, is useful for
simplifying the complexity of biological mixtures. However, LC poses numerous challenges
for routine applications in NMR. These challenges include the lack of reproducibility
(instrument to instrument variation), the need for repeated fraction collections or SPE
capture to enhance metabolite concentrations, chemical shift changes due to the changing
solvent composition during gradient elution, and co-elution of metabolites or elution within
a small retention time window. LC also dilutes the sample, which makes it even more
difficult to detect low concentration metabolites by NMR. Although LC-NMR was
introduced long ago for such applications, and is certainly useful for a number of analytical
problems, the approach has so far failed to achieve the desired success in the metabolomics
field. LC-NMR is useful for the analysis of targeted compounds, and many groups,
including our own23-25 have demonstrated its utility. On the other hand, the new E-RANSY
method presented here is robust, straightforward to perform and requires no repeated
fraction collection. It enables metabolite identification, unambiguously, owing to its high
reproducibility and resolution (see Figure 2).
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In conclusion, we present the E-RANSY method that improves the identification of
unknown metabolites by chemical and statistical elimination of unassociated peaks in the
NMR spectra of complex biological mixtures. The method combines extraction of urine
metabolites using ethyl acetate at varied pH with the RANSY method to isolate spectra of
individual metabolites. The new approach was first demonstrated using mixtures of standard
compounds and then human urine samples. Unlike correlation and the conventional RANSY
analysis, E-RANSY exhibits characteristics suitable for unraveling the spectra of individual
metabolites from the spectra of highly complex mixtures. Future studies include the
development of methods focused on extracting amines as well as other metabolite classes,
and extensions to 2D NMR experiments.1” Considering the fact that unknown metabolite
identification continues to be a major challenge in the metabolomics field, this proof of
concept method presented here may improve the current situation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(b)

Figurel.
800 MHz 1D 1H NMR spectra of (a) typical intact human urine and (b) urine after solvent-

solvent extraction using ethyl acetate at pH 2.01 and reconstitution at pH 7.43 + 0.01.

Anal Chem. Author manuscript; available in PMC 2021 May 30.



1duosnuey Joyiny

Paudel et al. Page 11

1duosnuely Joyiny

pH
- AR . . : L
6.33 - L |l
5.95 1k N ) o [
5.55 - WL
4.99 u | A
4.56 o i i
3.97 " 1] i 1
3.36 ki |
3'03 " IJ| ik A I
2.46 . )
2.01 ' ;
1.41 Wi L
1.00 | L LA
0.54
ll.IIIITIIIIIIIII[II | i1 | Lf 1 T | B | L]
9 8 7 6 5 4 3 2 1 0
ppm
Figure2.

1H 1D NMR spectra, obtained at 800 MHz, of the same urine sample obtained after solvent-
solvent extraction using ethyl acetate at different pH. For clarity, adjacent spectra are offset
by 0.06 ppm and all spectra are plotted with reduced vertical scale.
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Figure 3.
Comparison or the results or ratio analysis ana correlation analysis of either extracted urine

or intact urine spectra using the driving peak as indicated by asterisk (*). The spectra shown
are (a) E-RANSY; (b) RANSY; (c) E-STOCSY, (d) STOCSY and (e) the intact urine 1D 1H
NMR spectrum. The inset shows the structure of 4-hydroxyphenylacetic acid identified
based on E-RANSY. Peaks in the E-RANSY spectrum are labeled with corresponding
protons as labeled in the structure of the metabolite. For RANSY and STOCSY, intact urine
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NMR spectra were used; for E-RANSY and E-STOCSY, ethyl acetate extracted urine NMR
spectra were used.
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Figure 4.
Comparison of the results of ratio analysis and correlation analysis of either extracted urine

or intact urine spectra using the driving peak as indicated by asterisk (*). The spectra shown
are (a) E-RANSY; (b) RANSY; (c) E-STOCSY, (d) STOCSY and (e) the intact urine 1D 1H
NMR spectrum. The inset shows the structure of 2-furoylglycine identified based on E-
RANSY. Peaks in the E-RANSY spectrum are labeled with corresponding protons as labeled
in the structure of the metabolite. For RANSY and STOCSY, intact urine NMR spectra were
used; for E-RANSY and E-STOCSY, ethyl acetate extracted urine NMR spectra were used.
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Figure5.

Number of peaks detected in the NMR spectra of urine after extraction into ethyl acetate
solvent at different pH. The number is maximum at lower pH and is generally reduced as the
pH is increased. Protonation of carboxylic acid groups increases with decreasing pH and
hence the number of carboxylic acids class of metabolites extracted into the ethyl acetate
solvent increases at lower pH. Note, the number of metabolite peaks was determined based
on a minimum intensity threshold (MI) and peak picking sensitivity (PC) of 0.1. The
numbers, however, become far higher when a lower threshold is selected.
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