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In this note we present a rapid, efficient method for identifying metabolites in biofluid
NMR spectra using targeted profiling. Conventional techniques for identifying and
quantifying metabolites in such spectra are labor-intensive and error-prone, as
positions and linewidths of peaks can vary widely with changes in pH and other
solution matrix effects. The length of time and level of operator skill needed to analyze
large numbers of these complex spectra (Figure 1) are significant barriers to the
widespread application of NMR in metabolomics.

Introduction

Variability in spectra due to peak position and linewidth changes is often handled
by a form of data reduction known as "spectral binning" or "spectral bucketing" [1]
[2]. This method involves dividing the spectrum into a number of regions, or bins
(K), and considering the total integrated area within each bin for further analysis.
The bins can be of a fixed width or they can be of variable size, using manual
inspection for the best optimization or automated algorithms for high throughput
[3]- Use of spectfral binning is based on the premise that considering regions of the
spectra, as opposed to individual data points, can compensate for minor peak shifts
and linewidth differences for the same compound across multiple samples (N).
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Figure 1. Analyzing complex NMR spectra like this 800 MHz spectrum of a brain tissue extract can be a
daunting task.

In practice, sensitivity to sample conditions, along with baseline and other spectral
distortions that can arise during an experiment, mean that the bin integrations do
not necessarily reflect true changes in spectral area [4] [5]. Since pattern recognition
techniques such as principal component analysis (PCA) depend on linear combinations
of the input spectral bins, artifacts in the integrations of input bins will compromise
the analysis. If the metabolites of interest vary subtly, peak position and linewidth
differences between samples, as well as instrumental and spectral artifacts, may
mask significant changes to their concentrations. Applying statistical tools such as
orthogonal signal correction to regression-type experiments has been shown to
eliminate components of the data which are not relevant to the analysis, including
the effects of physiological and instrumental variation [6].

In spite of these advances in spectral pre-processing algorithms and pattern
recognition methods for spectral binning data, little information is available about
individual metabolites and their concentrations in the sample. Any statistical
treatment of NMR spectra in metabolomics is based on the idea that metabolites are
the actual variables of interest. The ideal statistical treatment would directly involve
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the concentrations of all metabolites in the samples, since these values represent the
underlying physical model that generates the observed NMR spectrum. Such a
treatment would allow analysis of compounds either jointly, for total characterization
of the mixture, or selectively, for targeted characterizations such as pathway modeling.
In this case, there would still be N samples, but each variable K would be the
concentration of a single metabolite.

Targeted profiling is an approach to data reduction that involves comparison to NMR
spectral signatures of individual metabolites found in a reference database. This
technique works by reducing spectral data to quantified metabolites, providing input
variables for pattern recognition tools such as PCA or projection to latent structures
(PLS). The approach reduces the dimensionality of the problem space compared to
spectral binning, as assignment of all protons in a compound will show all spectral
regions correlated to that compound. As a result, a variety of approaches to targeted
profiling have recently been developed for both in vivo and in vitro NMR [4] [7] [8].
This method is most useful when investigating predefined compounds of interest.

Targeted Profiling

Chenomx NMR Suite uses targeted profiling to reduce analysis time, combining
advanced analysis tools with a compound library of more than 290 common
metabolites. Targeted profiling works with NMR spectra of virtually any complex
mixture, including urine, blood serum, saliva and various cell extracts. Data reduction
methods such as spectral binning are not necessary; in fact, they reduce the quality
of analysis possible with targeted profiling by abstracting away key details of the
spectrum.

Before performing an analysis using Chenomx NMR Suite’s targeted profiling, it is
important to accurately define and characterize the chemical shape indicator (CSI)
in a sample using the Processor module, in order to obtain accurate analysis results.
After defining appropriate CSI settings, you can move the spectrum to the Profiler
module to begin analysis.

One of the strengths of targeted profiling is selectively analyzing for particular
compounds. You can consider each compound independently of the rest of the
metabolite library, generating results only for compounds of specific interest. You
can then export the targeted results for further analysis using statistical or other
data analysis software, without the need to completely characterize the entire

spectrum.
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Glutamate 1,140.3 949.8
Glutamine 384.0 363.2
Glutathione 44.3 117.0

Figure 2. The compound table can be filtered using text-based quick searches.

You can select compound signatures to profile in an experimental spectrum in two
ways: You can determine a set of compounds in advance, and selectively analyze the
spectrum for the selected compounds, or you can select peaks and clusters from the
spectrum and correlate them to individual compound signatures.
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Figure 3. The frequency filter displays compounds that occur near the selected location in the compound
table.

Predetermining compounds for analysis allows pursuing precisely-defined studies,
explicitly targeting a known set of compounds. This approach could be applicable in
studying a particular metabolic pathway, monitoring the known metabolites of a
prescription medication or even simply focusing a study on only the most
commonly-detected metabolites. Quick searches (Figure 2) help you find compounds,
display their signatures and fit them to the spectrum.

Selecting compounds based on peaks and clusters seen in the spectrum permits a
more open-ended approach, treating the analysis of the spectrum as a discovery
process. Such an analysis could help discover metabolic implications for a new
medication, establish novel biomarkers for disease states, or prepare detailed
metabolic profiles for longitudinal research studies. The frequency filter (Figure 3)
can provide a helpful shortlist of compounds that may appear in a selected region.
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Figure 4. Visual inspection is often enough to confirm or reject the presence of a compound in a sample.

Fitting Compounds

The metabolite libraries supplied with Chenomx NMR Suite contain dynamic
compound signatures that you can individually fine-tune to provide the best possible
fit to an experimental spectrum. You can select and profile compounds through a
simple click-and-drag interface. A compound signature initially appears at zero
concentration. Dragging the height control upward increases the height of all of the
clusters in the compound signature, allowing a direct visual comparison with the
corresponding peaks in the experimental spectrum (Figure 4). This is often enough
to determine whether the compound is a likely component in the sample.
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[ | Fumarate 13.3 13.8 -
Glutamate 1,140.3 949.8
[ Glutamine 384.0 363.2
[ ] Glycerol 70.5 85.0
[ Glycine 102.4 234.8

[ Hypoxanthine 45.1 51.2 -

Figure 5. The compound table displays the results of the fitting process, including concentrations.
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Profiler calculates compound concentrations based on comparison to the CSI settings
that you defined for the sample. As the signature height changes, the resulting
calculated concentration displayed in the compound table updates dynamically
(Figure 5). The initial locations of the clusters in a compound signature are often not
exactly matched to their actual locations in the spectrum. These discrepancies are
typically due to solution matrix effects, such as sample pH or ionic strength. To
compensate, you can move each cluster in a compound signature to a new chemical
shift, independently of the other clusters.

As you fit each cluster to the spectrum, the sum line updates to reflect the changes
made. For accurate analysis, you should adjust the sum line via changes to individual
compounds to match the spectrum as closely as possible. This is especially important
in crowded regions, as several compounds may contribute to the overall fitata given
location (Figure 6). As aresult, you may need to adjust several compounds to properly
adjust the fitin these crowded regions. When the fitis complete, the compound table
contains a list of all compounds identified and their respective concentrations.
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Figure 6. Strong overlap can yield a sum line (red) that is quite different from the contributing compounds
(blue and green).

After you have profiled all the compounds that you wish, you may find further
information useful to place the identified compounds in context. You can access
detailed information about a particular compound via the reference panel which
contains structures, alternate names, CAS-RN, and links to external databases,
including KEGG Ligand [http://www.genome.ad.jp/kegg/ligand.html], ChEBI
[http://www.ebi.ac.uk/chebi/] and PubChem [http://pubchem.ncbi.nlm.nih.gov/].

For further analysis, you can export results from single or multiple spectra as a
tab-delimited text file (.txt) for import into statistical analysis software such as
Umetrics. You can also import the analysis from a profiled spectrum into a new
spectrum in the same dataset as a starting point for your analysis.

Conclusion

Targeted profiling in Chenomx NMR Suite is a versatile technique that may be used
both as a primary research tool and as a component of a larger workflow. Existing
spectra can be imported directly, or processed in one of several major NMR processing
packages and imported afterward. PCA can be applied to the concentration data
instead of the raw spectrum, providing principal components as specific compounds
instead of justimportant regions that must later be identified. With targeted profiling,
identification of compounds is an integral part of the analysis process, instead of a
time-consuming post-processing step.
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