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Elucidation of the composition of chemical—biological
samples is a main focus of systems biology and metabo-
lomics. Due to the inherent complexity of these mixtures,
reliable, efficient, and potentially automatable methods
are needed to identify the underlying metabolites and
natural products. Because of its rich chemical information
content, nuclear magnetic resonance (NMR) spectroscopy
has a unique potential for this task. Here we present a
generalization and application of a recently introduced
NMR data collection, processing, and analysis strategy
that circumvents the need for extensive purification and
hyphenation prior to analysis. It uses covariance TOCSY
NMR spectra measured on a 1-mm high-temperature
cryogenic probe that are analyzed by a spectral trace
clustering algorithm yielding 1D NMR spectra of the
individual components for their unambiguous identifica-
tion. The method is demonstrated on a metabolic model
mixture and is then applied to the unpurified venom
mixture of an individual walking stick insect that contains
several slowly interconverting and closely related metabo-
lites.

The chemical composition of biological systems changes in
response to a multitude of factors such as genetics, age, pathology,
development, environment, and stress. These chemical responses
are the subject of systems biology and the emerging fields of
metabolomics and metabonomics, which promise a better under-
standing of chemical processes in living systems.!=3 Due to the
inherent complexity of these mixtures, reliable and efficient
methods are needed to identify the underlying natural products
and their derivatives that are suitable for automation. Frequently,
the chemical components occur at low concentrations and can
undergo isomerization, which makes their isolation and identifica-
tion difficult. Nuclear magnetic resonance (NMR) spectroscopy
has a unique potential for this task as it does not a priori require
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potentially labor-intensive and costly hyphenation steps.! This
characteristic is utilized in diffusion-ordered spectroscopy (DO-
SY),’ differential analysis of 2QF-COSY spectra, and other recently
developed NMR-based techniques including STOCSY” and SHY®
that identify components based on statistical covariations of
resonance amplitudes across a large number of samples.

Biologically active molecules are often produced in small
quantities, creating a challenge for NMR sample preparation and
detection. This challenge has recently been alleviated by the
introduction of a microsolenoid®! and multicoil microsolenoid
probe!! and a 1-mm high-temperature superconducting (HTS)
probe.12 All of these technologies provide excellent mass sensitiv-
ity, and the HTS probe proved essential to a recent study of
defensive secretions from a single insect.’* However, because of
the potentially large number of NMR resonances, the improved
mass sensitivity can also lead to crowded spectra, which makes
identification of individual chemical components difficult.

An approach to this problem has been introduced recently,
termed DemixC, which is generalized here to a NMR-based data
collection, processing, and analysis platform (Figure 1). DemixC
relies on covariance NMR total correlation spectroscopy
(TOCSY) ' to monitor spin—spin connectivity information across
each molecule. This gives the means to deconvolute the spectrum
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Platform for complex metabolic mixture analysis by NMR
1. Preparation of small volume NMR sample
2. Collection of covariance NMR TOCSY spectra with 1-mm HTS probe
3. DemixC spectral analysis consisting of:
i) TOCSY trace extraction based on importance index
ii) Trace clustering
iii) Trace identification by screening against spectral databases
iv) Identification of interconverting components

Figure 1.

into subspectra of the individual mixture components.6 In the final
step of Figure 1, the chemical components can be identified by
screening the subspectra against a suitable NMR spectral data-
base.

Covariance TOCSYY"~1 has been found to be particularly useful
for mixture analysis.’* The spectra exhibit high sensitivity and
high spectral resolution along both frequency dimensions, which
allows the selection of those cross sections through the spectrum
that represent “fingerprint” traces of individual components. The
combination of very high sensitivity NMR detection with covari-
ance NMR allows identification of all components of a complex
biological mixture from very small quantities of material. The
platform is demonstrated for a metabolic test mixture and then
applied to the analysis of the venom of the walking stick insect
Anisomorpha buprestoides.

METHODS

Sample Preparation. A test mixture was prepared by mixing
D-glucose, 1- histidine, L-lysine, serotonin (5HT) hydrochloride,
and D-sorbitol at final concentrations of 1.0, 0.4, 0.6, 0.8, and 0.2
mM in D,O, respectively. A sample of a single defensive spray
milking from a single adult female A. buprestoides was collected
in the field from the University of Florida Natural Area (exact
position 29° 38 1" N, 82° 22' 11" W) and immediately frozen.
Prior to NMR analysis, the sample was thawed and dissolved in
D,0, and a 10-uL sample was transferred to a 1-mm NMR tube.

NMR Data Collection and Analysis. 1D and 2D NMR data
were collected at 600 MHz using a 1-mm triple-resonance HTS
cryogenic probe.’? Each sample volume was 10 uL, which was
transferred to a 1-mm x 100-mm capillary NMR tube (Norell, Inc.)
using a 10-uL syringe with a fixed 110-mm x 30-gauge blunt
needle. The sample temperature was maintained at 300 K, and
residual water signal was suppressed by presaturation. 1D and
2D NMR spectra were collected with a spectral width of 6600 Hz
for the test mixtures and 7211.5 Hz for the A. buprestoides sample.
2D TOCSY experiments'® were collected using the DIPSI-2 mixing
sequence? with a 90-ms mixing time and 2048 #, and 512 #
(complex) data points. The radio frequency field strength during
DIPSI-2 mixing was 8928 Hz. States-TPPI was used for quadrature
detection along the indirect dimension. The NMR data were
processed by NMRPipe.2! The time-domain data were apodized
using a squared cosine function, zero-illed by a factor 2, 2D
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Fourier transformed, and polynomially baseline corrected along
both dimensions.

The covariance TOCSY spectrum (C) of the mixture was
obtained from the standard 2D Fourier transform NMR spectrum
(F) by the matrix square root operation C = (FTF)'/2 using the
covNMR module for NMRPipe.l71921 Because of its inherent
symmetry, C displays the same high spectral resolution along both
dimensions. For each trace (row) of matrix C an “importance
index” is calculated as the sum of all elements of the correspond-
ing row of C%, which is a measure of the cumulative overlap of
this trace with all other traces of C.1* Based on the importance
index profile, a subset of traces of C is selected and clustered
according to the agglomerative clustering algorithm.2? For each
cluster, a representative trace is identified as the one with a
minimal importance index. In this way, the likelihood is optimized
that the selected traces reflect an individual component free of
spurious contributions from other spin systems.

RESULTS AND DISCUSSION

Analysis of Test Mixture. The methodology was first tested
on a sample containing a mixture of five chemicals in aqueous
solution that are commonly found in metabolic mixtures, namely,
D-glucose, histidine, lysine, 5HT, and sorbitol. A blind test was
set up as follows: the group at University of Florida prepared the
mixture, collected the NMR TOCSY raw data using the 1-mm
high-temperature cryoprobe at 600 MHz magnetic field strength,
and sent the data, without revealing the identities of the compo-
nents, to the group at Florida State University for processing and
analysis. The groups then met and validated the results by
comparing the selected traces extracted from the TOCSY spectra
with the reference 1D spectra of the individual compounds.

From the covariance TOCSY spectrum (Figure 2A), the
importance index for each trace is computed and plotted in Figure
2B. The covariance TOCSY traces belonging to the peaks picked
in the importance index profile are then subjected to the clustering
analysis, visualized by the data tree structure, a dendrogram, in
Figure 2C. For each cluster, the trace with the lowest importance
index is selected and plotted in Figure 3 (black) together with
the corresponding 1D reference spectrum (red) taken from the
BMRB database or measured for an individually prepared sample
in the case of serotonin. Since serotonin consists of two disjoint
spin systems, it is represented by the two separate TOCSY traces
2 and 3. The slowly interconverting a- and S-forms of glucose are
represented by the separate traces 1 and 7, respectively, whereas
the reference spectrum represents their superposition. The good
agreement of the peak positions of the TOCSY traces with the
reference spectra of the pure components clearly demonstrates
the suitability of the platform of Figure 1. Differences in the peak
amplitudes, which are caused by incomplete magnetization
transfers among spins at a single TOCSY mixing time, do not affect
spin system identification.

Insect Venom Analysis. The walking stick insect A. bupre-
stoides, produces a defensive secretion,?2* which is a mixture of
at least six compounds, some being isomers of one another.
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Figure 2. (A) Covariance proton TOCSY NMR spectrum of mixture containing p-glucose, histidine, lysine, 5HT, and sorbitol in aqueous
solution. (B) Importance index profile. Peaks that are picked to represent traces of (A) are indicated by colored x symbols. (C) Dendrogram
representation of cluster analysis according to similarity of the traces picked in (B). Each edge at the bottom corresponds to a peak picked in

(B) of the same color.

Previous work showed that the defensive secretions vary from
insect to insect, making analysis of samples from individual insects
essential.!® Because sample quantity is limited and the chemical
components are highly overlapped in the experimental NMR
spectra, analysis of these mixtures is challenging by traditional
means. For a 1-mm NMR sample containing a single defensive
spray milking, a 2D TOCSY experiment was recorded with a 90-
ms mixing time and covariance processed with the result shown
in Figure 4A. Based on the importance index profile, depicted in
Figure 4B, traces are selected and subjected to the clustering (see
dendrogram in Figure 4C). The traces representing each of the
six clusters of the dendrogram are automatically selected by the
algorithm and are shown in black in Figure 5. They are sorted
according to their importance index with the traces at the bottom
having the lowest index. Because spectral overlap inflates the
importance index, the bottom traces are more likely to represent
pure components than the top traces. Traces 1 and 2 are readily
assigned to a-glucose and fS-glucose, which are present in slow
equilibrium. Traces 4 and 5 correspond to anisomorphal and
peruphasmal, respectively, which are two monoterpene dialdehyde
stereoisomers that are components of the defensive secretions
of A. buprestoides. In aqueous solution, each monoterpene dial-
dehyde is in chemical equilibrium with a geminal diol form, and
the diols from anisomorphal and peruphasmal correspond to
traces 3 and 6, respectively (their chemical structures are depicted
in Figure 5). These components have been independently identi-
fied and assigned by gas chromatography, mass spectrometry,
and traditional NMR.13 A. buprestoides from the previous study
contained only a small amount of peruphasmal, but the insect used
for this work was collected from a different subpopulation and
developmental life stage that produces more peruphasmal (un-
published). These compounds are automatically and unambigu-
ously identified by DemixC as can be seen by comparison with
the 1D reference spectra of Figure 5.

Based on previous studies,!® the total glucose concentration
is estimated to be ~15 mM, which amounts to a total of 27 ug in
the present 10-uL sample. A further reduction in mass by a factor
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Figure 3. (A) Top spectrum: 1D *H NMR spectrum of the mixture
of Figure 2. Seven black spectra: covariance TOCSY traces repre-
senting the clusters of Figure 2C with the numbers corresponding to
the cluster numbers at the bottom of Figure 2C. The bottom five red
spectra are reference 1D spectra of the pure components. Except
for serotonin, the reference spectra were taken from the BMRB
databank (the large peaks in the center correspond to the water
signal). Traces 1 and 7 correspond to a-p-glucose and 3-p-glucose,
respectively. Traces 2 and 3 correspond to the 2 disjoint spin systems
of serotonin.

10—100 should be possible. In fact, a COSY spectrum and ¥C-
HMAQC spectrum at natural abundance with 1.7 ug of ibuprofen
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Figure 4. (A) Aliphatic section of covariance proton TOCSY spectrum of defensive secretion of a single walking stick insect. (B) Importance
index profile. Peaks that are picked to represent traces of panel A are indicated by the colored x symbols. (C) Dendrogram representation of
cluster analysis according to similarity of the traces picked in (B). Each edge at the bottom corresponds to a peak picked in (B) of the same

color.

were previously reported using the 1-mm HTS probe.!? The 1C-
HMQC data corresponded to 17 ng or ~82 pM NMR-active
substance.

This study demonstrates the effectiveness of DemixC to
analyze the composition of metabolic mixtures under realistic
conditions, in this case, a field milking of a single insect. Some of
the advantages of measuring mixtures of metabolites before
purification have been demonstrated previously by characterizing
13 steroids in fireflies,? and DemixC provides a general and robust
method for such problems. A prerequisite for its successful
application is that the chemical components possess proton spin
systems that permit sufficient magnetization transfer under
TOCSY mixing, which is fulfilled for the majority of natural
products, and that the components to be detected have at least
one resonance that does not strongly overlap with other spin
systems. Due to the narrow NMR line width of small molecules,
the latter condition is fulfilled with high probability even in
mixtures that contain a much larger number of components.
Because covariance NMR can operate with small numbers of
evolution times #,%6 the methodology described here has excellent
potential for high-throughput applications, including metabolomics
and metabonomics. The identified traces can be readily screened
against spectral databases that are rapidly growing, such as the
metabolomics/metabonomics database of the Biological Magnetic
Resonance Data Bank (BMRB) (http://www.bmrb.wisc.edu),
the Human Metabolome database (http://www.hmdb.ca),?” and
the Swedish NMR metabolomics database of Lingkoping
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Figure 5. (A) Top spectrum: 1D H NMR spectrum of the mixture.
Six black spectra: covariance TOCSY traces representing the clusters
of Figure 4C with the numbers corresponding to the cluster numbers
at the bottom of Figure 4C. The bottom three red spectra are reference
1D spectra of purified components. Each reference spectrum contains
two species, a-glucose (trace 1) and -glucose (trace 2); dialdehyde
and diol forms of the anisomorphal (traces 4 and 3, respectively),
and the peruphasmal (traces 5 and 6, respectively) monoterpenes.
The top reference trace also contains some glucose signals (on the
left side). Chemical structures of the anisomorphal and peruphasmal
and their corresponding geminal diols are shown as insets.

(http://www liu.se/hu/mdl/main), which are worldwide in the
public domain.
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We have demonstrated here the feasibility of the DemixC
approach for the identification of chemical components, some of
which are in dynamic equilibrium and are present in small
quantities in a single metabolic sample. The technique does not
require different rates of translational diffusion of components®
or measurements on multiple samples.”® Because DemixC can
be applied to microgram (or less) samples in just a few microliter
volumes, it has a unique potential for automation in studying a
wide range of biological mixtures.
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