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Agilent is the leader in solutions for metabolomics with the most comprehensive product
portfolio that spans the metabolomics workflow. Metabolomics is one of the fastest growing
areas of life sciences research. It is used in plant research for crop improvement, clinical
research to better understand diseases, nutritional research to improve health through diet,
pharmaceutical research to identify biomarkers for disease and spot potential toxic side effects
of drug candidates earlier in development, and fermentation research to bioengineer organisms
to produce valuable products. In this article, we will share our perspectives on the following
topics:

Metabolomics and its applications

Innovating the GC/MS / LC/MS metabolomics workflow
Innovating the NMR metabolomics workflow
Leveraging technology and world-class manufacturing
Future directions in metabolomics
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1. Metabolomics and its applications

Metabolomics is the study of the small molecule, chemical fingerprint that specific cellular
processes produce in metabolism, the chemical processes in a cell or organism that are
necessary for life. By comparative analysis of the changes and concentrations of these small
molecules, called metabolites, researchers can find patterns that change as a body fights
disease, reacts to a drug or responds to environmental stress. Examples of metabolites are
amino acids, lipids, organic acids and sugars. Changes in metabolism transform a Monarch
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caterpillar to a Monarch butterfly even though both have the same genetic make-up. The goal of
metabolomics is to detect these observed phenotype differences at the molecular level.

The number of primary metabolites needed to explore a person’s health comprehensively is
orders of magnitude lower than the number of genes, RNA transcripts or proteins required for
similar study. Estimates of primary metabolites range from 2,500 to 6,000, though these
numbers are much higher for secondary metabolites. Genomics involves the study of about
25,000 genes, transcriptomics about 100,000 RNA transcripts, and proteomics about 1,000,000
proteins, including post-translational modifications.

Modern metabolomic research has its origins in nuclear magnetic resonance (NMR)
spectroscopy for the study of the chemical structure of metabolites. Jeremy K. Nicholson of the
Imperial College London has used NMR since the early 1980s to study, for example urine from
animals that had been poisoned by different drugs. When he submitted a paper to a scientific
journal in 1987, the editor said that this research had no interest to anyone. That was 10 years
in advance of the first paper that would really call itself metabolomics. (1)

Since the late 1990s, mass spectrometry-based studies of metabolomics have become more
prevalent than NMR. Researchers realized they could use gas chromatography/mass
spectrometry (GC/MS) to study complex samples and then use statistical tools to extract
information from chemical systems. Later, researchers expanded into liquid
chromatography/mass spectrometry (LC/MS), driven by the advent of affordable, accurate
mass, time-of-flight (TOF) instruments.

Agilent/HP entered the gas chromatography business in 1965, mass spectrometry in 1970 and
liquid chromatography in 1973; Agilent has continually advanced these technologies now key to
metabolomics. With the acquisition of Varian in 2010, Agilent is also a leading provider of NMR,
a powerful complementary technology to chromatography and mass spectrometry for
metabolomics research.

Metabolomics research applications

Basic metabolomics research: Medical schools, research hospitals, universities and
academic institutes conduct basic research in metabolomics to understand human diseases and
biological processes. For example, researchers at the Sarah W. Stedman Nutrition and
Metabolism Center are studying the complexity of type 2 diabetes using key metabolomic
methodologies, including NMR and mass spectrometry, to understand the molecular pathways
that contribute to type 2 diabetes. They're integrating analysis of genomic, transcriptomic and
metabolomic datasets to learn more about metabolic regulatory networks and diabetes
mechanisms. (2)

Metabolomics toxicology research: Toxicology is the largest failure mode for new drugs in
clinical trials, and issues may be subtle and show up only after extended periods of use.
Because these issues usually are due to unanticipated effects in metabolite pathways, the
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pharmaceutical industry wants to identify quickly undesired side effects from a lead drug
candidate. For example, drug-induced nephrotoxicity is a major concern because the kidneys
filter many drugs for excretion. Researchers at Metabolon, a diagnostics and services company,
used GC/MS and LC/MS to conduct experiments on rats treated with known nephrotoxins.
Metabolomic analysis on urine and kidney samples showed increases in several metabolites
after a single dose and before any observable kidney damage. These metabolites are potential
biomarkers for the early detection of drug-induced nephrotoxicity and may provide a way to
detect kidney injury long before the onset of kidney damage. (3)

Metabolomics for biofuels production: Amyris has demonstrated that microbial metabolism
can convert biomass to fuels cost-effectively — as well as to chemicals and pharmaceuticals. By
altering the metabolic pathways of microorganisms, such as yeast, these genetically modified
microorganisms serve as living factories that produce molecules for use as chemicals and
transportation fuels. In 2009 the U.S. Environmental Protection Agency officially registered
Amyris’s plant derived diesel fuel, making it the first time a hydrocarbon-based fuel made from
fermentation of plant material was registered for commercial use. (4)

2. Innovating the GC/MS / LC/MS metabolomics workflow
Fueled by research, Agilent Technologies has long been a leading supplier of gas
chromatographs, liquid chromatographs and mass spectrometers known for excellent

performance, reliability, ruggedness and ease of use. Agilent continues to invest in software and
informatics tools to enable customers to achieve new levels of insight from their experiments.
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Separate and detect

Challenges are significant in the separation and detection of metabolites following sample
preparation:

e Molecular weight of metabolites ranges from 50 to 1600 Da;

¢ The chemical environment includes background noise from many types of compounds
that originate externally, such as foods, beverages and medications;

e The diverse physio-chemical properties of metabolites make analysis challenging.
Because most metabolites are not volatile, they need to be derivitized before GC/MS
analysis. Derivitization is a process of chemically modifying a compound to produce a
new compound that has properties more suitable to a particular analytical method, such
as GC/MS.

Agilent’'s GC/MS and LC/MS can both be used to separate and detect metabolites, and each
technique has its own strengths. Most researchers find they need both GC/MS and LC/MS to
get a comprehensive metabolite picture because of the vast chemical diversity of metabolites
and their wide variation in abundance.

Discovery metabolomics

Agilent's GC/MS Metabolomics Profiling and Identification Solution couples the Agilent 7890A
GC with the 5975 GC/MSD to combine performance, reliability and cost-effectiveness for
discovery and routine profiling studies. These systems also enable rapid, confident sample
identification through searching of electron ionization (El) spectral libraries. The 7000A Triple
Quadrupole GC/MS system also may be used for discovery metabolomics and offers more
sensitivity and specificity for targeted metabolomics. By integrating Agilent instruments, columns
and software, researchers can shorten their path to meaningful results.

For LC/MS the Agilent 6538 Accurate-Mass Q-TOF is a high sensitivity, highly reproducible
solution for researchers to profile, identify and characterize virtually any metabolomic sample
with confidence. The 6538 Q-TOF provides unmatched mass accuracy, mass resolution and in-
spectrum dynamic range; together with the Agilent METLIN Personal Metabolite Database, it is
ideal for untargeted metabolics projects that need compound identification of the newly
discovered metabolites.

Key attributes of TOF and Q-TOF instruments are accurate mass, acquisition speed, mass
resolution and dynamic range. Agilent's TOF and Q-TOF accurate mass capability contributes
significantly to metabolomics research. When researchers measure a complex sample, the
resolution and mass accuracy possible with Agilent’s TOF technology give better measurements
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to yield more information from the sample. Mass accuracy and resolution reduce the importance
of chromatographic analysis because the mass spectrometer does more of the work.

Targeted Metabolomics

Both the 5975C single quad GC/MS and 7000A triple quadrupole GC/MS system can be used
for quantitation. The 5975C single quad GC/MS is the more cost-effective option; however,
where the very lowest levels of detection and quantitation are required for extremely low
abundance metabolites, Agilent's 7000A triple quadrupole GC/MS system combines unmatched
sensitivity and selectivity with everyday reliability and ease of use. If customers require one
system for discovery and targeted metabolomics, they can use the versatile 7000A system with
Nno compromises.

The Agilent 6400 series triple quadrupole LC/MS systems combine femtogram-level sensitivity
and accurate quantification with exceptional reliability. They consistently deliver superior
analytical capabilities and the throughput required to process large samples sets. Integration of
instruments, columns and software ensures maximum performance even at high throughput,
resulting in high quality data.

Agilent’s newest liquid chromatograph, the Agilent 1290 Infinity LC, provides best-in-class
performance, and is designed for ultra high performance liquid chromatography (UHPLC), which
emerged recently, based largely on advances in sub two micron column packings. Because
UHPLC offers higher resolution separations than conventional HPLC, the more complex
metabolomics samples can be separated in less time with better or equivalent resolution. Better
separation results in better analytical measurements and higher quality analysis.

Software challenges

In 2009, results of a survey conducted by American Society for Mass Spectrometry indicated

that 81 percent of respondents attributed metabolomics challenges to software, not hardware.
This percentage included compound identification (35 %), biological significance (27 %), data
processing (14%) and statistical analysis (5%).

Ongoing research advances Agilent’s competitive differentiation in software with databases,
libraries and statistical analysis tools. Scientists can do thousands and thousands of
measurements, but they need to turn these measurements into scientific data that is biologically
relevant and useful. To address this challenge, Agilent wrote software to help researchers find
features and identify compounds.

Agilent’s software suite includes capabilities that do much of the “heavy lifting” for researchers
in data analysis and compound identification. Software enables peak finding to locate and
identify the metabolites needed for biological understanding. Software also is required to
normalize and correct the data, and analyze the data statistically to find meaningful differences
in sample sets.



Agilent’s Mass Hunter Qualitative software processes data and finds features. Mass Hunter
Qualitative and MassHunter Quantitative have versions for GC/MS and LC/MS that are
conceptually similar but work differently based on the way the ions are made. GC/MS typically
uses electron impact to ionize compounds, and the result is a set of spectral ions that
correspond to a compound. LC/MS typically utilizes electrospray ionization that results in
molecular ions with almost no fragments.

Feature finding/compound identification

GC/MS - Agilent Deconvolution Reporting Software (DRS) enables separation and
identification of two or more chemical compounds that emerge from a chromatographic column
and flow into the mass spectrometer with incomplete chromatographic separation. In a complex
matrix, a chromatographic peak may be a composite of overlapping components. Agilent's DRS
uses a mathematical technique that separates overlapping mass spectra into “cleaned” spectra
of the individual components. The simplified total ion chromatogram (TIC) below illustrates the
process:
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DRS also submits the processed data, for comparison against appropriate spectral libraries, and
provides an easy-to-read report in just minutes. DRS significantly speeds up the data analysis
time for a complex sample analyzed with an emphasis on fast separation with acceptable but
incomplete separation to achieve shorter data acquisition times while still providing great
confidence in the results.

For GC/MS metabolomics, Agilent and Oliver Fiehn, Ph.D. jointly developed the Agilent Fiehn
Metabolomics Retention Time Locked Library. The electron impact (El) library provides a high
degree of confidence in metabolite identification by using spectral and retention time matching
for identification. The retention time and spectral library is continuously being expanded as
more metabolite standards are analyzed and added to the library.

LC/MS - Molecular feature extractor: The Agilent MassHunter molecular feature extraction
software is designed to rapidly find peaks in the total ion chromatogram produced when a
sample was analyzed using an Agilent LC/MS accurate mass TOF system. The software
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removes the chemical background from the three dimensional LC/MS dataset, finds the true ion
signals, groups the chemically related ion signals (isotopes, adducts and dimers) and displays
peaks in a compound chromatogram with associated pure spectra. The result is a compound
table with associated chromatograms and pure spectra with each compound being quantified.
The result of this data process is ready for further analysis.

For LC/MS-based metabolomics, Agilent has partnered with Gary Siuzdak, Ph.D. to
commercialize the METLIN Metabolite Database, a repository of useful metabolite information.
As part of the partnership a LC/MS/MS metabolite library is being produced for Agilent Q-TOF
instruments. This library will allow for the identification of metabolites by spectral pattern
matching.

Metabolomics is such a new science that typically only 20 percent of metabolites can be
identified by database searching or MS/MS library matching.

Molecular formula generator: For those metabolites that could not be identified by the use of
the METLIN database and MS/MS library, researchers can derive molecular formulas for the
unknowns based on TOF and Q-TOF mass spectral data. Agilent's MassHunter molecular
formula generator takes full advantage of the mass accuracy of the data, and then uses
additional mass spectral information (isotope ratios and isotope mass values) to logically narrow
the list of possible formulas. It delivers a list of candidate molecular formulas and the relative
probability that each formula is the correct one. This process significantly reduces data
interpretation time and increases the value of accurate-mass analysis.

Statistics and biological pathway analysis

Mass Profile Professional is designed specifically for MS data to move results into a statistical
software package for analysis. Although third-party statistical packages are available, Agilent’s
statistical package is designed for mass spectral data. This has many benefits to the
researcher such as the ability to query the data as mass spectral data to find, for example, all
the compounds that are in the data set that have the fragment ion 73.

Biological meaning can only come if compounds are identified, so growing Agilent's metabolite
libraries is critical to advancing metabolomics. Agilent continues to work with leaders in the field
to co-develop libraries that will help further research and understanding. This commitment to
improve compound identification is tied to Agilent’s interest in pathway analysis as only
identified metabolites can be used to analyze biochemical pathways.

Challenges to understanding the role of metabolites involve relating their functions to
surrounding compounds and observing interactions in biological pathways. To enable and
facilitate biological interpretation, Agilent built a pathway analysis tool into Mass Profiler
Professional that facilitates interpretation with known pathways. With these tools researchers
also can build their own pathways with observed data and connect common chemical names
with biological synonyms found in biological pathways. Mass Profiler Professional data is easily



interchanged and correlated with data from other products in the Agilent GeneSpring Analysis
platform, providing valuable biological insight at the intersection of proteomics, metabolomics,
genomics and biomarker research.

3. Innovating the NMR metabolomics workflow
Orthogonal detection and molecular structure identification

With the recent acquisition of Varian, Agilent’s portfolio now includes NMR spectroscopy with
NMR products spanning the entire workflow, from sample preparation to software for data
acquisition and processing.

Varian produced the first commercial NMR more than 50 years ago and continued its technical
advances to stay at the forefront of this broadly applicable technology. In metabolomics, NMR
analysis provides a powerful compliment to mass spectrometry based methods.

Researchers can use NMR to directly investigate many types of samples from whole tissues to
cell cultures to biological fluids without significant sample preparation or adulteration. Localized
NMR spectroscopy can be used to do in vivo investigation of spatially segregated structures
within an intact organism. The NMR experiment is non-destructive and inherently quantitative
due to unit response factors for all molecules. Because the spectroscopic property that NMR
interrogates is unrelated to those used in chromatography or mass spectrometry, NMR provides
a completely orthogonal detection mechanism.

While there are benefits to the direct analysis of an intact metabolic sample, the ability to
differentiate responses from individual components is a challenge because these samples are
typically complex mixtures. The Premium COMPACT ultra high-field NMR systems provide the
dispersion needed to resolve individual components. When coupled with Agilent’s proprietary
cold probe technology, these systems deliver the performance required to detect high-picogram
guantities of metabolites in a sample.

Metabolomics studies using NMR entail a very broad range of sample characteristics so the
software used to control the spectrometer must be flexible enough to accommodate this
diversity. The NMR community knows Agilent’'s VnmrJ software as the only spectrometer
control package featuring open architecture that users can customize easily. The synergy
between NMR and MS to clarify unknown structures has been recognized for many years. NMR
readily discriminates positional or structural isomers and, in most cases, provides the
information required for de novo characterization of chemical structures. Agilent now
seamlessly provides all the instrumentation required to detect, isolate and analyze the chemical
structure of any component in a complex metabolic mixture.



NMR system configuration for optimized metabolomics research presents many challenges,
including the following:

e The requirement for the best possible lineshape performance impacts many aspects
of the resulting data, including the solvent suppression quality.

e High sensitivity NMR probes with good salt tolerance characteristics are critical when
samples are limited in volume, such as mouse cerebral fluid, or highly concentrated,
as bile.

e The highest field strength possible provides benefits for dispersion and sensitivity,
and Agilent offers standard solutions from 400 to 950 MHz.

e The performance of a linear receiver/ADC system operating at very high frequency
is intimately associated with dynamic range, accurate quantification of responses
and absolute sensitivity.

¢ Use of a cryogenically cooled NMR probe can enhance significantly the signal-to-
noise performance of an NMR system. We pioneered the development of salt
tolerant technologies for cold NMR probes that maximize performance on salty
samples.

The technology and experience that Varian brings allow Agilent to deliver automated acquisition
of high-quality NMR data for metabolomics research. As is the case for LC/MS and GC/MS,
however, NMR data reduction remains the time intensive part of the metabolomics study.
Several available tools can help to reduce this burden, and focus in the future will be to make
contributions to this area.

The chart on the next page provides a brief look at the benefits and tradeoffs of selecting
GC/MS, LC/MS or NMR for metabolomics.



GC/MS

GC/MS is more cost effective
compared to LC/MS technology.

Because GC/MS ionization is not
subject to ion suppression,
GC/MS is more rugged and
robust for the analytes it can
address.

GC/MS offers high separating
power and high sensitivity for
volatile metabolites and
compounds that can be
converted to volatile derivatives.

With GC/MS, researchers can
typically observe 300-500
metabolites in any sample with
relative ease in 45 minutes.

Because GC/MS is inexpensive,
rugged and El library compound
identification is well established,
it is used extensively for routine
primary metabolite studies of the
common but important
metabolite classes such as
amino acids, organic acids and
free fatty acids.

COMPARISON CHART

LC/MS

LC/MS has broader applicability
for metabolomics because it
allows analysis of nonvolatile
samples and doesn’t require
derivitization.

LC/MS doesn't have the
chromatographic resolving
power of GC/MS.

Although LC/MS ion sources are
more gentle, a necessary
condition to detect biological
molecules, they are subject to
ion suppression phenomena, a
problem that GC/MS doesn't
have.

LC/MS is generally favored for
discovering unknown
metabolites, based on the wider
range of compounds it can
analyze. With LC/MS,
researchers can typically
observe 2500-4000 metabolites
in any sample in about 30
minutes.

Because LC/MS is broadly
applicable, it is the technique of
choice for un-targeted
metabolomics studies.
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NMR

NMR provides structural
information, is highly
guantitative, fast and requires
less sample preparation than
GC/MS and LC/MS.

NMR techniques allow
investigation of samples of any
physical type, from liquids to
gels, from whole tissues to
solids, and include in vivo
analyses.

Even at high magnetic field
strengths, NMR is several orders
of magnitude less sensitive than
GC/MS or LC/MS, so detection
levels are limited to components
present in at least micromolar
concentration.

With NMR, researchers can
typically identify 100-150
metabolites in any sample with
relative ease in a few minutes.

Because NMR is fast and
guantitative, it is used
extensively for epidemiology
studies of high abundance
metabolites in very large
population studies.



4. Leveraging technology and world-class manufacturing
Synergies across Agilent

At the foundation of Agilent solutions for metabolomics are significant and unique synergies that
enable high performance and low cost. The ability of Agilent Research Laboratories to see
across all businesses in the company enables Labs’ researchers to discover how innovations in
one area could contribute to one or more very different ones.

QTOF and QQQ: Agilent’'s QTOF and triple quad analyzer platforms work well together
because of leveraged technology across both platforms: same quadrupole, same common
collision cells and other components that enable excellent reproducibility for integrating data
across systems. With a common collision cell fragmentation patterns on the QTOF are similar
to fragmentation patterns on the QQQ, a desirable outcome that is the result of thinking through
customer needs from discovery through targeted analysis.

TOF and oscilloscopes: Agilent leverages high-speed oscilloscope technology to TOF
capability, because digitization in both areas involves high-speed data conversion and digital
signal processing. At low mass, ions arrive so rapidly at the detector that high speed digitization
is required to capture the arrival rates. Agilent is the only MS vendor with proprietary data
conversion technology and therefore not limited to data converters available commercially.

By leveraging multiplexing developed from the oscilloscope teams, Agilent can use a high-gain
channel to measure a weak signal, a low gain channel to measure a strong signal and still get

mass accuracy for both. Multiplexing extends the dynamic range of the TOF instrument to see

the lower-intensity and high-intensity signals present in metabolomics study.

World-class development and manufacturing: Agilent makes ongoing investments to
improve performance, drive down cost and make LC, GC and MS affordable, practical and
widely accessible. Although leading edge technologies are initially expensive, Agilent works to
understand and engineer system components so they’'re both high performance and relatively
low cost.

Agilent’s ability to scale and leverage its worldwide manufacturing capability has resulted in a
leading position of expertise and efficiency while maintaining a reputation for quality and
reliability. Manufacturing teams around the world work together to leverage processes and
share best practices, and are linked closely with R&D to build high-quality, reliable instruments.

Because Agilent's GCs today are much less expensive compared to their cost two decades ago,

they're used more broadly around the world. The more researchers who can afford to work on
metabolomics, the faster science and understanding will progress.
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5. Future directions in metabolomics

Agilent is advancing metabolomics R&D with what are referred to as win-win-win innovations.
Customers win with access to new technology to investigate questions they couldn’t address or
answer before. Science wins because Agilent solutions enable better understanding of biology
and the world, and Agilent wins because we recoup the initial investments to continue
innovating future measurement solutions that advance the leading edge.

Agilent also continues to collaborate with scientists and thought leaders to develop innovative
solutions to problems of the next year and the next decade. Examples of these valued
partnerships include the following:

o Established a Center of Excellence with Duquesne University for mass spectrometry at
the university to enable a wide range of research in life sciences and environmental
analysis, including metabolomics.

o Opened the Biological Mass Spectrometry Facility with the National University of Ireland
(NUI), Galway. The facility focuses on functional genomics, proteomics, lipidomics and
metabolomics research.

e Using the Cytoscape platform to visualize metabolomic data and microarray data in a
pathway tool. Cytoscape is an open source software platform for visualizing complex-
networks and integrating these with any type of attribute data. Looking at two or more
data types synergistically will enable more biological understanding than either data type
individually.

e Developing integrated biology software systems with Strand Scientific Intelligence
including advancement of the GeneSpring platform to help users perform statistical
analyses of and visualize data from genomics, metabolomics and proteomics together
for the first time.

e Supporting research at Johns Hopkins University to research novel toxicity pathways for
embryonic brain development using metabolomics.

¢ Helping Stemina Biomarker Discovery accelerate stem cell metabolite biomarker
discovery.

o Establishing a collaborative research support at Hamner-UNC Metabolomics
Laboratories to facilitate automated targeted profiling by NMR and to integrate such
high-throughput NMR metabolomics data with other omics data to reveal biological
pathway perturbations related to drug and chemical toxicity and to identify disease status
or predict risk.
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We are charting future directions and supporting the entire innovation process to get inventions
out of our laboratories and into products and solutions that create real value for our customers.
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