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In this biotechnological era of seemingly endless “-omics”
and other catchy suffixes, the venerable technique of GC is
often overshadowed by the likes of HPLC, MALDI, and microar-

rays and their myriad analyses of large nonvolatiles such as
proteins, nucleic acids, and carbohydrates. The limitations of GC
columns with respect to analyte polarity and volatility have, no
doubt, kept the technique from the forefront of modern biomol-
ecular analysis. That doesn’t mean, however, that GC is not making
important contributions in this area. 

The pure simplicity of GC, along with its high resolving power,
rapid analysis times, and successful coupling to a range of detec-
tors, including MS, have established the technique as one of
analytical chemistry’s most important over the past half-centu-
ry. These factors, combined with the relative low cost and wide
availability of GC, have provided significant motivation to
apply GC to decidedly biological molecules whenever possible—
usually with a little help from robust chemical derivatization
techniques. 

Amino Analogues 
Amino acids are, of course, among the most important molecu-
lar markers of biological systems. Their presence, absence, or
abnormalities can often be signs of nutritional deficiencies or
metabolic disorders, and, in general, they provide a convenient
view into the biochemical behavior of proteins. Consequently,
amino acids have long been a focus of GC researchers. But because
these compounds are polar and only minimally volatile, this has
largely meant focusing on transforming them into chemical
analogues that do fit the requirements. 

In 1964, Philip Cruickshank from the Research Institute for
Medicine (Cambridge, MA) reported the GC analysis of 21 natu-
rally occurring amino acids by converting them to N-trifluo-

roacetylamino acid methyl esters—the derivatization and
analysis took about 2 h (1). The strategy of acylation of the α-
amino group and esterification of the carboxyl group (Figure 1)
has frequently been used since that report was published. Howev-
er, this approach carries disadvantages such as a requirement for
anhydrous conditions, high reaction temperatures, an amide-
degrading HCl catalyst, and multistep, long-lasting reactions—
not necessarily suitable characteristics, for instance, for an
automated diagnostics laboratory environment. 

Silylating the amino acid functional group is another approach
to GC analysis that has gained popularity, particularly using N(O)-
tert-butyldimethylsilyl (tBDMS) derivates (Figure 1). Kang-Lyung
Woo from Kyungnam University (Masan, South Korea) resolved
22 protein amino acids in about 40 min using tBDMS in a single-
step derivation (2). 

More recently, scientists at Friedrich-Alexander University
(Erlangen, Germany) used this strategy with GC-MS to analyze
proteins subjected to the widely studied Maillard reaction that
takes place between proteins and sugars as food is browned during
heating (3). 

After performing protein hydrolysis and tBDMS amino acid
derivatization, the scientists simultaneously detected four Mail-
lard products, including two novel ones.

According to Hiroyuki Kataoka from Okayama University
(Japan), however, tBDMS derivatives still require anhydrous
conditions and high temperatures; furthermore, these analogues
produce multiple peaks for some amino acids (4). 

To address this problem, his group has developed volatile
N(O,S)-isobutoxycarbonyl methyl ester derivatives (Figure 1)
that can be synthesized rapidly at room temperature, which
they used to resolve 54 amino acids, including the 21 protein-
derived amino acids, from a standard solution in 28 min (includ-
ing reaction time) with a nitrogen-phosphorus selective detec-
tor. Furthermore, the selectivity of this derivitization reaction
for amino acids is high enough that analysis of urine samples
does not require any prior cleanup procedures such as solid-
phase extraction or ion-exchange chromatography to preclude
matrix interference. 
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Metabolism Is a Gas! 
One area of research in which amino acid determina-
tion is of vital importance is in analyzing protein
metabolism, and GC-MS is playing an important role
here. Isotopic tracer experiments have often been used
to monitor metabolic systems processes. Measuring
isotopic enrichment in the products of a biological
system—for example, amino acids produced from
hydrolysis of the system’s proteins—that has been
incorporated with an isotopically labeled reactant
provides quantitative kinetic information on the
biochemical mechanisms that took place. This can be
of great use for calculating synthetic rates of a
particular protein, for instance, or for taking a
broader view of an entire metabolic network.

The latter more comprehensive category is called
metabolic flux analysis (MFA). MFA seeks a global
understanding of biochemical networks and their
responses to genetic or environmental modifications.
The method works by infusing a 13C-labeled substrate
into a system so that the isotopic atom will be allo-
cated throughout an in vivo metabolic reaction
network. Different biochemical pathways, or fluxes,
that lead to a common metabolic intermediate will exert a distinct
and specific influence on the isotopomer (isotope isomer) distri-
butions in the amino acids derived from that intermediate. Thus,
such distribution data, which can be determined by GC-MS,
can be quantitatively related to the relative contributions of
various fluxes. This helps elucidate in fine detail how organisms
meet their metabolic objectives and, in a more practical sense,
provides essential information for finding metabolic engineer-
ing strategies—exploiting microbes to make a particular
industrial product, for instance—or, in the opposite vein, find-
ing microbial turn-off switches for antibiotic discovery.

A recent example—one of the most comprehensive uses of
GC-MS for MFA to date—was a study by Uwe Sauer and colleagues
at the Institute of Biotechnology in Zurich that profiled the central
carbon reaction network of E. coli (5). Unlabeled glucose and
13C-labeled glucose were added as metabolic substrates and the
sole sources of carbon into E. coli cell cultures that were grown
under various environmental modifications (e.g., aeration level)
and genetic mutations. Metabolic intermediates at various
points along the reaction network were isolated and hydrolyzed.
Preparing tBDMS derivatives of the resulting amino acids allowed
rapid acquisition of GC-MS-derived mass distributions that were
used to calculate biochemical fluxes with probabilistic equa-
tions. They verified expected metabolic responses and gained new
insights into the biochemical behavior of the organism. 

Although NMR has traditionally attracted the most attention
in this endeavor, GC-MS is garnering increased popularity because
of advantages in speed, cost, and sensitivity. “That’s why we
switched to GC-MS,” says Sauer. With GC-MS, “2–10-mg cell mass
is sufficient, while for NMR you are at least in the 100-mg
range.” The improvements in handling and sensitivity are signif-
icant enough, according to Sauer, that NMR, now the predomi-
nant technique, will be relegated to use only in “special cases”.

Synthetic rates of particular proteins that have some health
or disease significance can be determined by measuring the rate
of incorporation of a stable isotope-labeled amino acid. For
these types of measurements, it is often favorable to avoid the

practical difficulty of exhaustively measuring multiple isotopomer
abundances necessary for MFA. Higher precision is reached by
converting the analyte elements to a single chemical form. A
technique called GC combustion-isotope ratio MS (GCC-IRMS)
accomplishes this by reducing the separated analytes down to
their combustion products. 

In GCC-IRMS, the gas effluent from a capillary GC column flows
directly into a furnace, where it is combusted, dried, and inject-
ed into a mass spectrometer. Subsequently, in the case of 13C-
labeling studies, CO2, the major combustion product, is collect-
ed and analyzed for isotopic carbon ratios (N2 can be analyzed
using 15N labeling). This compound-independent detection method
permits the use of very small quantities of tracers and has been
used extensively for metabolic experiments. One example is the
method for measuring protein fractional synthetic rates in piglet
skeletal muscle developed by researchers at the Groningen Univer-
sity Hospital in The Netherlands (6). They administered L-[1-
13C]valine to piglets and then removed tissue samples from their
skeletal muscle. Hydrolysis and derivation of the amino acids to
N(O,S)-methoxycarbonylmethyl ester (similar to Kataoka’s chem-
istry) followed by GCC-IRMS allowed separation of the valine
tracer from other amino acids and determination of the ratio of
labeled to unlabeled CO2. This led to the calculation of the synthe-
sis rate with a 0.007% error. 

A challenge associated with this technique, however, is that
the derivatization step typically adds carbon-containing groups
(that can often range from 4 to 8 mol C) to the analyte that are
indistinguishable, in CO2 analysis, from the original carbon. Thus,
the derivatizing reagent essentially contaminates the analyte
carbon content, and additional chemical and mathematical proce-
dures are required to extract the desired ratios. To get around this
complication, J. Thomas Brenna and colleagues from Cornell
University (Ithaca, NY) are developing new GC derivatization meth-
ods that don’t add extraneous carbon. For instance, they recent-
ly demonstrated that the decarboxylation of tyrosine and
phenylalanine to their corresponding alkylamines (Figure 1), using
highly chemical-specific enzyme reactions to derivatize only the
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FIGURE 1: Examples of chemical derivatization methods for GC analysis of
amino acids: a) N-trifluoroacetylamino acid methyl ester, b) tBDMS derivative
(MTBSTFA = N-methyl-N-(tertbutyldimethylsilyl)trifluoroacetamide), c) N(O,S)-
isobutoxycarbonyl methyl ester derivative, d) enzymatic decarboxylation. 
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amino acids of interest, increased volatility sufficiently to
permit GC retention and led to accurate isotope analysis without
carbon contamination (7).  

Fatty Analysis and Microbes
Besides amino acids, the other major analytes that have been
favorable biological targets for GC are fatty acids (see “Analyzing
the Fat of the Sea(l)”, Today’s Chemist at Work, April 2002, p
23–27). Unlike amino acids, where development of derivatiza-
tion techniques remains a somewhat active endeavor, the conver-
sion of fatty acids to fatty acid methyl esters (FAMEs) by methy-
lation has been the tried-and-true approach for fatty acid GC
analysis for over 20 years. FAMEs produced after lipid hydrolysis
have provided robust molecules for assessing fat content in an
array of plant, animal, and food components by GC. For instance,
this approach is the standard protocol for assessing the triglyc-
eride content of infant formula (8). 

One of the most significant applications of FAME GC analyses
has been in the identification of microorganisms. The phospho-
lipid component of cell walls is a source of more than 115 fatty
acids. Differences in the abundance of FAMEs derived from the cell
walls are essentially able to provide a “fingerprint” for microbial
species. This process has been streamlined into a finely tuned
informatics approach for bacterial identification by the Newark,
DE, company MIDI, Inc. (www.midi-inc.com). Its Sherlock Micro-
bial Identification System (MIS) uses an automated process to
prepare FAME extracts from bacterial cell cultures. Retention times
for FAMEs with chain lengths of 9–20 carbons are standardized to
values called equivalent carbon lengths (ECLs) using an external
calibration standard. The ECLs are then matched to databases of
microbial strain ECL profiles with pattern recognition software.
The system has become widely used in areas such as clinical
diagnostics (particularly for the identification of unusual species),
microbial quality control in pharmaceutical development, securi-
ty and law enforcement for detecting bioterrorism agents (see box,
“Anthrax Affirmed”), and in medical research (9). 

The simplicity of GC operation allows for a particularly high
level of automation to be implemented by the MIS, and thus is
more user-friendly for the nonexpert than alternative biochem-
ical or DNA-based approaches. “I would say 95% of our customers
have never touched a gas chromatograph before,” says Myron
Sasser, founder and president of MIDI. 

High-Temperature Help
The amino acid and fatty acid analyses are notable examples of
using derivatives to increase the biological relevancy of GC.
There are also, however, developments in the construction of the
columns themselves to make them able to withstand higher
temperatures and, thus, expand what can be defined as “GC-ably”
volatile without the need for extra chemical steps. 

Hydroxy-terminated polysiloxane stationary phases and special-
ly coated fused-silica capillaries have been developed that can
be operated up to 480 °C, which has a significant effect on the
variety of feasible analytes compared to more conventional columns
that work at or below 300 °C. With a temperature increase from
370 to 420 °C, for instance, “the working range can be extend-
ed by more then 400 Da,” according to Fransisco Radler de Aquino
Neto and colleagues from Universidade Federal do Rio de Janeiro
in a 1999 review (10). “Thus, samples analyzed by HPLC become
amenable to HT-HRGC [high-temperature high-resolution GC].”

So GC can skip right over fatty acids and be used directly, with-
out cleanup or derivatization, to analyze lipids with carbon
contents up to about C50. And there is also a range of new bioac-
tive components of crude natural product samples that become
amenable to GC with high-temperature columns.

Whether high-temperature GC does take over significant analy-
sis responsibilities from HPLC still remains to be seen. But
efforts in this area, as with amino and fatty acid analysis and
the like, indicate a considerable interest in bringing the speed,
resolution, and ease of GC to bear on a range of modern biolog-
ical challenges.
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Anthrax Affirmed

Perhaps the most baffling of the string of Bacillus anthracis
infections that occurred in the ending months of 2001 was
the case of Ottilie Lundgren, the 94-year-old woman from
the small town of Oxford, CT, who died from inhalation anthrax.
No explanation is known for why and how this happened to
an elderly woman who had no known connections to govern-
ment venues or news outlets, but the presence of anthrax,
and more specifically, affirmation that it was the same strain
of anthrax that had been discovered in other states, was
confirmed relatively quickly. 

This first confirmation of anthrax by the Connecticut Depart-
ment of Public Health was performed not with DNA techniques
as might be expected, but with GC analysis of fatty acid
methyl esters (FAMEs) extracted from the bacteria’s cell walls.
MIDI, Inc., maintains libraries containing distinct FAME
profiles of more than 1500 species of bacteria, including 6 major
bioterrorism species. With pattern recognition software, B.
anthracis could be identified quickly and even more detail was
available. “Our software matched the strain of the bacteria to
a database that we have of 72 different strains, and it gave a
match to the Ames strain, which is what it did turn out to be
of course,” says Myron Sasser, founder and president of MIDI. 

The MIDI system, which uses Agilent Technologies
(www.agilent.com) gas chromatographs, was also installed in
a mobile laboratory that was donated to the New York City
police department last year by Agilent to do field testing for
dangerous substances. This was possible because its high
level of automation allows, according to Sasser, analysis “with-
out operator intervention or an operator even knowing what
is happening.”


