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The wonderful advances of biochemistry, molecular biology and structural biology in the last half-century
have created a foundation which in vivo NMR has utilized in the attack upon more complex organis-
mic levels. Metabolic pathways, whose fluxes and intermediates are controlled by enzymes and genes in
response to an organism’s needs, are considered by some to be a worn-out topic of investigation – one
that is largely ‘complete’. The basic concepts are well established, the argument goes, and only minor
details remain to be worked out. We feel that this view misses the most important point of reductionist
biology – namely, that which has been established at one level can illuminate the more complex. For
the past three decades scientists using in vivo nuclear magnetic resonance spectroscopy (MRS) to study
metabolism have been developing an interdisciplinary vision for the future of biology at the molecular
level. While their experimental findings and the immediate applications to particular metabolic pathways
have been published extensively, the overall goals and philosophy of these individual studies have lurked,
undeclared, below the scientific expositions. Only when these reports are considered together can one see
that they build stepwise upon one another and ultimately provide a coherent direction for the future of
biochemistry. We have had the pleasure of taking part in many of these studies and intend this book to
serve as a review that outlines the theoretical framework that has been present in our minds but which
has remained only implicit in our publications. Reviews are never complete and the progress they describe
invariably changes, but we nevertheless are encouraged to assemble our report at this time. Our excitement
stems from the depth and breadth of the results we wish to present. In the past 20 years many have asked,
‘When are the biological results going to be worthy of the novel experimental methods developed for
in vivo MRS?’ In reviewing the literature for this book we are convinced that, to a communicable extent,
the goal has been realized so that the use of in vivo MRS for the clarification of molecular events is
well established. In addition to our enthusiasm, we are also motivated by a sense of obligation that arises
from our conviction that biochemistry sits at a historic crossroads. Down one, now heavily traveled, path
we see overwhelmed researchers chained to vast computers into which they feed ever-larger collections
of descriptive data in the paradoxical hope that the only cure for the current information deluge is an
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exponential increase in the number of data points. Down the other, less crowded, are researchers directly
examining dynamic metabolic systems that use the genes, proteins and metabolites to realize biological
functions. This book, in examining results from in vivo MRS studies of humans and animals, outlines ways
in which this second path has been taken, and suggests how they might be applied more broadly to both
experiments and ideology.

Practically, we propose that biochemistry can now reliably move upwards in complexity towards systemic
physiology and beyond by making in vivo MRS studies of metabolic pathways. Biochemistry, like most
biological fields, is intermediate between the reductionist explanations offered by chemistry and physics
and the organismic functions studied by medicine, behavior or evolution. Unfortunately, it is much easier to
simply collect more information about one particular level of complexity than to make the transition to the
next. To evaluate such a relationship requires dynamic interplay between observations, new methodologies
and entirely new concepts.

Biochemists are increasingly calling for more organismic insights – for ‘functional genomics’ and ‘pro-
teomics’. These visions, and the parallel medical hopes for genetic determinism, are in fact running headlong
into the complexities of metabolism. Just as ‘gene products’ is a new word for enzymes, ‘functional
genomics’, describing the functions served by gene products, is a new word for metabolism. In our view,
in vivo MRS offers more informative ways of studying the metabolic pathways, and thus of moving from
the relatively well-understood enzymes and metabolites to the organism-level phenomena of physiology
and behavior.

In vivo MRS offers the opportunity to directly attach questions in functional genomics/metabolism,
instead of pursuing these questions in a bottom-up (genetic) or top-down (cell biology) approach.
‘Metabolomics’ is a term with varied meanings but which most generally describes a large-scale, organized
scientific attack upon the complexities of metabolism. It recognizes the importance of metabolism, and
seeks to consolidate existing and newly generated information about metabolic pathways and constituents
in the same way that proteomics endeavors to catalog biomolecular structures and protein expression
profiles, and genomics addresses the vast arrays of DNA sequence information. In one generally accepted
formulation, metabolomics plans to identify all the molecular components in the cell, including metabolites,
macromolecules, cellular structures and solution conditions. It plans to use information available from
proteomics and genomics to develop insights into organismic complexity. This book shares that goal but
proposes that it can be pursued with MRS studies of metabolic fluxes in vivo, and with narrower but more
realizable goals in mind (e.g. to understand organismic function at the level of physiology). By studying
selected pathways with an eye for general principles, one can relate specific biochemical knowledge to
insights about physiological processes. One result emerging in the following chapters is that, the more
we understand the control of biochemical metabolism, the more clearly we understand how biochemical
metabolism subserves physiological needs, how dependent biochemical control is upon physiology.

The unique perspective of this book derives from the strengths of 13C NMR, a technique with the ability
to measure metabolic fluxes in living humans and animals. In vivo methods for 13C NMR detection are
extensions of earlier developments in organic chemistry in which the resonance (or chemical shift) of the
13C peak identifies a particular carbon of a particular molecule. For these assignments, sharp well-resolved
resonances are required as observed for small molecules (MW < 103) and occasionally in larger molecules
such as glycogen, where there are rapid internal motions. The natural abundance of the 13C isotope is
1.1 % and it is NMR-visible, while the other ∼99 % of the carbon nuclei are not NMR-visible. The low
natural abundance allows two kinds of measurements: the first in which the 13C NMR intensity allows the
concentration of the compound to be calculated; and the second, which follows from increasing the 13C
fractional enrichment by introducing substrates, such as 1-13C glucose, in which the 13C enrichment has
been increased towards 100 %. In this case, as the substrate reacts, the label moves down the biochemical
pathway to subsequent compounds. From this measurement the flux through the sequence of reactions (i.e.
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the pathway) can be calculated from the 13C NMR intensities measured either as a function of time or
measured when a steady state has been reached. These measurements provide the quantitative assessments
of metabolite concentrations and rates of reaction, in vivo, which provide the unique, strong data sets that
have allowed metabolism, studied this way, to provide a platform for novel insights into biological function.

In addition to the experimental opportunities offered by in vivo MRS, the study of metabolic pathways
has been enriched by the development of metabolic control analysis (MCA). This analytic system provides
a model in which in vivo MRS measurements of pathway flux and in vitro measurements of enzyme
kinetics can be combined to make quantitative evaluations of the control of flux and of the concentrations
of intermediates. The formal quantitative and theoretical aspects of MCA have been simplified in the past
two decades so as to be readily applicable to in vivo MRS experiments. The essential simplified features
of MCA needed to interpret the experiments discussed are presented in this book.

Three chapters introduce the book – this first chapter presents a unifying overview of the following
sections. It delineates the roles proposed for in vivo MRS studies in physiology and medicine as interpreted
and guided by MCA, and emphasizes the symbiotic strengths obtained by combining these two approaches.
The second chapter summarizes the in vivo NMR techniques used in the subsequent chapters to derive the
in vivo concentrations of metabolites and pathways fluxes. Although necessarily technical in nature, the
explanations were written to be easily accessible to an undergraduate chemistry student. Chapter 3 outlines
MCA, defining terms and presenting relations to be applied in several subsequent studies. MCA was
invented more than 30 years ago, mainly by Kacser in Edinburgh, to explain the role of mutation in
microorganisms. It defines the control of flux and the regulation of metabolite concentrations in terms
of the measurable properties of the constituent metabolites and enzymes in a pathway. It represents a
particularly valuable achievement of metabolomics, by deriving a functional role of these constituents
in vivo. In establishing criteria for the control of flux by each enzyme in a pathway, it gives quantitative
meaning to the concept of flux control, a concept whose differing definitions have led to confusion. The
definitions and the parameters of MCA have been expressed as partial derivatives. This allows for valuable
quantitation but, in light of the growing view that mathematics conceals knowledge, has undoubtedly
has been responsible for MCA’s neglect by biochemists. In vivo MRS experiments, which determine
quantitative values of pathway fluxes and metabolite concentrations, are ideally suited to providing the sort
of data MCA can then use to generate a coherent picture of metabolic systems. The simple formulations
of MCA needed to take advantage of the MRS results are described in Chapter 3.

Chapters 4– 7 describe a metabolic system extensively studied by 13C NMR and which focuses on
glycogen synthesis, a valuable perspective for studying metabolic control in activity and disease. Chapter 4
reviews and integrates studies of glucose metabolism with a focus on the role of glycogen. These studies
build upon the 100 % visibility of the 13C resonances of this very large molecule – which allows concen-
trations and rates of synthesis to be obtained in vivo from the NMR spectra. The rate of glycogenesis in
muscle as measured in non-insulin-dependent diabetic mellitus (NIDDM) subjects and their matched nor-
mal controls is described. The experiments provide understanding of the metabolic basis of glycogenesis
and of the defects in NIDDM. They show that glucose after a meal is predominantly stored as muscle
glycogen, that the rate of this pathway is reduced in NIDDM (thus explaining hyperglycemia) and that this
reduced rate in NIDDM is caused by reduced recruitment of glucose transporters to the plasma membrane
in response to insulin. This led to questions about the role of the enzyme glycogen synthase (GSase), the
canonical example in biochemistry textbooks of an allosteric enzyme whose activity is under the control
of a phosphorylation cascade. GSase, which is often considered to control the flux of glycogen synthesis
as a result of its extensive modulation, is shown in Chapter 5 to not control this flux. Instead, Chapter 5
shows that GSase serves to maintain homeostasis, keeping the metabolic intermediates concentrations close
to constant despite flux increases. Homeostasis is a physiological parameter, needed by other functioning
elements in the body, so that this pathway property relates the flux through a pathway to systemic functions.
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Furthermore the flux of glycogen synthesis itself serves homeostasis by maintaining blood glucose levels
constant and storing the excess.

These results on the particular pathway of glycogenesis have implications that extend far beyond the
specific pathway of muscle glycogen synthesis. The findings are relevant for other functional aspects of
enzymes studied by modern biochemistry. Signaling pathways often express kinases, enzymes generally
assumed to control fluxes by phosphorylating ‘rate-limiting’ enzymes in pathways. However, the combined
function of allostery and phosphorylation in the archetypical phosphorylated enzyme, GSase, is shown not
to be flux control of glycogen synthesis. Rather, it is to maintain metabolite concentration constant during
changes in the flux of glycogen synthesis. This novel function for phosphorylation is an alternative to its
generally accepted role of flux control, and is a broadly applicable finding of in vivo MRS as interpreted
by MCA.

Chapter 6 describes muscle glycogen measurements during exercise. Topics include the depletion and
restoration of glycogen stores during intense anaerobic exercise and moderate long-term aerobic exercise.
Measurements of the change in total glycogen concentration in response to difference states of exercise
were made by quantifying the natural abundance of 13C NMR peaks. A particularly valuable measurement
was made by infusing labeled 1-13C glucose at a constant glycogen concentration in order to observe
how different parameters affect glycogen turnover. The continual synthesis and consumption of glycogen
during prolonged exercise has reinforced the notion that glycogen serves to supply the rapid pulse of energy
needed during muscle twitches.

Chapter 7 reviews data on the synthesis and degradation of glycogen in the heart. It compares the
results of 13C MRS studies of myocardial glycogen metabolism with the skeletal muscle results, indicating
similarities and differences. Heart data show that glucose uptake seems to be controlled by the glucose
transporter/hexokinase entry step, as in muscle. Differences occur when the metabolic pathway bifurcates
at G6P where the glycolytic flux is more active in the heart due to its ceaseless activity. The competition
between these two paths for glucose flux and its influence by hormones and non-glucose substrates provide
a recurring comparison between cardiac and skeletal muscle.

The next two chapters follow the existence and consequences of the rapid energy metabolism needed to
support muscle contractions. Chapter 8 describes gated 31P NMR measurements of phosphocreatine (PCr)
in muscle. These data were acquired with a millisecond time resolution, so they allow for evaluation of
the dynamic nature of muscle energetics. Specifically, by measuring the fall and rise of PCr during muscle
contraction they provide a real-time basis for the energetics of muscle contractions. The usual values of
energy consumption are obtained by comparing 31P NMR measurements of PCr concentrations before and
after a period of exercise lasting seconds or minutes. The gated NMR studies described here show how that
approach severely underestimates the energy consumption because the PCr is substantially depleted and
regenerated in synchrony with the contractions. The possibility that the rapid energy production must be
provided by the anaerobic pathway leads to Chapter 9, which examines the role of lactate, the product of
anaerobic glycolysis. The results disagree with the traditional views in which lactate is produced because
of insufficient oxygen. Recent data have shown lactate appearances in well-oxygenated muscle, while the
many recent functional magnetic resonance imaging results in the brain also show that lactate is produced
during stimulation in well-oxygenated tissue. In Chapter 9 it is proposed that lactate is produced by the
rapid anaerobic processes that respond to contraction. In this model lactate serves as a temporal buffer
relating the millisecond need for energy to the long-term measurements of PCr glucose, glycogen and
oxygen consumption.

In vivo 13C and 31P measurements were made on cellular suspensions several years before it was tech-
nically possible to study animal models and humans. Very detailed studies of energetic pathways in yeast
and yeast spores made 20 years ago are juxtaposed with recent related studies in Chapters 10 and 11,
and seen to provide novel answers to contemporary questions about metabolic adaptation to environment.
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Differences and similarities of control mechanisms in yeast, described in Chapter 10, with activities of
the same paths of glucose metabolism in human muscle, show the versatility of these shared energetic
pathways. Central to the comparison is that, similar to mammalian pathways, which are shown in earlier
chapters to be subservient to the organism’s physiological needs, yeast can be subjected to rapidly changing
environments (e.g. the sudden infusion of glucose, or the loss of nutrients) and has thus evolved mech-
anisms of survival despite such perturbations. In conformity with mammalian systems, yeast and yeast
spores depend upon efficient energy usage during steady-state periods and are particularly well adapted to
the cellular needs during transient periods when environments change rapidly.

Chapter 12 illustrates the great usefulness of isotopomer analysis. This method takes advantage of the
fact that nearby 13C sites in metabolites give spin-coupled NMR spectra. Labels at each site reflect the accu-
mulated flux through different pathways so that measurements of the coupling can determine fluxes. This
method does not require in vivo time course measurements and can be made at steady state either in vivo or,
often, on extracts. Isotopomer experiments are made on body fluids or extracts with high-resolution NMR
spectrometers. Their vertical magnets and rapid spectroscopic measurements are readily adapted to high
throughput. Large data sets can be obtained and the specificity of metabolic flux determinations extended
to large populations.

The last chapter summarizes results from the previous sections and discusses their relationship to general
questions relevant to biological studies and to the goals implicit in metabolomics. The rapidly changing
understanding of biochemistry and physiology based upon the new experimental approaches and guided
by the formal structures of MCA, moves us confidently from molecules to biological function.




