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CHAPTER 1:
LITERATURE REVIEW

INTRODUCTION:

Living cells catalyze thousands of chemical reactions in a temporally and spatially
ordered fashion. To do this cells rely on the coordinated activities of thousands of protein
catalysts distributed throughout interior aqueous compartments. For decades scientists have
broken the cell open and isolated individual enzymes. Measuring kinetic activities in vitro
has led to the typical textbook description of metabolic pathways as involving chemical
intermediates that randomly diffuse between soluble enzymes in the synthesis of a final
product (Metzler, 1977). When investigators began studying living cells, however, it was
found that the predictions of models based on measurements in vitro were not upheld in
vivo. This is due to the fact that the cytosol is a densely-crowded environment that
resembles an aqueous crystal rather than the dilute protein solutions used in vitro. Proteins
exhibit different properties when subjected to molecular crowding in vivo as compared to a
purified form in vitro. It is becoming increasingly clear that metabolic pathways do not
function as diffuse soluble systems in vivo.

An alternative hypothesis to explain how cells coordinate and organize metabolic
pathways involves the assembly of enzymes into complexes. According to this model
metabolic enzymes, normally soluble in vitro, form complexes that channel intermediates to
direct the synthesis of hundreds of different end products in vivo. Over the past several
decades evidence has slowly accumulated that supports this hypothesis. Many essential
pathways, such as those involved in the citric acid cycle (Srere, 1997), glycolysis (Ovadi
and Srere, 1996), nucleotide biosynthesis (Mathews, 1993b) and fatty acid oxidation
(Mathews, 1993a; Yao and Schulz, 1996), are now known to exist as complexes in vivo.
This organization allows intermediates to be channeled and is thought to be important for
the function of entire metabolic pathways (Ovadi, 1991). Although the fundamentals of
enzyme kinetics have been known for some time, the spatial arrangements and significance
of enzyme complex organization, beyond intermediate channeling, remains controversial.
The long-term goal for our lab has been to understand how living cells spatially organize
metabolic pathways and what role this organization plays in determining the identity and
amount of products synthesized in vivo. The following text describes our research model
and reviews the literature that outlines our current understanding of the intracellular
environment and the organization of metabolic pathways.
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FLAVONOID BIOSYNTHESIS IN ARABIDOPSIS THALIANA AS A
MODEL SYSTEM:

Hypothesis.
The enzymes that synthesize flavonoids exist as a transient enzyme complex on the

cytoplasmic face of the endoplasmic reticulum in Arabidopsis thaliana. This structural
organization plays some role in directing end-product identity, abundance, and subcellular
site of production.

Arabidopsis thaliana as a molecular genetic model.
A. thaliana is a small flowering plant in the mustard family, Brassicaceae. Over the

past decade this plant has become recognized as a useful molecular and genetic model
system (reviewed by Meinke et al., 1998). The small size of A. thaliana allows large
numbers of plants to be grown in a small area. Since it takes only 6 to 8 weeks to go from
seed to seed, Mendelian genetics can be readily performed (Meyerowitz, 1989). A. thaliana
has the smallest genome of any higher plant, with 120 megabases arranged in 5
chromosomes. A large genomic sequencing effort has produced a wealth of knowledge and
resources concerning the use of A. thaliana, including numerous expressed sequence tags
(EST). A. thaliana is easily transformed (Bechtold et al., 1993) and mutagenized (Koncz et
al., 1989; Feldmann, 1991; Shirley et al., 1992). Because of these traits A. thaliana has
been successfully used to elucidate a wide variety of biochemical and genetic mechanisms
that control plant development and cell function (Meinke et al., 1998). We have chosen
flavonoid biosynthesis in A. thaliana as a model system to study the role of enzyme-
enzyme interactions in metabolism.

Flavonoid compounds.
Higher plants are characterized by unique metabolic systems that convert the

products of primary metabolism, such as amino acids, into a variety of so-called secondary
compounds. One sub-class of secondary metabolites, known as flavonoids, are a collection
of aromatic C15 compounds derived from phenylalanine (Figure 1). These compounds are
some of the most well characterized in higher plants. This is because flavonoids perform a
variety of essential functions for the plant that include plant-microbe signaling (Mo and
Gross, 1991) and UV-B protection (Li et al., 1993). Moreover, flavonols are known to be
required for male fertility in maize (Mo et al., 1992) and petunia (Taylor and Jorgensen,
1992; van der Meer et al., 1992; Ylstra et al., 1994). Flavonoids, however, are best known
as the red, pink, and blue pigments that color fruits, flowers, and leaves (Stafford, 1990).
Other studies have shown that certain types of flavonoids have pharmacological activity.
For example, flavonols can inhibit heat-shock protein expression (Hosokawa and al.,
1990; Kantengwa and Polla, 1991) and bind type II estrogen receptor binding sites
(Piantelli and al., 1995), preventing melanoma growth in vitro.

Flavonoid biosynthesis in A. thaliana.
Flavonoid biosynthesis in A. thaliana involves a well-characterized secondary

metabolic pathway. The coordinate induction of A. thaliana phenylpropanoid and flavonoid
genes in response to external (UV light, drought, cold, cytokinins) and developmental
stimuli has also been well established (Kubasek et al., 1992; Shirley et al., 1992; Shirley et
al., 1995). The expression of flavonoid structural genes requires light (Feinbaum and
Ausubel, 1988; Batschauer et al., 1996). Blue light and anion channel-dependent
membrane depolarization are thought to be essential for the initiation of flavonoid gene
expression in germinating A. thaliana seedlings (Noh and Spalding, 1998). The mRNAs
leading to the synthesis of flavonols are coordinately expressed (Pelletier and Shirley,
1996) and precede the expression of mRNAs encoding dihydroflavonol 4-reductase (DFR)
and leucoanthocyanidin dioxygenase (LDOX), which are required for the synthesis of
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anthocyanins during light induction experiments on etiolated seedlings (Pelletier et al.,
1997). This has led to the distinction of these genes as "early" or "late" genes. The early
enzymes accumulate to maximum steady state levels three days after light induction, while
late enzymes are delayed approximately one day. This well characterized genetic
background makes flavonoid biosynthesis in A. thaliana a useful model system to study the
role of enzyme-enzyme interactions on end product synthesis.

The genetics of flavonoid biosynthesis in A. thaliana.
The genetics of flavonoid biosynthesis in A. thaliana is simple when compared to

that in many other model plant systems. In most plants the flavonoid pathway is quite
complex, where the enzymes are encoded by multigene families and the product diversity is
high (Stafford, 1990). In A. thaliana, however, chalcone synthase (CHS) (Feinbaum &
Ausubel, 1988), chalcone isomerase (CHI) (Shirley et al., 1992), flavanone 3-hydroxylase
(F3H) (Pelletier and Shirley, 1995), DFR (Shirley et al., 1992), and LDOX (Pelletier et
al., 1997) are known to be encoded by single-copy genes. Flavonol synthase (FLS) is,
however, encoded by a small gene family (Bandara and Shirley, unpublished results).
Although the lack of flavonoids results in male sterility in maize and petunia, A. thaliana
does not require flavonols for male fertility (Burbulis et al., 1996). Since pollen viability is
not affected by the absence of flavonoids, mutants deficient in flavonoid biosynthesis can
be easily isolated based on the lack of visible anthocyanin pigments. This anthocyanin-
minus phenotype has afforded the identification of at least sixteen different loci and the
isolation of hundreds of independent mutant alleles for various flavonoid loci (Shirley et
al., 1995; Shirley, 1996; Koornneef and Lepiniec, personal communication). Furthermore,
the map positions of A. thaliana CHS, CHI, F3H, flavonoid 3’-hydroxylase (F3’H), FLS
1-5, DFR, and LDOX genes have been determined.

Macromolecular organization of flavonoid metabolism.
The flavonoid biosynthetic pathway is hypothesized to exist as a membrane-bound

complex. Evidence from studies with buckwheat, tulip, red cabbage, and petunia indicate
that both phenylpropanoid and flavonoid enzymes exist as a complex that is localized to the
cytoplasmic face of the endoplasmic reticulum membrane (Hrazdina and Jensen, 1992).
When tissues from these plants are gently homogenized and then fractionated in sucrose
density gradients or resolved through an acrylamide:agarose gel-filtration column the
activity of several phenylpropanoid and flavonoid enzymes cofractionate with ER-
membrane containing fractions (Hrazdina and Wagner, 1985). Isotopic dilution
experiments using fractions collected from buckwheat showed that phenylalanine is
channeled in the formation of p-coumarate (Hrazdina & Wagner, 1985). In situ
hybridization experiments demonstrate that CHS mRNA and end-products of the flavonoid
metabolism are localized to the epidermis of parsley leaves (Schmelzer et al., 1988).
Immunocytochemical experiments, using gold labeled anti-CHS antibodies, have shown
extensive labeling on ribosome-bearing ER membranes in the epidermis of buckwheat
tissue (Hrazdina et al., 1987). Furthermore cinnamate-4-hydroxylase (C4H), of general
phenylpropanoid metabolism, F3'H, and flavonoid 3’, 5’-hydroxylase (F3’,5’H) are
known to be P-450 monooxygenase enzymes embedded in ER membranes (Menting et al.,
1994; De Azevedo et al., 1996). P-450 hydroxylases may provide a scaffold onto which
the remaining enzymes assemble to form an enzyme complex. Taken together these data
suggest the phenylpropanoid and flavonoid pathways exist as enzyme complexes on the
cytoplasmic face of the ER membrane.
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LITERATURE REVIEW:

THE INTRACELLULAR ENVIRONMENT.

Summary.
The environment in which enzymes function in vivo is different than in vitro. The

activities of most biological proteins are assayed under ideal conditions selected to minimize
the measurement of artifact data in vitro. Concentration-dependent rate or equilibrium
constants are then extrapolated to the limit of infinite dilution to determine the intrinsic
properties of the protein under study (i.e. kinetic values for an enzyme, dissociation
constants for protein-protein interactions, etc.). Biological solutions, however, differ from
these ideal conditions.

The cytosol is a densely-crowded environment and creates conditions not simulated
easily in vitro. First, although no one protein may be in high abundance the total protein
concentration is very high. These conditions have dramatic consequences for the activity of
proteins in vivo as compared to conditions in vitro (Minton, 1980; Minton, 1981; Minton,
1983). Second, this intense protein crowding creates an environment enriched in water that
has different physical properties than that of bulk solution (Drost-Hansen, 1971). This, in
turn, affects the thermodynamic and biophysical properties of proteins in vivo as compared
to in vitro. The biochemical, biophysical, and physiological consequences of molecular
crowding on the activity of intracellular proteins, including enzymes, has been extensively
reviewed by Zimmerman (1993). To determine how soluble enzymes form complexes in
vivo, an accurate understanding of the effects that molecular crowding and intracellular
water have on proteins is essential. The following text outlines our current understanding
of these effects.

Intracellular water.
The living cell contains two phases of water. Garlid (1979) was one of the first to

produce evidence supporting this fact. By measuring the distribution of uncharged solutes
in mitochondria as a function of mitochondrial volume it was found that various solutes
partition between two phases of water. Horowitz (1979) extended these results by injecting
frog oocytes with a volume of gelatin and letting this reference phase come to equilibrium
with the cytosol. Horowitz determined that, like mitochondria, oocytes also contained two
phases of water. More advanced studies using nuclear magnetic resonance (NMR) to
measure the motion (relaxation time) and self-diffusion coefficients for individual water
protons in many model cell types have substantiated these early conclusions (Hazlewood,
1979; Beall, 1980; Beall et al., 1982). Evidence from these studies confirmed that
intracellular water is biphasic, one form being tightly bound to intracellular surfaces
(considered the water of hydration) and the other having the properties of bulk solution.
This water of hydration has been formally termed "vicinal" because it is influenced by other
macromolecules in its "vicinity" (Drost-Hansen, 1971).

Physical properties of vicinal water.
Vicinal water has different physical properties than bulk solution. Vicinal water exists

in a polarized state of significantly reduced self-diffusion and rotational freedom as
compared to bulk water. As a consequence, the heat capacity of vicinal water is
significantly greater than that of the bulk solution water (1.47 cal/g/°C and 1.0 cal/g/°C,
respectively) (Drost-Hansen, 1971; Clegg, 1979). The vicinal water phase excludes some
solutes and preferentially solvates others (Garlid, 1979; Horowitz and Paine, 1979;
Horowitz et al., 1979). With the use of electron-spin resonance analysis, Mastro (1984)
demonstrated that, as cell volume decreases under hypertonic conditions, a concomitant
increase occurs in cytoplasmic barriers to diffusion and a decrease occurs in the space
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between existing cytosolic structures without an increase in the viscosity of the vicinal
phase. This evidence suggests that the physical properties of vicinal water are independent
from those of bulk-phase intracellular water in vivo.

The role of bulk and vicinal water in metabolism.
Bulk water is dispensable for metabolic pathways to operate. Clegg (1981) examined

the dependence of various metabolic events as a function of cellular hydration in the brine
shrimp Artemia. At cell hydrations of approximately 30 - 35% (produced by either a
dessicative or rehydration mechanism) biosynthesis of lipid, pyrimidine nucleotides, and
amino acid resumes (Clegg and Lovallo, 1976). This water content is comparable to the
water of hydration, or in other words, the volume capable of providing a monolayer of
hydration to intracellular surfaces. The lack of bulk phase water in these cells has been
confirmed with the use of additional NMR (Clegg, 1984). At this level of hydration there is
no bulk phase water present, yet these cells perform primary metabolism at rates
comparable to fully-hydrated cells. These measurments indicates that bulk water does not
play a large role in solubilizing intermediates between catalytic events or in stabilizing
enzyme-enzyme interactions. At about 60% cell hydration the remainder of the cell's total
metabolism is resumed and no further quantitative or qualitative change occurs in cellular
metabolism. Rupley (1980) produced additional evidence in support of this proposal by
showing that lysozyme is fully active with just a single monolayer of water bound to it,
regardless of the presence of bulk phase water.

Biochemistry of vicinal water.
Vicinal water participates in some catalytic mechanisms (Kornblatt and Hoa, 1990),

and is either absent or plays a direct role in charge balance at protein-protein interfaces in
various systems (Clegg, 1979). For example, movements of vicinal water into and out of
the active site of the cytochrome P-450 campfor regulate enzymatic activity (Di Primo et al.,
1992a). Moreover, during the dissociation of putidaredoxin, roughly 28 molecules of water
are involved with every catalytic turnover (Di Primo et al., 1992b). More evidence to
support the fact that vicinal water participates in protein function comes from studies of
hemoglobin. Some 50 to 70 water molecules become part of the hemoglobin tetramer in its
transition between from a fully deoxygenated to fully oxygenated state (Colombo et al.,
1992). The ways by which vicinal water might enhance or suppress the catalytic behavior
of enzymes has been considered by Somogyi and Damjanovich (1973; 1975). These
workers proposed an "energy-funnel" model of enzyme action in which vicinal water
directly participates in the thermodynamic events accompanying the formation and
breakdown of enzyme-substrate complexes. It has also been proposed that peptide side
chains on the surfaces of proteins selectively change their exposure to vicinal water during
conformational changes associated with catalysis (Low and Somero, 1975a; Low and
Somero, 1975b). These protein group transfers are believed to be accompanied by
significant volume and energy changes resulting from alterations in the organization of the
vicinal water molecules around such groups. Low and Somers argued that such changes
could significantly contribute to the activation energy of enzyme catalyzed reactions. Since
vicinal water has a greater chemical potential, metabolites entering and leaving an active site
may be kept in a state of higher potential energy, allowing them to assume transition state
conformations more readily upon entry into the next active site. Vicinal water might play a
greater role in the biochemistry of the living cell than just providing for macromolecular
solvation.

Enzyme-catalyzed reactions can result in the liberation of considerable amounts of
localized energy. By restricting chemical reactions to the vicinal phase, cells can maintain
enzyme stability by allowing localized vicinal water to absorb exothermic heat. If this is the
case, then selection pressure may exist to promote the evolution of pathways that confine
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catalysis and intermediates to this vicinal phase, perhaps by forming enzyme complexes
rich in localized vicinal water.

Vicinal water at the protein-protein interface.
It has been proposed that vicinal water directly participates in molecular associations

at the protein-protein interface (Clegg, 1979). Sub-cellular membranes and an extensive
cytoskeletal lattice provide scaffolding of considerable surface area, which allows enzymes
(which seek to minimize total intracellular vicinal water) to achieve a favorable entropic
state by associating on these surfaces through a desolvation mechanism (Clegg, 1984). The
minimization of vicinal water is thought be a strong determinant of cytosolic macro-
structural organization, with entropy being a major driving force inducing enzymes to form
complexes.

Finally, metabolically-active cells, such as rat liver, muscle, and pig heart, contain
approximately 26% - 31.3% total protein (Able et al., 1990). Protein crystals, however,
contain as little as 20% solvent while others contain as much as 90% (Fulton, 1982).
Therefore, proteins begin to form crystals with less than 10% protein by weight. How is it
possible that the cell can keep all the proteins held inside from crashing out of solution? The
answer might lie in how the cell organizes intracellular proteins. Proteins might form
interactions with other proteins in such a way as to remain soluble under conditions that
otherwise result in precipitation.
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MOLECULAR CROWDING:

The aqueous compartments of living cells are densely-crowed environments. This
molecular crowding promotes self- and hetero-associations between proteins and alters the
thermodynamic and biochemical properties of proteins. The following text outlines some of
the consequences that molecular crowding has on proteins in vivo.

Molecular crowding affects the thermodynamic properties of proteins.
The thermodynamic properties of proteins change as a function of volume exclusion.

As early as the 1940’s it was observed that proteins can be precipitated out of solution by
the addition of water-soluble polymers such as heparin, hyaluronic acid, dextran, and
polyethylene glycol (PEG) (Laurent, 1964; Juckes, 1971). This is due to the exclusion of
the protein from part of the volume of the polymer solution (Minton, 1981; Minton, 1983).
There are many examples in the literature that show molecular crowding affects the
thermodynamic properties of proteins. The solubility of deoxy sickle hemoglobin decreases
10-fold on addition of up to 25% bovine serum albumin or crosslinked hemoglobin A
(Behe and Englander, 1978). Apomyoglobulin exists as a monomer in solution, however,
the addition of lysozyme, b-lactoglobulin, or ribonuclease up to 20% causes
apomyoglobulin to form mostly dimers (Wilf and Minton, 1981). Concentrations of 3%
PEG cause the 22S pyruvate dehydrogenase species to self-associate and form a 55S
particles (Bosma et al., 1980). The equilibrium constants of ribosome particle interaction
can increase as much as 10-fold in the presence of PEG, dextran, and ficoll (Zimmerman
and Trach, 1988). Wilf (1981) measured the polarization of flourescently-labeled
hemoglobin and myoglobin as a function of multimer status in the presence (0-30 g/dL) or
absence (buffer only) of globular proteins similar to those found in a typical cell. Although
the presence of up to 30 g/dL of either PEG-6,000 or PEG-20,000 did not affect
hemoglobin or myoglobin monomers in solution, the presence of even 10% of any other
protein induced myoglobin to spontaneously form dimers. The dilute aqueous conditions
used to study most proteins in vitro do not accurately simulate intracellular conditions in
vivo. Therefore the physiological significance of data collected in vitro must be considered
carefully. In total, these findings support the hypothesis that the dense protein crowding
present in the cytoplasm affects the thermodynamic properties of proteins. These effects
must be accounted for when simulating intracellular conditions in vitro.

Molecular crowding affects the rate of biochemical reactions.
The kinetics of biochemical reactions are affected by molecular crowding in solution.

To determine the effects of molecular crowding investigators have typically measured the
activities of enzymes as a function of polymer concentration. Such work has shown that the
rates of reactions do change as a function of polymer concentration, sometimes through the
formation of multimeric enzyme species or by increasing the effective concentrations of
macromolecular reactants. For example, solutions of 30% protein will cause a 30-fold
decrease in the specific activity of glyceraldehyde-3-phosphate dehydrogenase due to the
formation of a low-activity tetramer from high-activity monomers (Minton and Wilf, 1981).
The specific activity of hyaluronate lyase decreases 6 to 8-fold due to multimerization in the
presence of 12.5% PEG (Laurent, 1971). The rate of enzymatic supercoiling of DNA by
topoisomerase I (of Sulfolobus acidocaldarius), on the other hand, is increased in the
presence of PEG (Forterre et al., 1985). Molecular crowding can also alter the products of
an enzymatic reaction. T4 and E. coli DNA ligase shift from catalyzing mainly
intramolecular to intermolecular ligations as a function of volume exclusion (Pheiffer and
Zimmerman, 1983). The addition of PEG or polyvinyl alcohol (PVA) allows high rates of
recA protein-promoted DNA strand exchange at otherwise suboptimal Mg2+ concentrations
and doubles the NaCl required for half-dissociation of recA protein from M13 DNA
(Lavery and Kowalczykowski, 1992). The rate of actin polymerization also increases 3-
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fold with the addition of 8% PEG-6,000 (Tellam et al., 1983). These examples serve to
show that the rates of biologically-significant reactions are affected by the molecular
crowding of the solution. Reactions that are spontaneous in vitro may not be so in vivo,
and visa versa.
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ORGANIZATION OF METABOLISM IN VIVO:

Molecular crowding is thought to be the driving force that promotes the association of
soluble enzymes in vitro to form multimeric complexes in vivo (Minton, 1983). The
remaining text outlines evidence that suggests that most, if not all, metabolic pathways exist
as enzyme complexes in vivo.

Analysis of living cells.
The cytosol consists of a dense array of high-molecular weight protein complexes,

membranes, and cytoskeletal elements. Analysis of whole cells can provide valuable
information that homogenized cell studies cannot. When intact Neurospora and Euglena
cells are centrifuged, layers of protoplasm become stratified within the cell. The top layer of
protoplasm should contain all soluble cytosolic proteins. However, no cytosolic enzymes
can be isolated from this fraction in either cell type (Zalokar, 1960; Kempner and Miller,
1968). The most straight-forward interpretation of this work is that most cytosolic enzymes
exist bound to high molecular weight species, either as a complex or alone. When these
cells are disrupted, protein-protein interactions are weakened (presumably due to a decrease
in molecular crowding (Minton, 1983)) and routine centrifugation of this homogenate
yields a cytosolic fraction containing uncomplexed soluble enzymes.

Biochemical studies of metabolism in vivo.
Historically, a "rate-limiting" model was proposed to account for metabolic control.

This model assumes a diffusion-dependent transition exists between each catalytic event
and predicts that the slowest enzymatically-catalyzed reaction determines the overall rate for
the entire pathway. Therefore, in order to alter flux through a pathway the cell increases or
decreases the abundance or activity of the rate-limiting enzyme. This model also assumes
that the remaining enzymes in the pathway are present in excess. This view of metabolic
control owes its origin to the extents to which biochemical analysis of individual enzymes
has been taken outside the context of the cell. The predictions of this rate-limiting model do
not correspond to in-vivo observations, and numerous articles exist that discredit the
predictions of this model as a form of pathway flux regulation (Savageau, 1969a;
Savageau, 1969b; Heinrich and Rapoport, 1974).

Metabolic pathways work as coordinated groups.
Phosphofructokinase (PFK) has long been believed to catalyze the rate-limiting step

in the regulation of flux through glycolysis (Srere, 1994). The origins of this model stem
from the fact that PFK exhibits allosteric kinetics in vitro, and its negative effectors, ATP
and citrate, are end products of glycolysis. Furthermore, some have considered PFK as the
first committed enzyme in glycolysis. By this reasoning, PFK represents the classical rate-
controlling step in glycolysis. When yeast are induced to undergo fermentative growth,
however, all the enzymes for glycolysis are coordinately synthesized, and no relative
increase in PFK levels is observed compared to the other glycolytic enzymes (Schaaff et
al., 1989). In muscle cells the level of ATP and citrate is so high that all the PFK would
exist in the inhibited state (Srere, 1975). When rats are starved and then re-fed a high
carbohydrate diet, the enzymes in fatty acid biosynthesis are coordinately induced, contrary
to the prediction that the abundance of acetyl-CoA carboxylase (the presumed rate-limiting
enzyme) would be increased relative to the other enzymes of the pathway (Srere and
Foster, 1967). In addition, rigorous exercise increases the amounts of all the enzymes
involved with the Krebs TCA cycle and electron transport in rat muscle (Holloszy et al.,
1970). Therefore, it is apparent that the in-vivo accumulation of enzymes in these pathways
dose not correspond to the predictions of the rate-limiting model. This evidence indicates
that when a cell up-regulates the flux through a pathway, it increases the abundance of all
the enzymes involved in a coordinate manner, rather than the relative abundance of one
rate-limiting enzyme. Moreover, it does not seem reasonable for cells to regulate pathway
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flux with a bottle-neck because this would result in a substantial waste of potential energy
in order to maintain associated enzymes in excess. It has been such observations that have
led to the postulation of a "distributive" model for metabolic regulation, in which the
control of pathway flux is exercised throughout the pathway. The coordinated accumulation
of all the enzymes required for the synthesis of a specific product rather than the
accumulation of a limiting bottle-neck enzyme.

 Most individual metabolic pathways are coordinated with other metabolic pathways.
Pette (1962) showed that enzymes involved in the TCA cycle and oxidative
phosphorylation (OPP) exhibit a constant proportionality ratio between enzyme abundance
and activity in several cell types. Thus, although the levels of specific TCA and OPP
enzymes vary considerably from one cell type to the next, the ratio of abundance to activity
remains constant. The use of such abundance:activity ratios might provide experimental
support for distributive control mechanisms. Indeed, such evidence has been generated
from the analysis of two key metabolic pathways in yeast, tryptophan biosynthesis and
glycolysis. In one study, individual yeast strains were genetically engineered to accumulate
reduced levels of each of the five enzymes of tryptophan biosynthesis (~ 25% wild-type
levels) (Niederberger, 1992). The flux of intermediates through the tryptophan pathway
was then evaluated as a function of which enzyme was quantitatively reduced. No change
in the rate of growth, as a measure of pathway flux, was observed regardless of which
enzyme was reduced. Up-regulation of individual enzymes did not affect the rate of
growth. Only when all the enzymes required for tryptophan biosynthesis were coordinately
overexpressed was there a direct proportional increase in the flux through the pathway.
Similar experiments were performed with the enzymes that mediate glycolysis (Schaaff et
al., 1989). Significant over-expression (as high as 14-fold that of wild-type) of each
individual glycolytic enzyme (even PFK) does not alter total pathway flux in yeast. Other
significant pathways such as the citric acid cycle, photosynthesis, fatty acid, urea,
nucleotide, and amino acid biosynthesis exhibit similar abundance:activity ratios to the
tryptophan pathway in yeast  (reviewed in Srere, 1993). Collectively, this evidence
suggests that entire pathways are organized as metabolic units.

Srere and others have argued that many, though not necessarily all, metabolic
pathways exist in the form of transiently stable multi-enzyme complexes (termed
"metabolons") in which intermediates are "channeled" (transferred directly from one active
site to the next without apparent release to bulk phase water) (Hrazdina & Wagner, 1985;
Srere, 1987; Mathews, 1993a). This hypothesis was initially proposed when the overall
rate of the Krebs TCA cycle (calculated from in vitro determined rate constants for the
individual enzymes) was found to be more than one order of magnitude less than that
measured in vivo (Srere, 1972). Biochemical evidence has accumulated which shows that
the enzymes involved in carbohydrate, fatty acid, nucleotide, and amino acid metabolism
exist as complexes (reviewed in Srere, 1987; Ovadi, 1991; Mathews, 1993a). It is now
thought that high flux is maintained in these pathways in vivo by channeling intermediates
(Ovadi & Srere, 1996).

Pathway flux is dependent on enzyme organization.
The metabolon model of enzyme organization offers several physiological

advantages. The role of metabolite channeling in the control of pathway flux has been
extensively reviewed (Hrazdina & Jensen, 1992; Srere, 1994; Ovadi & Srere, 1996).
These reviews bring to light the consequences of enzyme complex organization on the
function of entire metabolic pathways in vivo.

Channeling enables individual enzymes to achieve maximal catalytic activity (Vmax)
by maintaining high intermediate flux through the pathway, even when the overall cellular
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concentration of primary substrates is far too low to satisfy these reaction kinetics. Indeed
this has been shown to be the case in protein, DNA, and RNA biosynthesis (Mathews,
1982). Metabolite pool analysis of T4-phage DNA replication in Escherichia coli indicates
that the replication machinery is saturated at in vivo intracellular dNTP pool concentrations
seven-fold lower than that capable of minimum saturation (Mathews, 1993b).

Channeling can protect scarce or unstable intermediates by maintaining intermediates
in an enzyme-sequestered state. In such a fashion auto-degradation of valuable
intermediates can be prevented before products are utilized by the next enzyme catalyzed
reaction (Mol, 1985).

Channeling can control the chirality of intermediates resulting from potentially
isomeric chemical reactions by maintaining a fixed juxtaposition of catalytic centers that
favors one isomeric conformation over another (Sumegi et al., 1993).

Channeling confines intermediates to a micro-environment within a specific
metabolon, without bulk phase water solubilization, protecting the solvation capacity of cell
water. If all the thousands of different metabolic intermediates had to diffuse through bulk
phase water, there would not be enough solvation capacity to maintain these compounds in
solution with all the other macromolecules present in the cell (Fulton, 1982; Srere, 1987).

Channeling can couple the Ka and Kd of specific reaction mechanisms, providing
significant reductions in transient times between catalytic events. This reduction in transient
time increases the total rate of flux through pathways and allows rapid attainment of
maximal catalytic efficiency (Welch and Gaertner, 1975). Indeed, pathways exhibit higher
in vivo kinetics as compared to rate predictions determined from in vitro data. If channeling
of intermediates is the only kinetically-feasible way to satisfy the cell's demand for a
specific metabolite, then altering the ability of enzymes to channel intermediates can serve
as a rapid means of pathway control in response to specific stimuli.

Limits of cell size.
Cells no larger than 0.1 µm could exist without exploiting the kinetic benefits of

metabolic channeling. By calculating the three-dimensional collision kinetics of metabolites
and enzymes at physiological conditions, Pollard (1963) determined that some higher-level
of organization must exist to enable Vmax capabilities at known eukaryotic cell volumes.
This conclusion, together with the disparities between flux constants determined in-vitro
and in-vivo and the ability of several pathways to achieve Vmax in the absence of bulk
water, indicates that most of the cell's catalytic machinery exists in the form of metabolons.
Thus, it can seen that the regulation and kinetic behavior of metabolic pathways is a direct
function of the physical organization of enzymes in-vivo.

“Ambiquitous” enzymes can modulate metabolon assembly.
Pathway flux might not be controlled by changing the kinetics of individual reactions

per se, but rather by regulating the ability of a pathway to achieve Vmax kinetics by altering
the stability of specific metabolons. If true, then structural factors should be key
determinants of pathway flux. Studies of glycolytic enzymes have provided evidence that
supports the hypothesis that pathway flux is regulated by specific enzyme-enzyme
interactions. Several enzymes have been found to reversibly partition between kinetically-
distinct soluble and membrane-bound forms (Wilson, 1978). The in vivo distribution of
these two forms is an equilibrium influenced by specific metabolites (usually substrates)
and allosteric effectors. Enzymes that exhibit this type of behavior have been formally
termed "ambiquitous", meaning "both places" (Wilson, 1978). This indicates that the
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ability to assemble specific metabolons may be directly influenced by the presence of
substrates or products. If a key substrate is not present, the
metabolon may not assemble.

Brain hexokinase has provided an experiment model for this unique in vivo behavior.
Rose (1967) and Hernandez (1966) have shown that mitochondrial hexokinase from ascites
tumors exists in a state of dynamic equilibrium between soluble and membrane-bound
fractions. The status of this equilibrium is affected by in vivo concentrations of glucose-6-
phosphate, ATP, and Pi during periods of increased glycolytic rate. Based on these
observations and measured enzyme kinetics, Wilson (1968) proposed that the
mitochondrial membrane bound form was kinetically more active. Knull (1973; 1974)
substantiated this hypothesis by demonstrating that ischemia, and other perturbations in
energy metabolism, caused a rapid and reversible shift in equilibrium to favor the bound
form of hexokinase when the glycolytic rate of chick brain is increased. Examples of other
enzymes demonstrating ambiquitous activity are known. The ability of rabbit muscle
glycerophosphate dehydrogenase to complex with porcine heart lactate dehydrogenase was
found to be dependent on a narrow, physiologically-relevant concentration of NADH
(Yong et al., 1993). NADH has also been demonstrated to play a key role in mediating
interactions between porcine heart malate dehydrogenase and complex I of the electron
transport system (Ovadi, 1994). Once associated, the kinetic rate of NADH-specific
channeling from malate dehydrogenase to complex I increases. The kinetic parameters of
ox muscle fructose bisphosphate aldolase have been shown to be dramatically modified by
the direct binding of actin filaments in a Ca2+-sensitive manner (Walsh, 1977). Several
other glycolytic enzymes, including PFK, have been independently demonstrated to
partition between kinetically-distinct soluble and membrane-bound forms (Masters, 1984).
The ability of specific metabolites to affect metabolon assembly may prove significant in
vivo. Once the metabolon is assembled, Vmax might then be achieved. In addition, the
conformation of individual proteins in a metabolon may be different from that in the
dissociated state, and the actual Vmax for a specific enzyme may be higher or lower than
predicted in vitro as a function of complex assembly in vivo. Collectively, this evidence
shows that pathways can exist in dynamic equlibria between kinetically-distinct aggregated
and soluble forms.

Protein-protein interactions are likely to be conserved through evolution.
The genes encoding all proteins in a population aquire mutations over time at a

specific rate (Dayhoff et al., 1978) and these mutaions are thought to account for the
variation between homologous proteins from different species. Evidence of evolutionarily
conserved trends in macromolecular structure, however, might not be evident from
sequence studies of soluble proteins. High-resolution two-dimensional PAGE analysis
shows that at least half of the proteins derived from hamster and human cells are identical in
pI and molecular weight (McConkey, 1982). This degree of conservation is far greater than
theoretically predicted by the atlas of protein sequence and structure (Dayhoff et al., 1978).
This result is not an artifact because E. coli and Hela cell-derived peptides are greater than
98% distinguishable by this technique. This conservation might be due to the numerous
macromolecular interactions in which most peptides participate. This formally-termed
"quinary structure" refers to the cumulative macromolecular interactions that are transient in
vivo and are not evident from analysis of purified proteins. Since this "quinary" type
organization is detected in such phylogenetically-distinct organisms, then it follows that
enzyme surface charges play some role in organizing metabolons, and may reflect
evolutionary conservation of cytosolic organization. Experimental evidence exists in
support of this hypothesis. Cytochrome c is completely soluble in vitro, yet is one of the
most evolutionarily-conserved of all proteins. The high degree of structural and function
conservation are proposed to result from extensive interactions with other electron-transport
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proteins in vivo (Dickerson, 1971). This correlation supports that macro-molecular
interactions impose constraints on the evolution of specialized proteins (Zuckerkandl,
1976).
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SUMMARY:

Intracellular enzymes catalyze thousands of chemical reactions simultaneously in the
densely-crowded environment of the cytosol. Assembly of metabolic enzymes into
complexes is now recognized to be important for normal cell physiology. The forces that
promote the formation of enzyme complexes in vivo are diminished in vitro due to dilution
and as a consequence this idea remains controversial. Analysis of flavonoid biosynthesis in
A. thaliana as a model system should reveal what role the structural organization of
enzymes play in the synthesis of metabolites.
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Click on figure TITLE to link to figure:

Figure 1.  Diagram of the general phenylpropanoid and flavonoid branch
pathways. Shown are the reactions catalyzed by phenylalanine ammonia-lyase (PAL),
cinnamate 4-hydroxylase (C4H), 4-coumaroyl ligase (4CL), chalcone synthase (CHS),
chalcone isomerase (CHI), flavonoid 3-hydroxylase (F3H), flavonoid 3'-hydroxylase
(F3'H), flavonol synthase (FS), and dihydroflavonol reductase (DFR). CHS catalyzes the
first committed step in flavonoid biosynthesis.  tt4 is the name of the Arabidopsis CHS
locus.  CoA, coenzyme A; Rha, rhamnosyl, pCum, para-coumaroyl.


