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Abstract

The concept of symmorphosis emphasizes that sequential steps in physiological systems are structurally and functionally
matched to each other and to in vivo maximum loads. Examination of metabolic pathways, specifically glycolysis, in this
framework led to several conclusions. (i) Linked enzyme catalyzed reaction sequences are so closely integrated with each other
that large changes in flux through the pathway are sustained with minimal changes in concentrations of pathway intermediates.
This is true for both low and high capacity pathways and is consistent with the ‘economic design’ expectations of symmorphosis.
(ii) In the glycolytic pathway, some enzymes (termed hE) occur at high concentrations and high activities, while others (lE),
usually enzymes operating in vivo far from equilibrium, occur at lower concentrations and lower activities. Although genes for
glycolytic enzymes are thought to be coordinately regulated by being linked to common inducing or repressing signals, during long
term (phylogenetic) up or down regulation of glycolytic capacity, the expression of genes for hE type enzymes are adjusted the
most; the expression of lE type (usually enzymes functioning far from equilibrium) are up or down regulated the least. These
differences are of lower magnitude but are also evident in short term up or down regulation of the pathway of glycolysis (such
as induction by hypoxia and repression during electrical stimulation and fiber type transformation in muscle). (iii) When
considered together, these data require that, despite coordinate regulation of the overall functional unit (glycolysis), the expression
pathway for each enzyme in the sequence must be under unique feedback regulation, implying an unique information flow circuit
(gene�enzyme�gene) for each enzyme in the metabolic pathway. (iv) The matching of flux capacities in linked sequences thus
seems to apply ‘across the board’—not only horizontally but also vertically—in cell metabolic design. That is, up or down change
in demand for glycolytic function (horizontal pathway) is integrated with up or down regulation of gene expression (vertical
pathway). While a general feedback loop from metabolism to genes has been previously recognized, the step-by-step specificity
required for the pathway as a whole has been overlooked. The intriguing question of how enzymes within a single pathway self
modulate or fine tune their own expression rate according to their functional role in the pathway remains unanswered, although
a number of potential regulatory mechanisms are known. © 1998 Elsevier Science Inc. All rights reserved.
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1. The high precision of metabolic pathway integration

It is axiomatic that many physiological and molecu-
lar functions are the sum of individual processes linked
in sequence; in isolation many such individual processes
have no clear functions at all. How such systems are
designed has been of interest to both physiologists and
biochemists. For molecular systems at the cellular level
of organization, the individual processes are enzyme
catalyzed reactions; the linked sequences that give phys-
iological meaning to the component reactions are
metabolic pathways. Integrated function can be evalu-
ated by comparing changes in flux through the pathway
per se with changes in concentrations of substrates and
products of individual enzyme reactions within the
pathway. Such approaches very early on indicated that
enzymes in multistep pathways are surprisingly well
integrated [52,53]. Even in extreme cases, such as in
very high capacity metabolic pathways in insect flight
muscles [71] or in the electric organ of electric fishes
[10,11], several hundred fold flux changes in pathways
of ATP demand and ATP supply can be achieved with
only minor perturbation in concentrations of pathway
intermediates (see abbreviations). To explain this preci-
sion and integration of linked sequences of enzyme
function, several regulatory models are currently being
evaluated by workers in this field [2–
4,6,17,26,33,34,42]. These include: (i) Simple feedback
and mass action controls [40]; (ii) allosteric controls
[3,4]; (iii) models involving the regulation of e0 (the
concentration of functional catalytic sites [34]) by
means of alteration in protein interactions (as in acto-
myosin ATPase [29]), by change in phosphorylation
state (as in PDH [50]), by change in redox state (as in
V-type ATPases [31]), or by translocation from inactive
to an active intracellular location (as in glucose trans-
porters [48]); and (iv) various versions [12,13,23,38,65]
of metabolic control analysis first advanced over a
decade ago. Whichever of these models best account for
the behaviour of any given metabolic system, the em-
pirical observation is that enzymes linked in linear
series to form metabolic pathways are so exquisitely
integrated that large changes in pathway flux are sus-
tained with minimal perturbation of pathway substrates
and products. This is observed over and over again, for
low capacity and high capacity pathways.

2. Integrating linked sequences in the whole organism

While these models were being developed in
metabolic regulation research, the problem of integrat-
ing linked sequences of functions at the whole organism
level was being examined for the path of oxygen from
lungs to mitochondria by Weibel, Taylor, and their
collaborators [62–64,72,73]. In this case, the individual

structures are not enzymes; they are the lungs, the
circulation, and the working tissues. The function is in
vivo oxygen transfer and the pathway is relatively linear
but requires inter-organ integration. These workers hy-
pothesized an economically designed pathway wherein,
through adjustments in molecular, physiological, or
structural parameters, each step in the linked sequence
for oxygen transfer was matched to all other steps and
to the maximum physiological rate of flux, Jmax (re-
ferred to by others [20] as the natural load of the
system). These ideas of economic design became lodged
in the literature as the concept of symmorphosis [72]. In
their data base (which took advantage of systematic
differences between small and large animals and be-
tween athletic vs. relatively sedentary species) evidence
was found for most steps being well matched to each
other and to Jmax. Only the lungs seemed exceptional,
in most species being expressed with excess capacity, i.e.
with a larger margin of safety than at other steps in the
transfer of oxygen to working tissues. These studies,
along with later ones examining the coadaptation of
pathways for fuel and for oxygen delivery [73], were
heuristic and led to extensive discourse. Personal dis-
cussions between one of us (PWH) and both Taylor
and Weibel at various times during this period consid-
ered the numerous similarities between metabolic regu-
lation and symmorphosis research, but basically no
serious comparative studies were done until recently
[58–61].

3. Applying symmorphosis concepts to metabolic
regulation

Some of the dialogue that followed the Weibel/Tay-
lor work affected metabolic regulation research and led
Suarez to three new concepts that were not explicit in
this literature prior to the symmorphosis research (at
best, they were implicit). The three concepts are related
[60,61]. The first is that in a given metabolic pathway,
all steps must be matched to the natural load; the
maximum velocity (Vmax) under simulated in vivo con-
ditions for any given enzyme catalyzed step, must be
scaled to the Jmax for the pathway. Secondly, the Wei-
bel/Taylor emphasis on structure in functional integra-
tion, when considered at the enzyme pathway level,
means maintaining enzyme concentrations at required
levels; at each step in the pathway there must be
enough but not too much enzyme. Thirdly, implicit in
the above and added onto the symmorphosis concept
by Diamond, is the idea that at all steps in the pathway
there must remain margins of safety or ‘reserve capac-
ity’ [20].

When trying to evaluate these concepts, the first
problem which we must consider is that the catalytic
and regulatory properties of enzymes in a given path-
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way are not the same. The pathway of glycolysis, for
which there are good data available [9,24,59], is com-
posed of some enzymes which are reversible and oper-
ate near-equilibrium, while others are allosteric and still
others are phorphorylation controlled, often essentially
irreversible in vivo. Similarly, the turnover numbers of
enzymes in the sequence vary substantially [24]. Since
enzymes with such different catalytic and regulatory
properties are linked in sequence to form metabolic
pathways, it is not surprising that the amount of en-
zyme required at any step for sustaining in vivo func-
tions may be reaction specific. Probably the two key
parameters determining how much enzyme is required
at each step for matching in vivo pathway fluxes are: (i)
The catalytic efficiency or turnover number of the
enzyme (mmol substrate converted to product per mmol
enzyme per min); and (ii) the distance from equilibrium
at which the enzyme operates in vivo [24,58,59]. These
two factors need not be related, but a generalization
often found in the literature is that highest turnover
numbers are found for equilibrium enzymes. For a
given flux in vivo, enzymes with low turnover numbers
functioning near equilibrium are at one extreme and by
definition are required at relatively high concentrations;
for convenience, we shall refer to enzymes within a
pathway that occur at high concentrations for a variety
of reasons as hE. At the other extreme, much lower
concentrations of enzymes with high turnover number
functioning far from equilibrium are required to sustain
a given in vivo flux; we shall refer to enzymes that
occur at low concentration relative to hE as lE. If
catalytic efficiency and distance from equilibrium were
the only two factors determining the amount of enzyme
required, then comparable enzyme concentration profi-
les for a pathway such as glycolysis would occur in all
tissues examined. While similar patterns of hE and lE
enzymes in glycolysis may be seen when comparing
homolgous tissues [7,9,24,30,32,57], this is not always
observed [24], so other regulatory factors (such as the
need for bidirectional or glycolytic vs. glucogenic func-
tion) may also be important. For example, along with a
regulatory cascade of protein kinases and phosphatases,
glycogen phosphorylase is well known to be ‘plated out’
on glycogen granules and this structural feature may
influence the required amount of enzyme [32]. In any
event, what we would expect and find [24] is that
component enzymes vary in a spectrum from lE to hE
depending upon tissue specific metabolic conditions.
Traditionally, metabolic biochemists refer to hE en-
zymes as ‘equilibrium enzymes’, while lE enzymes are
‘regulatory enzymes’, either allosteric or phosphoryla-
tion controlled. It is recognized that there is a gradation
between these in terms of in vivo concentration, dis-
tance from equilibrium for in vivo function and quanti-
tative contribution to control in varying metabolic
states. So-called ‘equilibrium’ enzymes, such as ENOL,

can sometimes operate quite far from equilibrium and
display surprisingly high control coefficients [38].

With this background, the questions we wish to
address are: (i) During upwards or downwards scaling
of the glycolytic capacity of a tissue, how are enzymes
with such different properties scaled to match each
other and the Jmax of the pathway? and (ii) are there
similarities in pathway design with symmorphosis prin-
ciples derived for the respiratory system? Two ways to
examine these questions are to compare how these
different kinds of enzymes are adjusted during large
scale upwards or downwards scaling of glycolysis: (i) in
evolutionary time; and (ii) in short-term perturbations
such as during hypoxia acclimation or during use-dis-
use (electrical stimulation) transformations.

4. Long term regulation of the glycolytic path

The different kinds of muscle fibers found in verte-
brates provide an interesting system for probing these
issues. In fish, the myotomal muscles are typically
morphologically and spatially differentiated into slow
twitch or red muscles (RM) and fast twitch glycolytic
white muscles (WM). Qualitatively, the patterns of hE
and lE enzymes in the glycolytic pathway are similar in
both muscle types. Through evolution within specific
lineages and through ontogeny within species like the
tuna, the capacity of the glycolytic pathway in white
muscle is drastically up-regulated compared to the
pathway in red muscle [30–32]. To achieve this large
scale up-regulation, the enzymes for each individual
step are changed to variable degree: HK and PFK
change the least, while TPI and LDH increase the most.
PHOS, PGM, PGI, ALD, PGK, ENOL and PK in
tuna WM are elevated by an intermediate amount and
are expressed at �3–5-fold higher levels than in RM.
Analyses of low capacity to high capacity glycolytic
pathways in different combinations (low capacity
RM�high capacity RM; low capacity RM�high ca-
pacity WM; low capacity WM�high capacity WM)
always show the same result: the largest relative
changes are for hE type enzymes [32]. Similar conclu-
sions derive from comparisons of mammalian slow and
fast muscles: the activities of PHOS, PFK, GPDH, PK,
and LDH, in rat quadriceps (mainly fast twitch) muscle
exceed those in soleus (mainly slow twitch) muscle by
3–6-fold [7]. In this case, the RM vs. WM relative
differences between hE and lE type of enzymes are not
as striking as in fish, probably in part because fiber
types are mixed in mammalian muscles.

In these studies, and others discussed below, the
actual parameters usually measured are enzyme cata-
lytic activities. However, the isoforms of most of the
WM and RM glycolytic enzymes overlap and the
turnover number for each enzyme-catalyzed reaction
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Fig. 1. A summary diagram illustrating the distance from equilibrium (log of the observed mass action ratio/Keq) for glycolytic enzymes in muscle
during steady state performance. These particular data were obtained from swimming rainbow trout [21,49], but the pattern is similar for the
pathway in most muscles [38], and probably most tissues. Equilibrium enzymes operate relatively close to equilibrium (hence the nomenclature).
Regulatory enzymes, such as PFK, operate far from equilibrium. Enzyme activities for the pathway in tuna red muscle (RM) and white muscle
(WM) are given below and above, respectively. Enzyme activities (in mmol substrate converted per g tissue per min) are from Guppy et al. [30]
and Hochachka [32]. Within each pathway, equilibrium enzymes typically occur at high levels compared to regulatory enzymes, a feature which
may be influenced by enzyme turnover numbers. Up regulating glycolytic capacity from RM to WM shows that equilibrium enzymes are increased
the most (TPI and LDH shown with dark arrows); regulatory enzymes are increased the least (HK and PFK shown with lighter arrows). These
patterns are seen for the glycolytic path in many other biological settings and are observed for other metabolic pathways. See Sections 4 and 5
for further details.

step is similar in the two tissues [24,32]. Since measured
maximum activities are linear functions of enzyme con-
centrations, fish RM vs. WM enzyme activities are
probably reasonable reflections of enzyme concentra-
tion profiles. Actually, the enzymes of glycolysis are so
extensively studied that it is commonly assumed their
catalytic activities are a good reflection of enzyme
concentration per se; a recent exhaustive analysis [57],
for example, shows that ratios of catalytic activities per
g of tissue are similar to ratios of molar concentrations
of catalytic sites. Because of the hE– lE structure of the
glycolytic path in fish muscles, this means that up
regulating overall pathway capacity requires differential
(enzyme-specific) amounts of synthesis: more absolute
amounts of synthesis of hE than of lE type enzymes.

Since the turnover numbers for homologous (WM
and RM) glycolytic enzymes are similar [24,32], at any
given step another determinant of location on the hE–
lE spectrum is the distance from equilibrium for in vivo
function [58]. We would thus predict and indeed find a
general relationship between the degree of up regula-
tion of different enzymes and the degree of disequi-
librium of in vivo function (Fig. 1). To illustrate the
situation, the amounts of each enzyme in tuna RM and
WM are compared on a plot of each enzymes distance
from equilibrium during steady state muscle work

[21,49]. The degree of disequilibrium at each enzyme
reaction is similar in fish muscles [21,30,32,49] to that
observed in the heart [38]; while this pattern may well
be common to the glycolytic path in all tissues, fine
details vary in different tissues or in different metabolic
states [38]. Nevertheless, in the fish muscle example,
enzymes such as TPI and LDH seem to function closest
to equilibrium and the activities of these are increased
the most in the up regulation of RM to WM glycolytic
capacity. This is similar to the situation in mammalian
muscles and explains why TPI, a quintessential equi-
librium enzyme driven by evolution to catalytic perfec-
tion (i.e. a state where the turnover number is so high
that maximum catalytic velocity is limited by diffusion
based enzyme-substrate interaction [24]), nevertheless is
required at higher concentrations (approaching the mM
range) than any other enzyme in the glycolytic sequence
[57]. With in vivo substrate and product mass action
ratios almost at thermodynamic equilibrium, TPI at
any lower concentrations would be unable to match
required fluxes during activated glycolysis.

Regulatory enzymes such as PFK, which under phys-
iological conditions are considered to be largely irre-
versible, are seen to function far from equilibrium (Fig.
1), as in the heart [38]. The driving force for such
enzymes when activated by allosteric positive modula-
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tors is high and presumably for this reason, up regulat-
ing glycolytic capacities from RM to WM levels re-
quires modest increases in enzyme concentrations. Any
remaining short fall in catalytic capacity of such en-
zymes could be easily compensated for by positive
modulators. (The similar HK levels in tuna RM and
WM despite much higher glycolytic capacity of the
latter probably reflects the observation that WM relies
mostly on glycogen, not glucose, as fuel for the path-
way [30]). Other enzymes, such as PHOS, PGM, PGI,
ALD, GPDH, PGlM, ENOL, and PK, operate at
intermediate distances from equilibrium, again as in the
heart [38], and intermediate increases in enzyme con-
centrations occur in WM compared to RM.

Apparently what this means is that through evolu-
tionary time the genetic program for glycolysis has been
set so that for a high capacity pathway hE type en-
zymes are up regulated the most, while lE enzymes are
increased the least. If this same situation applied to
short term regulation of the glycolytic path, it would
require separate genetic controls for each enzyme in the
pathway. The paradox is that in short-term adjustments
(such as in hypoxic induction of the glycolytic path and
in muscle electrical stimulation where repression of
glycolytic enzymes is observed) the genes for the path-
way of glycolysis are coordinately regulated as a single
unit.

5. Short term regulation of the glycolytic path

Early studies of this problem by Murphy et al. [46]
and Robin et al. [51] showed that on exposure to
hypoxia, cells in culture increased expression of en-
zymes in glycolysis, while simultaneously decreasing the
expression of enzymes in aerobic metabolic pathways.
On average, all glycolytic enzyme expression in L8
myoblasts increased by �2.4-fold in hypoxia; these are
modest changes compared to the long term evolution-
ary adjustments noted above. Subsequent studies
[69,70] showed that the reciprocal coordination (of
genes for glycolytic vs. oxidative enzymes) occurs at the
transcription level, and more recently still
[22,25,37,54,67,68], molecular studies revealed that gly-
colytic up regulation during hypoxia is preceded by
induction of a transcription factor (Hypoxia Inducible
Factor 1 or HIF1). HIF1, a basic helix-loop-helix
(bHLH) heterodimeric transcription factor [37,68], ap-
pears to be part of a universal oxygen sensing and
signal transduction pathway involved in the hypoxia
dependent regulation of genes for proteins as different
as EPO, VEGF1, GLUT1, GLUT3 and glycolytic en-
zymes, including PFK L, ALD A, GPDH, ENOL1,
PGK1 and LDH A [22,25,54]. Indeed, it was the search
for hypoxia mediated regulation of EPO expression [16]
that led to the discovery of additional roles for HIF1 in

control of glycolytic expression. The picture of coordi-
nated hypoxia control of the glycolytic path that is
emerging is one of each gene having its own promoter
and enhancer sequences (HIF1 binding sites), although
not all the glycolytic genes have so far been analyzed.

An important feature of these data, not emphasized
by Murphy or Robin [46,51] or anyone else working in
the field, is that conditions for hypoxic induction of the
pathway are different for hE vs. lE type enzymes. As in
the examples given above for skeletal muscle glycolysis,
tissue culture L8 cells in normoxia express large
amounts of some enzymes and small amounts of others
[51]. In hypoxia, the same percentage induction of an
hE enzyme such as LDH and an allosteric lE enzyme
such as PFK requires that quite differing amounts of
absolute enzyme product be made in the two cases—a
lot of the former, a little of the latter—a theme we have
already seen above in comparisons of the glycolytic
path in fish red and white muscles. Although this
pattern has not been systematically explored, at least
some control appears to lie at transcription. In Hela
cells for example, normoxic expression rates require a
lot more mRNA for LDH than for PFK; furthermore,
hypoxia induces a lot more mRNA for LDH than for
PFK [22]. A qualitatively similar picture emerges when
we analyze the data for glycolytic enzyme activities (i)
in transformed cells compared to quiescent cells or in
cells stimulated by mitogenic agents to proliferate com-
pared to quiescent cells [19]; and (ii) in electrically
stimulated muscles which typically sustain a large in-
duction of enzymes in aerobic metabolic pathways, but
a repression of glycolytic enzymes [55]. Parenthetically,
we might add that analogous differences betwee hE and
lE enzymes are observed during induction or repression
of enzymes in aerobic metabolism [46,51], although the
genetic controls here are complicated by participation
of nuclear and mitochondrial genes [44,70] and hypoxic
repression is not HIF1 mediated [22].

6. Adjusting transcription and translation rates

Taken together, these data uncover two features in
the genetic regulation of metabolic pathways like gly-
colysis. First of all, genes for glycolytic enzymes are
coordinately expressed, even if they do not appear to be
regulated as operons. In fact, operons in eukaryotic
systems have only recently been identified [75] and do
not seem to be widespread [28]. Instead, coordinate
control is achieved by connecting each gene to common
inducing signals (such as hypoxia).

This feature of coordinate control perhaps is to be
expected [22,25,37,54,67,68]. The second control feature
of the pathway is not; namely, that the flux rate from
each gene to each enzyme in the pathway seems to
depend on the kind of enzyme being synthesized. High
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expression rates, required for hE enzymes often operat-
ing close to equilibrium, are scaled down to low expres-
sion rates for lE enzymes usually operating further
from equilibrium. To our knowledge, mechanisms are
not yet known by which the different genes of the
glycolytic sequence can be differentially activated
(unique gene�enzyme flux for each enzyme in the
pathway). However, there are several control or am-
plification mechanisms possible at various stages be-
tween transcription and completion of protein
synthesis. Thus, indications of differential mRNA syn-
thesis for equilibrium vs. regulatory enzymes, observed
but not systematically researched [22], suggest at least
some gene-specific [27] control at transcription. Recent
studies also raise the possibility of control of mRNA
stability. A major pathway of mRNA degradation in
yeast cells involves the shortening of the poly(A) tail
which triggers a decapping reaction and so exposes
mRNA to 5%�3% degradation; mRNA-specific rates of
decapping and decay could result from differences in
interactions between the decapping enzyme and gene-
specific transcripts [8]. Finally, it is possible that during
hypoxic induction flux rates from genes to enzymes for
all steps in glycolysis are the same, and that differing
amounts of products are maintained by differential
proteolysis. However, this would be wasteful of carbon
and energy (a kind of futile cycle or energy short
circuit) and would still confront the same specificity
problem as above (knowing which enzymes to degrade
and at what rate). Besides, despite a large data base on
protein synthesis and proteolysis, none suggests that
degradation rates vary with the hE vs. lE nature of the
enzyme target [1,36,47].

The problem with the above kinds of control con-
cepts is that they beg the question: how does each gene
‘know’ the functional (hE or lE) state of the enzyme it
specifies? In other words, how does it ‘know’ how much
enzyme product to make? Analagous control problems
in other areas of cell function are often solved by
negative feedback modulation by the product of the
pathway; in our case, this would require feedback by
the protein being expressed. A good example of just
such a negative feedback control involves b-tubulin
autoregulation of its own synthesis rate by means of an
unique amino-terminal tetrapeptide mediating tran-
script specific-mRNA decay [5]. The a-tubulin isoform
also modulates its own synthesis rate through mRNA
stability, but the decay pathway for this mRNA is not
currently understood.

In summary then we are left with an interesting
situation (Fig. 2): either: (i) We assume a feedback loop
from enzyme product synthesized to the gene or
mRNA being activated, a unique feedback loop for
each gene in the glycolytic sequence or (ii) we assume
that each gene�enzyme pathway is genetically pro-
grammed and uniquely primed for unique rates of

transcription, translation, and protein assembly. While
both may be intellectually appealing, available studies
do not allow clear resolution of the issue at this time.

7. Integrating directional (horizontal and vertical)
fluxes simultaneously

Our analysis so far leads to the conclusion that an
interesting information flow circuit is required: genes�
enzymes�genes. The first arm of this has been gener-
ally understood for decades; a special version is the
well-known induction of energy yielding pathways by
increase in energy demand of working muscles
[55,56,66,74]. However, the second arm of the circuit
(enzymes�genes), to this point has been under-empha-
sized and it differs from the kinds of concepts that are
pervasive in studies of muscle training and use-disuse
transitions. In muscle, this control loop (i.e. feedback
from metabolism to genes) is an important mechanism
underlying tissue plasticity; it is traditionally considered
to be initiated by altered activity or energy demand
(use, disuse, denervation, or electrical stimulation) but
to be mediated (i) by low molecular weight metabolites
(such as creatine, spermidine, or spermine), or (ii) by
hormones [66,74]. The possibility of a direct enzyme�
gene control loop so far remains unexamined in muscle,
but such regulation is known in other systems. In
proline metabolism in bacteria, for example, one
protein has two activities: proline dehydrogenase and
pyrroline-5-carboxylate dehydrogenase which together
catalyze oxidation of proline to glutamate. When ex-
ogenous proline is available, this complex enzyme is
attached to the cell membrane and plays its normal
metabolic function. In the absence of proline, it de-
taches, binds to DNA, and represses expression of both
proline dehydrogenase and a proline transport protein,
the switch from membrane-bound enzyme to DNA-
binding transcription factor being mediated by a
change in the redox state of the enzyme [14,45]. Some
glycolytic enzymes such as PGK have specific DNA
binding sites [15] and this also raises the possibility for
direct enzyme�gene control circuitry.

Whatever the mechanism, this feedback, an acknowl-
edged basis of muscle plasticity, shares certain features
with muscle differentiation. Current studies indicate
that muscle differentiation depends upon four myogenic
bHLH transcription factors (MyoD, myogenin, myf5
and MRF4), whose function is potentiated by myocyte
enhancer factors, especially MEF2 [43]. The genes for
these bHLH transcription factors are referred to as
‘master genes’ because they in turn regulate batteries of
genes further downstream. Interestingly, fiber type spe-
cific plasticity is also regulated by bHLH proteins;
disuse atrophy, for example, induces MRF4 but not
myogenin in slow muscles, whereas myogenin but not
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Fig. 2. A summary diagram of hypoxia up regulation of the glycolytic path in hypoxia responsive tissues. A poorly understood oxygen sensing
and signal transduction pathway leads to the synthesis of HIF1, hypoxia inducible factor 1 (first round of gene activation). This transcription
factor is thought to coordinate hypoxic induction of the pathway: each gene for each glycolytic enzyme maintains a HIF1 binding site
(enhancer-mediated second round of expression activation shown for LDH, PGK, and PFK). For any given gene, the enhancer sequence, first
discovered in EPO regulation, may be upstream or downstream, within or outside of the promoter sequences. During hypoxic induction of the
pathway, each enzyme seems to modulate its own expression pathway (shown as dotted feedback loops; dark arrows indicating large positive
modulation, lighter arrows indicating less potent activation). Control mechanisms could act on transcription by interacting with the HIF1 control
path [35], at translation through mRNA effects [5,8,18,39]), or post-translationally [74]. Degree of induction (absolute amount of protein synthesis)
is greater for hE than for lE type enzymes. In terms of symmorphosis, vertical expression pathways are fine tuned during hypoxic up regulation
to match the new horizontal pathway flux capacity. The differing response patterns of hE and lE enzymes apply to other- and possibly to
all-metabolic pathways. See Section 6 for further details and references. The diagram is based on an analysis of hypoxia defense mechanisms [35]
and on HIF1 studies mainly by the Semenza and Ratcliffe laboratories [22,25,37,54,67].

MRF4 transcripts rise dramatically in fast-twitch mus-
cle [41]. It is tempting to assume that similar controls
also could contribute to the differential up or down
regulation of specific enzymes in metabolic pathways
such as glycolysis, but thus far this has not been
evaluated.

For molecular physiologists, the significance of the
enzyme�gene feedback loop is especially significant
for it may mean that the integration of linked enzyme

sequences is occurring simultaneously in two directions
(Fig. 2): horizontally (flux through the linked enzyme
reactions of the glycolytic path) and vertically (flux
from genes to enzymes). The former can be a very high
flux system (moment to moment response time); the
latter of course is a much lower flux system (response
time of hours to days) and its functional capacity
appears to vary with cellular energy demand. That is
why biological processes such as exercise training, elec-



P.W. Hochachka et al. / Comparati6e Biochemistry and Physiology, Part B 120 (1998) 17–2624

trical stimulation of muscle, or hypoxia exposure typi-
cally alter the expression rates of genes for enzymes in
glycolysis or in oxidative metabolic pathways. Even if
gene�enzyme pathways are low flux and each may be
a relatively minor energy drain, when all are combined
their cost becomes significant for under normoxic con-
ditions protein synthesis contributes about 1/3 of the
maintenance energy demands of the resting cell [35]. If
the cost of ATP dependent proteolysis is included, the
overall cost of the control circuit (genes�proteins�
genes) accounts for :50% of normoxic ATP turnover
rates [35].

Although it is implicit in the Weibel/Taylor [72,73]
studies that the conditions of symmorphosis apply at all
(morphological to molecular) levels of organization, to
our knowledge this is the first indication of expression
pathway (vertical flux) capacities for functionally linked
enzymes being optimized or coadapted with enzyme
pathway (horizontal) flux capacity (Fig. 2).

Many of the studies in this area to this point have
not been designed to specifically address the issues of
integration of linked enzyme function and their adapta-
tion; many of them have been more focused on whether
genes are on or off in varying metabolic states, rather
than whether they are sustaining quantitative changes
in expression rates. That may be why the relationships
we have uncovered have been largely overlooked.
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Note added in proof

During review stages, we became aware of studies
showing that the relationship between concentrations of
mRNA and protein products is fairly plastic. Thus,
fasting causes a drop in LDH and in mRNA for LDH,
while actin and its mRNA are stable [3]; [LDH] but not
[mRNA] increase with body size in barred sand bass [4];
[PK] and [mRNA] increase during growth in trout but

this relationship is lost during maturation [1]; and
finally, [LDH] and [mRNA] are linearly correlated be-
tween northern and southern populations of Fundulus,
but this relationship is lost durning cold (10°C) accli-
mation [2].
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