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A unifying model of the cell proliferation emphasizing plasma membrane fluxes
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Summary. The regulation of cellular growth and proliferation is perhaps the most investigated and elusive problem
in cell biology and seems to be possible to solve from almost any angle of study chosen. Among the non-systemic
factors that have been discussed are: genetic damage, genomic control, regulation by stimulatory and inhibitory
peptide factors such as EGF, chalones, and fibronectin, protein kinasé activation with tyrosine phosphorylation,
adenylylcyclase and cAMP, cGMP, membrane perturbations and specifically in tumours the failure of the Pasteur
effect in control of glycolysis, excessive membrane ATPase activity, and excessive hydrolytic and proteolytic activities
at the cell surface. This article focusses on the central role of fluxes within the plasma membrane and re-examines
the possibility that changes of flux of metabolites, ions, and reducing equivalents may be the common denominator
regulating cellular proliferation.
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In the preceding paper in this series, evidence was collect-
ed indicating that there is a correlation between the met-
abolic rate and the rate of proliferation of biological
cells'. When the intracellular branching of metabolism
into the two main categories of proliferation and mainte-
nance of specialized function is taken into account, sim-
ple mathematical expressions can be found that describe
this correlation. Metabolism can be regarded as a chain
of probabilistic interactions between enzymic and ge-
nomic elements which are either stabilized by iteration,
consolidating the specialized function, or broken down
by end-product inhibition, induction followed by compe-
tition etc., leading to metabolic evolution towards cell
division. In as much as the metabolic flux is diverted
from specialized functions that comprise iterative en-
zymic and genomic cvents and all the permissive nutri-
ents are present to sustain growth, cellular proliferation
is in most instances a function of both the rate of meta-
bolic flux and the rate of change of quality of end prod-
ucts. The rates of product formation are more important
than the amounts because of the continuous breakdown
by various hydrolytic enzymes, thermal inactivation, ir-
reversible enzymic regulation, enzymic competition,
leakage, etc. :

The rate of appearance of end-product metabolites, n,/
4t, is equal to the rate of input of metabolites, q,/At,
times the probabilities of interaction between the en-
zymic elements k and | contained in the enzymic path-
way:

n, _ 4o
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Some of these end products can not be by-passed in the
cell cycle and may correspond to the so-called genomic

‘checkpoints’ 2 while others are interchangeable, for ex-
ample carbon source pathways or the energy metabolism
supplying ATP. Therefore, the rate of evolution of the
metabolic process, q/4t, and the rate of cellular prolifer-
ation, v, are proportional both to the total rate of appear-
ance of end-products:

q_ Dy
VOCAt—Klet 2)
and to the rate of appearance of new end-products, n/4t
qa_ o
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The contribution to g/At in (2) can actually be divided
into one fraction of metabolic flux available for iterative
and specialized functions or entries into deposits, dD/dt,
and the fraction in excess of the latter which is available
for metabolic evolution and the cell cycle, dC/dt:

49 _ dC, ¢ dD
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where K, - O. K, K, ... K, are constants or time-de-
pendent parameters®. cAMP is a common regulator of
these fluxes, inducing differentiation and synthesis of
specialized products concommittantly with inhibition of
cell proliferation in tumour cells*, or inducing cell prolif-
eration of systemic cells as part of their physiological
response >. This is related to cGMP such that the concen-
trations of cAMP and cGMP often are inverse and the
latter is associated with proliferating cells“.

In most cases, the precursors necessary for cell prolifera-
tion enter the cell through the plasma membrane al-
though notable exceptions involving deposits of nutri-
ents, such as for example the embryogenic morula, exist.
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It is known that a slight specific or unspecific perturba-
tion of the plasma membrane or the environment of
stationary mammalian cells easily results in the resump-
tion of cell proliferation if there is an adequate supply of
nutrients. The perturbations causing cell division have
never been explained on the basis of a common mecha-
nism, probably because of their great variety and the
complexity of the structure of the plasma membrane. The
current focus of interest in regulation of cellular prolifer-
ation is at the oncogenes, the receptor-specific growth
factors, and the absent or damaged genomic elements of
tumour cells, where the most recent advances have been
made, so it is almost unavoidable that other approaches
are left in the background. However, these and many
previous models of growth control are based on the pre-
supposition that there is a specific cause-effect relation-
ship in regulation of cellular proliferation and defining
this relationship in terms of the chemistry involved. In
view of the great number of such models that have been
presented through the years, many of them still unrefut-
ed, it may be appropriate to add a phenomenological
model which incorporates as many features as possible of
what has been written and examined previously but with
fewer assumptions regarding the specific chemistry of the
control and instead relying on a more abstract principle
in terms of which the chemistry can be understood.

Based on the sole principle that metabolic evolution
through the genomic and morphological events of the cell
cycle has been given evolutionary advantage and is the
preferred metabolic state of a well-nourished eucharyotic
cell!, such a model can be constructed from what is
known about the structure of the plasma membrane, its
under-coating, and its flux rates of metabolites, ions and
reducing equivalents. The metabolites and enzymic path-
ways carrying the fluxes can be identified as vertical and
horizontal components of the energy metabolism occur-
ring there. Suppressed flux rates associated with station-
ary cells and enhanced rates associated with controlled
and uncontrolled cell proliferation can be discerned. The
fluxes in plasma membranes of cancerous cells seem to be
less tightly coupled than those in normal cells, reflecting
an over-all randomness and escape from efficient inhibi-
tory control of the type that is operating in normal cells.

The topography of the membrane fluxes and the structure
of the plasma membrane

The topography of some of the enzymes and pathways
carrying the fluxes within the plasma membrane can be
deduced from studying the ecto-sialyltransferase, which
is often elevated in proliferating cells, correlating with the

increased sialic acid density of most tumour cell mem-

branes relative to their normal counterparts ®. In the ap-
propriate experimental systems, the surface-associated
sialoglycoproteins do not secem to be recycled to any
significant extent, and the enzyme itself is accessible to
exogenous modulators of its activity. Such studies show
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that the ecto-sialyltransferase, the Na™, K *-ATPase, and
glycolysis are functionally related and that the ecto-
sialyltransferase is metabolically coupled to membrane-
compartmentalized glycolysis ® 7. These enzymes and the
membrane-associated acto-myosin provide a common
branching point via ATP of pathways related to energy
metabolism (fig. 1), namely, formation of reducing
equivalents (glycolysis), transport of metabolites (Na™,
K *-ATPase) movement (actomyosin), and functions
reminiscent of the sporulation and cell wall synthesis of
procharyotic cells (ecto-sialyltransferase, glycosylation,
and membrane trafficking). As illustrated in figure 1, the
plasma membrane can be regarded as a functional unit
made of these and other contributions.

The density and amounts of the extrinsic constituents of
the so-called membrane skeleton are high enough to seri-
ously consider the possibility that it may form a continu-
um in the most investigated model systems, and in gener-
al, i.e. an inner membrane or a ‘cortex’ ®~1° delineating
a sub-plasmalemmal or intermembraneous space har-
bouring metabolism (fig. 2). There is also much biochem-
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Figure 1. Illustration of vertical and horizontal components of the meta-
bolic fluxes associated with the plasma membrane of mammalian cells,
and which tend to be increased in proliferating cells relative to stationary
ones. The vertical components have been detected by isotope tracers or
specific inhibitors and include the second messenger Ca®* (not shown).
The horizontal fluxes are evident from the movement of proliferating
cells, capping, patching, and translocation of components in the plane of
the membrane (acto-myosin), lectin agglutinability, or can be detected
using the ecto-sialyltransferase and exogenous CMP-sialic acid and are
inferred from the intra-membraneous energy metabolism of intact cells or
red blood cell ghosts (glycolysis).
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Figure 2. Schematic illustration of the plasma membrane and its under-
coating (membrane skeleton, cortex, inner membrane, sub-membraneous
gel) including the intermediate space and the ordered or coupled fluxes of
a stationary or ‘normal’ cell (4), subject to point control at receptor sites,
and the uncontrolled and uncoupled fluxes of a cancerous cell plasma
membrane (B). In the figure, the extra-cellular space is up and the cyto-
plasm down, M represents the outer lipoid membrane (the lipid bilayer)
or the inner membrane skeleton (cortex, plasmalemmal under-coating
etc.) and ‘I’ represents the intermediate space.
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ical evidence through the years from other than struc-
tural investigations in support of a membraneous com-
partment on either side of the plasma membrane proper,
namely from studies of the kinetics of transport of
metabolites and nerve cell depolarization ** =13, the cryp-
ticity and kinetics of membrane-associated glycolytic en-
zymes and nucleotide metabolism **~¢, the predomi-
nantly glycolytic enzymes fuelling the Na™, K *-ATPase
from an intramembraneous pool of metabolites'”, and
the extractable diffusion-barrier to ouabain in inside-out
red blood cell vesicles *#. The compartmentation of ener-
gy metabolism within the plasma membrane seems to be
a common feature of mammalian eucharyotic cells and
provides a natural framework for competition/coopera-
tion and coupling between its energy-requiring metabolic
pathways and other chemical and physical fluxes.
Experimental evidence has now accumulated in favour of
restricted diffusion of membrane proteins % 2° and cy-
toskeleton-mediated long-range structure 1% 2!+ 2% within
the plasma membrane of most mammalian model sys-
tems investigated. Then, depending on the proximity of
the enzymes and pathways in the membrane, its metabol-
ic fluxes can be either tightly or loosely coupled, two
alternatives that are schematically illustrated in fig-
ure 2A and figure 2B, respectively, where the plasma-
lemmal under-coating also has been included. The cou-
pling is presumably at the microscopic level but may
include chemi-osmotic coupling of the type previously
described in mitochondriae where the concept originat-
Cd 23, 24.

A priori, tightly coupled fluxes can be interrupted more
efficiently by blocking any part of them than loosely
coupled fluxes can; the latter are always possible to cir-
cumvent, even if one component is blocked completely at
any specific point of control, as is already known empir-
ically from mitochondriae. In the plasma membrane, this
leads to a situation where a highly structured membrane
or membrane skeleton with its associated enzyme is more
susceptible to inhibition of the contained metabolic flux-
es than a membrane whose components are loosely put
together, and as will be shown below, it is in fact possible
to correlate empirically such lack of structure with cellu-
lar proliferation.

The model

In order to continue the preceding sections, there are
relationships between the sum of the rates of transport of
metabolites into the cell, dA/dt, and the inputs of these
metabolites into various metabolic pathways such that:

dA dB dC dD dE
awta~atata )

where dB/dt is the rate of contribution of metabolites
exiting from deposits of nutrients built up in the cell,
dC/dt is the fraction used for metabolic evolution in the
cell cycle, dD/dt is the fraction of entry into intracellular
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deposits or specialized functions, and dE/dt is the frac-
tion of re-export from the cell by leakage or transport, as
for example in brush border epithelium, glia cells, etc.

The relationship between the rate of exogenous supply of
nutrients and the intracellular rates of metabolism at

time t = —1 is then given by:
dA_, dC_, dD_, dBE_, dB_,
b o dt Todat Toat  dt ©

and at time t by:

dA dC , dD , dE <ch_1 dB)

a Tt )

AT d T a TaT dt
The latter term would constitute a possibility to describe
the commonly occurring metabolic oscillations in biolog-
ical cells, but which is out of the scope of the present
analysis.

In order to obtain a more stringent description of the
metabolic coupling, one may return to the factors regu-
lating the probabilities of interaction between two en-
zymic elements k and I:

_k+X
P“_ck+X

e A ®)

where k, is the number of copies of the enzyme 1 with
which the enzyme k can interact via its products and ¢,
is the total number of different such enzymes. X is unity
if one copy of 1is added to the compartment composed
of the ¢, complementary enzymes, otherwise zero. 7 is the
time interval between one and the next interaction of the
same type and the regulatory factors are accessible in the
association parameter, A. If one chain of such probabil-
ities, [ [p,, corresponding to an enzymic pathway in the
plasma membrane, is coupled to another, for example
when a by-product and/or the flux of one pathway is
necessary for the other, this can be described by:

Cilp, =GCllIp, =CllIp, = - -. )

where C, are coupling factors, and when they are not
coupled, no such relationship exists. In the plasma mem-
brane, each of these products is intimately related to the
parameter dA/dt of eq. (7) such that when the pathways
are tightly coupled, dA/dt is proportional to the rate of
one pathway:

dA
E - Cnnpn

(10)
while if they are not and in general the case, dA/dt is
proportional to the sum of the rates of all the indepen-
dent uncoupled pathways:
dA

d—t = ZKnCnnpn (11)
Each of the factors in eq. (10) and (11) are in their turn
affected by the concentrations of precursors available,
and the nutritive status, which mostly is plentiful within
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a surviving organism, as described by:

R xic

(12)
where [C,] are the concentrations of metabolites.
However, in the most extreme case of metabolic cou-
pling, the rates are determined by one single probability
of interaction, that of the lowest value in eq. (10), even if
excess precursors are available. In a regulated system,
this key point is subject to various control mechanisms.
In eq. (8) these enter the parameter A, decreasing the
effective frequency of catalysis 1/At beyond that given by
the frequency of product-substrate interaction 1/7. This
decreases the rates below those allowed at a given con-
centration of substrates. When the inhibitory control is
released in a coupled system, all the rates again increase
to sustain the intracellular metabolic rates, dC/dt and
dD/dt given in eq. (5). On the other hand, in a system
that is not metabolically coupled, each pathway is sus-
tained directly by the systemic supply of metabolites,
by-~passing the membraneous level of control.

Experimental evidence included by the model

It 1s an established scientific method to use the simplest
hypothesis out of many to explain the largest amount of
data possible. Therefore, once the aforementioned prin-
ciple is adopted that cellular proliferation is the metabol-
ic state of mammalian cells that has been given evolution-
ary advantage, it follows naturally that the increased
metabolic fluxes in the plasma membrane of proliferating
cells pushing them towards division, are a biochemical
marker for the proliferating state. Within the nutritious
internal environment of an organism this implies that
proliferation is subject to inhibitory control which would
be inefficient when the structure of the membrane is per-
turbed or its fluxes out of control. '
Mouch of the research in this area has focussed around the
release of contact inhibition or topoinhibition of prolifer-
ation of stationary cells and the opposite phenomenon
known as reverse transformation or “retro-transforma-
tion” of neoplastic cells in culture. The agents causing
these phenomena are either compounds that bind to or
alter the cell surface, ions, or compounds and conditions
that otherwise directly or indirectly interfere with the
transport of metabolites (table 1). Almost without excep-
tion, a main effect of the agents is to change flux rates of
metabolites and ions across or within the plasma mem-
brane. These metabolic fluxes comprise certain enzymat-
ic pathways, ecto-enzymes, carrier molecules, and also
translocation of the membrane itself known as mem-
brane recycling, membrane trafficking, exo- and endo-
cytosis (table 2). Particularly, proliferating cells are often
characterized by increased hexose transport, glycolysis,
Na't, K*-ATPase activity, amino acid symport and
transport, nucleoside transport, ecto-ATPase, and ecto-
sialyltransferase activities. The increased flux rates in-
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Table 1. Activators and inhibitors of cell proliferation

A) Activators

Agent Increased References
fluxes
documented
Peptide hormones and growth factors + 29, 48, 49
Lectins + 50, 51
Serum exchange in culture + 52, 53
Proteolytic enzymes + 54, 55
Agitation (increased diffusion) +1 56
Phospholipids + 57
Phosphotyrosine +2 25
Vanadium ions + 58,59
Zinc ions + 60
Calcium ions + 28, 51, 61,
62
Intracellular alkalinization and + 63-69
sodium-proton antiport
Oxidants + 70-72
B) Inhibitors
Agent Decreased References
fluxes or
metabolization
documented
Cyclic AMP, dBcAMP + 73 -80
Shortage of nutrients +4 81 - 88
Tunicamycin, ouabain, phloretin, + 89 -95
herbimycin
Chalones and peptide inhibitors x3 98, 99
Fibronectin x? 100
Butyrate x3 100, 101
Succinylated Con A x3 102
Retinoids x3 103, 104
Magnesium ions x3 105
Potassium ions x3 106
Reductants x3 107, 108

Tmplicit; ?non-biochemical organochemical data; *most studies are
based on measurements of nucleoside incorporation into DNA or cell
count; *implicit.

Table 2. Enhanced trans- and intra-membraneous fluxes in the plasma
membrane of proliferating cells

Substance, carrier, enzyme, pathway, or function References

Sodium ions, potassium ions, Na*, K*-ATPase  109-114
Membrane depolarization 36, 115, 116
Membrane ATPases 41, 117
Protons, sodium-proton antiport, alkalinization  63-69
Sodium symport, amino acids 118-121
Nucleosides 122-125
Calcium ions 28, 61, 62, 126—-129
Phasphoinositides 28, 57, 130
Glucoses, hexoses 131-135
Glycolysis (or substituting carbon sources) 136140
Reducing equivalents (NADH-NAD*) 141, 142

30, 31, 143148
42, 55, 149-151
152160

Acto-myosin (contact-inhibition of movement)
Lipid fluidity and agglutinability
Ecto-sialyltransferase

clude the actomyosin responsible in part for the en-
hanced cell motility of proliferating cells, and which is
associated with the membrane skeleton together with gly-
colytic enzymes (table 2). It is also becoming increasingly
evident that fluxes of reducing equivalents play a role
in proliferating cells, and that exogenously added oxi-
dants/reductants may cause the cells to enter a proliferat-
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ing or stationary state respectively, indicating that even
electronic currents are involved possibly via phosphoty-
rosine 2°. There are exceptions to the almost general rule
of increased operation of these metabolic pathways, but
in most such cases reported, a restricted number of path-
ways seems to have been investigated, while according to
the model, it is the sum of the flux rates that determine
whether or not the critical threshold for proliferation will
be reached.

Another explanation of these exceptions may be that
there is competition within the plasma membrane be-
tween the various pathways. Such competition may ex-
plain, for example, the inverse relationship between plas-
ma membrane lateral mobility and Na‘t, K*-ATPase
activity observed in one system >¢. The competition and
cooperation of the membraneous pathways is also evi-
dent from the investigations of the ecto-sialyltransferase
mentioned earlier ® 7, and may explain an apparent low-
ered surface glycosyltransferase activity observed after
denervation?’. The physiological significance of these
metabolic interactions within the plasma membrane is
still unknown.

In contrast to the case of the cancerous plasma mem-
brane, that of a normal stationary systemic cell is known
to offer many well-defined choices of points of efficient
control of proliferation such as adenylyl cyclase recep-
tors, calcium channels, and receptors for growth factors
and inhibitors which may be occupied and vacant, re-
spectively. Of these, regulation by calctum influx corre-
lating with phosphoinositide turnover*® and activation
of the sub-membrancous actomyosin, and the protein
kinase C-activation following binding of growth factors
to the membrane 2° has been given particular attention.
The normal cell plasma membrane is distinguished by
well-defined actin cables associated with its membrane
skeleton *%: 3! while tumour cells are notoriously defi-
cient of regulatory cytoskeletal components such as tro-
pomyosin 3?33 and can be mutated in the part of the
genome coding for actin *% 3°. Another concrete example
of the control of flux rates in stationary cells is their often
observed higher trans-membraneous potential, contrast-
ing to proliferating cells which are depolarized3® and
transformed cell plasma membranes which are leaky to
ions, metabolites, proteins, and drugs>”~*°, and excel in
futile carrier ATPase and ATP-regenerating cycles*!,
The irregularities of transformed cell plasma membranes
are also evident in their higher phospholipid fluidity and
lectin agglutinability*?, and in the abundance of hy-
drolytic enzymes causing proteolytic breakdown and
sublethal autolysis of the cell surface *3.

Furthermore, the less specific endocytosis of some tu-
mour cells ** would constitute still another example of a
membrane perturbation since it is known that endocyto-
sis can be mediated by clathrin, which requires a highly
ordered structure. This may be related to the abundance
of microvilli on most tumour cells, contributing in some
cases to their increased surface area and transport of
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metabolites. On the other hand, exocytosis is often fa-
voured in transformed cells, which when involving lyso-
somal hydrolytic enzymes aggravates the lack of struc-
ture already there. This type of unspecifically increased
flux rates can be inhibited by cAMP and antiproliferative
agents*> *¢ while the specific membrane trafficking in
normal cells may be stimulated by cAMP. The loss of
structure of the tumour cell plasma membrane shows few
exceptions and goes hand in hand with the genetic dam-
age of such cells, which may be just another facet of their
dedifferentiation.

The conclusion that membrane fluxes are suppressed in
stationary cells, thereby regulating cell proliferation, also
conforms with the genetic damage and the absence of
certain, possibly inhibitory, genomic elements in neo-
plastic cells, and with the finding that viral oncogenes
may have natural counterparts, proto-oncogenes, and
thus may represent part of the natural sequence of events
that lead to cell proliferation*’. Even though such
genomic factors are sure to be extremely important in
regulating the cell cycle, it is safe to conclude that the role
of the trans- and intra-membraneous fluxes and the
structure of the plasma membrane should not be over-
looked or forgotten.
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The hummingbird’s restraint: A natural model for weight control’
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Summary. By day, a breeding male hummingbird gives priority to aerial performance over energy security, minimizing
body weight gain to expedite flight activity. We observed behavior and monitored weight via perches on electronic
balances in a territory with unlimited resources (artificial feeder). The male restricted his first feeding to less than 1/6
of crop capacity. In the ensuing 15 h, his body weight increased only 1% despite an unlimited resource of artificial
nectar. This facilitated acceleration for pursuit and courtship flights and reduced energy cost. In 20 min at dusk, an
intake of 34% of body weight provided adequate energy for temperature regulation all night. In July, cessation of
territorial activity was accompanied by a regular upward drift of dawn weight, suggesting that weight had been
regulated previously as a balance between expenditure and intake, perhaps without involving set-points.

Key words. Weight control; energetics; foraging; territory.

Causes of human weight problems and eating disorders
are often unknown?>. A fundamental issue is whether
body weight is stabilized without reference to set-points
via a simple balance between intake and expenditure,
responding independently to exogenous and endogenous
factors*® or via servo-regulation to specific ‘set-
points’ ¢~ 2, In the latter, obesity would represent an ele-
vated set-point, anorexia a depressed one. We describe a
case of natural control in terms of these models. (Al-
though the gram is a unit of mass, we revert here to
customary reference to ‘weight control’, appropriate in
this case because flying requires lift to balance weight.)

Birds are ‘useful models for studying contro! of appetite
and obesity’®. This should be especially true of humming-
birds, whose quantifiable activity yields unambiguous
patterns amenable to mechanistic interpretation. Smail
size and high energy costs of hovering [41.5 ml oxygen/ (g
body mass x h)] and temperature regulation % !! result
in intense metabolism and rapid energy turnover, This
would seem to necessitate a progressive day-long increase
in stored energy as survival insurance.

Progressive gain 18 also implied in an assumption of opti-
mal foraging theory, in which hummingbirds have been
important, that reproductive fitness increases linearly



