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We present a new thermodynamic model for the mechanism of activation and regulation of cell pro-
liferation in the G, stage. In this model, the interactions between growth factors and transmembrane
proteins play a crucial role in cell growth control for a normal tissue-culture system. We calculate a phase
diagram of normal and malignant transformed states of a cell signal transduction system. We propose
thermodynamic reasons why cancer cells can continually grow without activation by the growth factors.
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A cell cycle in cell proliferation consists of a series of
metabolic stages: the G, S, and GoM periods [1]. In
the initial G period, a period between cell division and
the beginning of new DNA synthesis, crucial events that
regulate cell proliferation take place. In the midstage S
period, the genetic information encoded in the cell DNA is
duplicated, to be divided between the two daughter cells.
Finally, in the G, M stage, the separation of the two copies
of the genome is completed and a cell division occurs.

Phenomenologically, biochemical events are initiated in
the G, stage through encounters and binding of extracel-
lular molecules of the growth factor (GF) and the spe-
cific receptors located in transmembrane proteins (TMPs)
on a cell surface. The receptors transmit the binding sig-
nal across the membrane to generate appropriate cellular
responses. Thus soon after a GF-TMP binding, cell pro-
liferation is activated [2]. This procedure has been well
documented for some tissue-culture systems. However, it
is known [3] that cancer cells can grow without activation
by the GFs. The malignant mutations do not affect the cell-
cycle machinery directly, but instead influence the decision
of a cell whether to cycle or not. It is now well known that
oncogenes, which encode mutated forms of the GF, cell
surface receptors and proteins, are involved in the signal
transduction [4,5]. Oncogenic mutant receptors produce a
signal to grow in the absence of GF or ligands [6].

We present here a thermodynamic model of the regu-
lation of cell proliferation in the G, stage, occurring in
normal and malignant transformed cells. The key concern
of the current approach is to consider the changes in the
conformational properties of TMPs. The characterization
of TMPs itself remains one of the most challenging bio-
physical problems, with many unanswered questions (see,
for example, Ref. [7]). TMPs are basic channels of signal
transduction through cell lipid membranes [8]. Defects
in their structures, even small ones, may lead to serious
functional (including malignant) distractions in an entire
biological system [3—6]. Our goal is to present a phase
diagram of states for the TMP-based signal-transduction
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system in terms of the GF concentration and basic ener-
getic parameters of the system.

TMP model.—Shown in Figs. 1a and 1b is a schematic
representation of typical TMP configurations, where the
transmembrane blocks, usually in a helix conformation, are
drawn as small boxes. In the present paper, we focus our
attention on the macroscopic and mesoscopic conforma-
tional properties, and ignore the microscopic details of pro-
tein structures at an atomic level with length scales shorter
than the biophysical structures which interest us here.

The TMP is modeled by a multiblock copolymer
which contains quenched sequences of hydrophobic- and
hydrophilic-dominated segments. The hydrophobic
(usually nonpolar) sequences of TMPs prefer to stay in
the interior of a lipid membrane bilayer, where solvent
molecules are largely excluded. The hydrophilic (usually
polar) sequences tend to stay outside the bilayers. The
transmembrane parts of the protein are usually in a helix
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FIG. 1. Sketch of various TMP structures (a) and (b) and
TMP binding states with GF only (c) and GF and IP simultane-
ously (d).
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form, caused mostly by hydrogen bonding. The TMP
helices typically have orientation weakly deviating from
the bilayer normal, and can form two structures: an ag-
gregated (A) conformation with bundled helices (Fig. 1b),
and a nonaggregated (NA) one with separated helices
(Fig. 1a).

The free energy difference associated with the helix
bundling transition [9] is

Frmp = ¢"™'N" + Tp. (1

Here NH is the total number of hydrophobic monomers
inside the bilayer, ¢"°! is the average free energy of each
hydrophobic monomer in the conformation of a helix
bundle, and T is the temperature in energetic units. This
is the mean-field approximation, which is valid for dense-
packed helices in a bundle. A TMP sequence parameter
[9] is p = >, InNF, where N} is the length of a TMP
coiled loop labeled k. These loops are formed by hy-
drophilic (polar) sequences outside the bilayer. The sum
> . is taken over all loops on both sides of the membrane
bilayer.

Hydrophilic sequences outside the bilayer form Gauss-
ian-like loops in a half space starting from and returning
to the membrane surface. In the case of different start-
ing and returning points (when attached NA helices do
not interact with each other, Fig. 1a), for a loop of length
NP > 1 the entropy loss [7] is SY* = —(3/2)InN}. In
the case of the same starting and returning point (for A
helices, Fig. 1b), the entropy loss is S& = —(5/2) InN}.
Thus the entropy penalty due to the helix bundling transi-
tion is Y (S& — SNA) = —p.

The transmembrane helices aggregate and form a bundle
[10] when Fryp < 0. The transitional value

hel
<¢T )t = —% <0 )

is the boundary between the regions of aggregated
[(¢"!/T) < (¢"'/T)u] and nonaggregated [(¢"'/T) >
(4" /T), ] helices.

GF-TMP coupling.—The GFs have receptors which
prefer to attract hydrophilic amino-acid sequences of TMP
loops outside the membrane [11]. It is reasonable [11]
to assume that the size of each receptor is much shorter
than the unperturbed dimension of a typical hydrophilic
loop. A strong attraction between a short GF receptor and
links of an external loop leads to the collapse of the loop
onto the receptor, which is accompanied by a strong de-
crease in the distance between loop ends and an aggrega-
tion of the corresponding TMP helices connected with the
ends. Thus the collapse of the TMP external loops due to
GF-TMP binding triggers a bundling transition inside the
bilayer.

The free energy of GF-TMP coupling is

NP a? CCF
F=¢ N +T °R§“2 ~Th—, 3
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where we have considered the interaction energy ¢SFNF |
between the GF receptors and all the TMP links belong-
ing to the external loops (the number of the links out-
side the cell is NP, and the energy gain per TMP link
when attracted to a GF is ¢SF). The entropy loss [12]
due to the collapse of the external TMP loops is written
as Seont = — 2 " (NPa?/R?) = —(a®/R*)NL,, where a
is a basic interlink distance, and R is an averaged col-
lapse diameter. The loss of the translational freedom of
GF molecules is represented by the last term, where CSF
is the GF concentration in the extracellular solution.

In Eq. 3) we kept only leading terms for NP, =
SONP > 1 and each N¥ > 1. The collapse can also
change a GF conformation (for example, make it slightly
bend), which could be described by an additional free
energy term Fane = O( NP ) in Eq. (3); it was effectively
included in the first term through a reduced energy ¢°F.

One can show (by letting Fryp + Fgg = 0) that for
(p"el/T) > ("' /T), (NA helices), a transitional con-
centration c}{’*itr (to a state with A helices due to the GF-
TMP coupling) is given by

NH

d)hel
CA o exp|: + P + T

(i)

Therefore, an increase in the GF concentration leads to the
start of the bundling transition. Experimentally an increase
in the GF concentration leads to the start of cell prolifera-
tion [2]. Thus we can conclude that GF-TMP coupling
and the corresponding bundling transition eventually lead
to cell proliferation. As CSF increases beyond the transi-
tional concentration cﬁ‘itr (this is a command to activate
cell proliferation) the TMP-helix bundles are formed. As
a direct consequence, the starting and ending points of the
intracellular loops have to aggregate within a small region
(Fig. 1c). This process of conformational change is the
pathway for a transduction of a signal created by a COF in-
crease. The bundling transition in TMPs merely performs
the role of signal relay.

TMP-IP coupling.—Further transduction of the signal
relies on the binding of the intracellular proteins (IPs) with
the aggregated internal TMP loops. Following the same
reasoning as for Fgp, we can write

P 2 1P
Fip = ¢'"Np + T —5— Nina Tlnc—, 5
R? e
where ¢!PN; is the interaction energy between an IP
and all the TMP links belongmg to the internal loops
(the number of the links is N& > 1), and C'® is the
IP concentration in the intracellular solution. Agaln we
kept only leading terms with respect to powers of Nln for

=>"NP > 1and each Nf > 1.

For ((bhe]/T) > (¢p"!/T) (NA helices) we find a tran-

sitional concentration CII\P,“ (to a state with A helices due
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to the IP-TMP coupling without the GF involvement for
c? > C,If_tr) from the condition Fpryp + Fip = O:

hel ¢IP [12
e = o1+ p o+ SNt (o ]
(6)

GF or IP coupling with initially bundled TMP.—We
further introduce two more transitional concentrations,
Cﬁi_tr and CI{&_“, corresponding to Fggp = 0 and
Fyp = 0, respectively. Then we can write

CRa-v _ CNa-u ( phe! H>
= =exp| —p — N . (7)
Cglitr Cip—tr T

The transitional concentrations CSEH and C,&litr in
Egs. (4) and (6) have a physical meaning for initially
nonaggregated helices. Let us assume now that the TMPs
are already in the helix-aggregated form either because
(i) (¢pP1/T) < (¢"°'/T), or because of (ii) the GF-
TMP initial coupling when CSF > CS$E, for (¢he!/T) >
(¢"®!/T). Then the subsequent IP-TMP coupling will
occur when Frp < 0, with a transitional concentration
cﬁ}j\_tr. Similarly, cﬁ}i_tr describes a minimal GF
concentration necessary for GFs to be coupled with helix-
aggregated TMPs. Thus the general coupling transi-
tional concentrations are CSF = max{CS¥ ., X _,} and
CtIrP = max{cz{\litr’ CII\I[/)Xftr .

GF-TMP-IP triple binding.— The GF-TMP and TMP-
IP bindings can occur simultaneously. The condition
Frymp + Fgr + Fip = 0 determines a triple transitional
concentration CSY ., which is now a function of C1P:

cor = CRuCNaw _ CNA-uChZw (o
T—tr CIP CIP )

Normal cell proliferation.—We are now ready to ex-
amine how a signal is transmitted through a TMP. Under
normal conditions, the TMP-IP coupling without activa-
tion by GFs is impossible; this is true in normal cells in
order to prevent wrong signal transduction. This implies
that normally C'® < CA¥_,. On the other hand, in order to
have a signal relay after the activation by GFs, the TMP-
IP coupling must occur for C'P > CyA_,,, which implies
that normally [i.e., at (¢! /T) > (1! /T),, see Eq. (7)]

Clh_, <c®<clt,. 9)

As it follows from Eq. (8), the last inequalities mean
that CS/F\,H < C%Etr < Cglitr. Naturally, under condition
(9), very low GF concentrations (CSF < C§F,,) cannot
activate the TMP aggregation and the accompanied sig-
nal transduction. Since the triple transitional concentra-
tion c%Etr depends on the IP concentration, the condition
CYF > C?Etr (start of cell Iproliferation) can be reached
from Cgh_, < CSF < C§F,, by increasing either CSF
or C'P,

If both the conditions

Ch_, < CSF, < < c§F, (10)

and (9) are fulfilled, then the CSF-increase signal is trans-
mitted (due to the GF-TMP-IP binding) to the internal
proteins (and then it can reach the nucleus) and the pro-
liferation is activated. The daughter cells will continue the
process in a similar way unless the conditions (9) and (10)
cease to be valid. In the meantime, under the process in the
S stage these conditions can be disturbed and thus the GF-
TMP-IP system can become disordered. The disordered
GFs will move out from the cell-membrane surface and
the TMP helices will disaggregate. By this way the signal
transduction will be stopped in the normal cells and the
biological system will cease to grow.

Malignant cell proliferation.—1It is known that onco-
genic mutant receptors give a signal to grow in the absence
of GF or ligand [6]. To understand this, we postulate that
the signal has been transmitted through the cell membrane
if TMP-IP coupling has occurred. For GF concentration
below the threshold value C?E[r, this coupling can take
place, in particular, because of the following malignant
transformations.

(i) Spontaneous TMP-helix aggregation. If (¢"!/T) <
(¢P'/T), the TMP continually sends the signal inside
the cell without GF-TMP binding. The TMP-IP coupling
occurs and an uncontrolled cell proliferation of the popu-
lation can take place even for normal C'P [Eq. (9)] and
CYF < C?Etr. This is a model of cancer deviations due to
malignant activities in TMPs.

(i1)) Abnormally high intracellular IP concentration
[Cc? > C/If_tr]. Here the TMP-IP coupling and “wrong”
signal can take place even for (¢"¢!/T) > (¢°!/T), and
COF < C?Etr. This is a model of cancer deviations due
to malignant activities in the cell C'P-control system.

Phase diagram.—In Fig. 2 we present a qualitative
phase diagram of the signal transduction pathway in terms

P +In Cgi—tr

$
ECP %7 .~

In CGF

GF |
In CNA—tr

/N ¢hel /T 0

FIG. 2. Phase diagram for the signal transduction pathway,
composed of the GF, TMP, and IP, in terms of dependence of
the GF concentration on the reduced energy of TMP-helices
aggregation. Different regimes are divided by the solid curves.
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of the GF concentration vs the reduced energy of the TMP
helices bundling (aggregation).

The UCP (uncontrolled proliferation) area corresponds
to the condition (¢"'/T) < (¢pP'/T), of GF- and IP-
independent TMP helices bundling, i.e., the permanent
signal on the internal side of TMP. The next area ECP
[externally (IP-independent) controlled proliferation]
corresponds to the conditions (¢"¢!/T) > (¢"!/T), and
CCF > Cg}itr, for which the signal reaches the TMP in-
ternal side because of IP-independent GF-TMP coupling.
In both UCP and ECP areas the signal can reach the cell
nucleus if C'P > Ci4_, (in the UCP area this means a
permanent malignant proliferation). It does not reach the
nucleus in the opposite case.

In two other areas the signal is normally controlled.
The NNP (normal nonproliferation) 8hase exists for
(¢he‘/T) = (¢"1/T), CF < min{CT., CR ¢}, and
c? < ¢} A i The last area, SCP [self-controlled
(IP-dependent) prohferatlon] ex1sts for (¢phl/T) >
(¢p"1/T)y only if CSF, < CSE, [ie., for the normal
IP concentration in Eq. (9)], and the area disappears for
c® = cih_,;. (However, for C'? > C\¥ . an abnormal
proliferation can occur in both NNP and SCP areas.)

Let us now consider some scenarios of system develop-
ment. Suppose that the initial state of a system is rep-
resented by the point (1) in Fig. 2, where there is no
possibility of cell proliferation for C P <l 2 . Anorigi-
nal signal is sent and results in an increase of CF outside
the cells; this causes the system to move to point (2) in
the SCP area. Under the proliferation development the
new daughter cells will be created while the system is in
the SCP area. However, during the proliferation some pa-
rameters (which determine the transitional concentrations
above) can change; this change can be due to either (i) a
normal back signal to decrease or to stop the proliferation,
or (ii) a cancer deviation in one or a few parts of the cell
system.

(i) Under the normal development the curve CSF =
C%’E[r can move up on the phase diagram (for instance,
due to a decrease of C'? inside the daughter cells) and at a
certain stage this curve (dashed line in Fig. 2) goes beyond
point (2). This is a situation where the GF concentration
becomes smaller than that which is necessary to continue
the proliferation. The GF-TMP couples will be destroyed.
The system can return to the vicinity of point (1) and the
transitional curve C%’E[r can return to the vicinity of the
original solid line.

(i1) Under the malignant development in the daughter
cells, some malfunction can occur in TMPs and/or IPs.
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For instance, the malfunction can be associated with irre-
versible changes in the interaction energies ¢!, ¢SF, or
d)IP, or the IP concentration inside the transformed cells.
If ¢!/ T is decreased, the system can reach the area UCP
[point (3) in Fig. 2] with an abnormal permanent CSF-
uncontrolled proliferation. In another scenario, a sharp
increase in CSYF can lead to point (4) in the ECP area,
where the GF-TMP coupling signal cannot be stopped by
a decrease of C'P. The signal can be stopped by a CSF
decrease only, for instance, as a result of a long-term pro-
liferation, when a majority of the GFs will be caught by a
large number of the daughter cells.

In summary, we have presented and discussed a new
thermodynamic model for activation and regulation of cell
proliferation in the G period for both normal and malig-
nant transformed cells. We have studied the signal trans-
duction pathway between GF and IP (in the cytoplasm
inside the cells) through TMP on cell-membrane bilayers.
We have calculated a phase diagram of the cell signal trans-
duction system, which includes areas of both normal and
malignant proliferation.

This work was supported by NATO (Grants
No. HTECH LG 971515 and No. CN.SUPPL 973315)
and the Russian Foundation for Basic Researches (98-
03-33350a). We thank Dr. Z.Y. Chen for very useful
discussions and critical reading of the text.

[1] D.M. Prescott, Reproduction of Eukaryotic Cells (Aca-
demic Press, New York, 1976).

[2] A. Zetterberg, Curr. Opin. Cell Biol. 2, 296 (1990).

[3] O. Larsson and A. Zetterberg, Cell Prolif. 28, 33 (1995).

[4] L.FE Lau, Curr. Opin. Cell Biol. 2, 280 (1990).

[51 R. A. Weinberg, Cell 81, 323 (1995).

[6] Q. Ren, H. Kurose, R.J. Lefkowitz, and S. Cotecchia,
J. Biol. Chem. 268, 16483 (1993).

[7]1 P.J. Park and W. Sung, Phys. Rev. Lett. 80, 5687 (1998).

[8] L. Pardo and H. Weinstein, Int. J. Quantum Chem. 63, 767
(1997).

[9] D. V. Kuznetsov and Z.Y. Chen, (unpublished).

[10] In general, one helix bundle can be formed by one, a few,
or many TMPs. Equation (1) can be easily extended to
describe multi-TMP bundling. It is important that for both
single-TMP and multi-TMPs considerations, we deal with
a large number of helices per bundle, where we can treat
helix bundling as a phase transition.

[11] E.D. Sheets, R. Simpson, and K. Jacobson, Curr. Opin.
Cell Biol. 7, 707 (1995).

[12] A.Yu. Grosberg and A.R. Khokhlov, Statistical Physics of
Macromolecules (AIP Press, New York, 1994).



