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Abstract

We have used numerical simulation to demonstrate the potential for macromolecular precipitate solution phase

transitions existing within the cell, to play a role in the minimization of changes in location or quaternary state of

other macromolecular components, predicted to accompany changes in cell volume. For our modeling we have

employed thermodynamic relations that take into account the large effects upon the thermodynamic activity coefficient
produced by a solution environment that is highly volume occupied due to the presence of high concentrations of

soluble macromolecule. The theoretical approach adopted, along with the simulated results, provide a framework for

the interpretation of certain proteins’ behavi@r.g. cytoskeletal elements such as tubulin and actin and possibly some
prion structuresin response to cell volume change.2002 Elsevier Science B.V. All rights reserved.

Keywords: Cell volume; Entropy buffer; Non-ideality; Cytoskeleton

1. Introduction assays, the cell is more properly considered as a
membrane enclosed mixture of hydrated crystalline
phases and solution environments containing a
high density of micro-and macro-solutg?]. The

high density of macro-solutes suggests that the

As our understanding of the composition and
ultra-structure of the cell increases so does our

appreciation of the highly complex environment in solution phases are highly volume occupied or

e e cTowded 3 Such chemical enuronmens ofter
g p q mean that the chemical schema that we use to

media that we often portray in our in vitro-based describe biological interactions occurring in ideal
— ) ) ~dilute solutions must be modified to account for

* The US Government has a right to retain a non-exclusive the non-ideal nature imparted by the reaction
royalty-free license in and to any copyright covering this conditions. The form of the correction, for equilib-

paper. . . . .
*Tel.: +1-301-594-2195: fax:+ 1-301-402-0240. rium considerations, requires knowledge of the
E-mail address: dhall@helix.nih.gov(D. Hall). thermodynamic activity of the molecular species
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of interest, rather than just the concentration per comprised of hard objects with no intermolecular

se.

A number of paperd4,5] have explored the
possibility that due to the action of volume exclu-
sion by high concentrations of dissolved protein
in the cell cytoplasm, relatively small changes in
cell volume could produce very large changes in
the thermodynamic activity and hence, functional
activity of some soluble proteins. These studies
identified a likely mechanism for the restoration
of basal cell volume by examining the change in
solution thermodynamic activity of certain regula-

potential aside from the condition of impenetrabil-
ity. Under such a scheme each molecule excludes
the possibility of any other particle existing in
solution within the volume element comprising the
co-volume of the two particles in questidd,13.

As the physical manifestation of such excluded
volume is dependent upon consideration of only
macromolecular species that can be considered to
be aqueous per se, any migration of soluble mon-
omer to a precipitate phase would tend to lessen
the concentration of total soluble protein and hence

tory kinases and phosphatases in a crowded cellaid in the reduction of an excluded volume effect.
environment undergoing volume change. Unlike As the tendency for soluble monomers to form
the condition of a high concentration of soluble precipitate species would be favored by an increase
non-associating protein encountered in those stud-in the monomer activity coefficient brought about
ies based upon resealed erythrocyte ghosts containby the effect of excluded volume, the equilibrium
ing hemoglobin and albumin, the environment between soluble and precipitate forms of the pro-
inside a cell also contains a large number of tein potentially presents itself as a means for
different proteins and other macromolecules that thereby ‘buffering’ the effects that would otherwise
polymerize or co-polymerize to form a precipitate- lead to large changes in the thermodynamic activ-
like structure whose chemical state, can in many ity of many cell species in response to changes in
cases, be defined by relations pertaining to crystal cell volume andor alternately cejicytosol
growth [6,7]. In biophysical studies it has been composition.

shown that the liquid phase concentration of such In short, we investigate the role of the precipi-
molecules in vitro is commonly governed by a tate/solution phase transition of large macromolec-
first-order phase transition, that is itself, character- ular species to act as an entropy buffer and
ized by a definite critical thermodynamic activity thereby prevent larg€and with regards to the
of soluble specie$8—10d. The maintenance of the cell—possibly harmful changes in the activity of
critical activity in solution being defined by the other solution species. The work utilizes numerical
interplay between the solution concentration and simulation to explore the likelihood and effects of
the thermodynamic activity coefficient. Ready such compensatory change upon certain key proc-
examples of such systems are provided by the esses within the cell. The computer simulations
many different proteins that constitute the cell are discussed in light of some available experi-
cytoskeleton(such as actin microfilaments, inter- mental evidence relating to volume regulation and
mediate filaments and microtubule networks changes in macromolecular composition.

which can also account for a major proportion of
the total protein within the cell[1,11]. Other
prominent examples of protein systems that exist
in some form of quasi-equilibrium between fiber In this section the aim is to outline the thermo-
and soluble monomer include the formation of the dynamic relations describing a first-order phase
precipitous aggregates that result fréor perhaps  transition between a soluble macromolecule and
caus® the diseases such as Creutzfeldt Jakob its precipitate phase, the means adopted for cal-
disease or Huntingtons Chorgg2]. culating an activity coefficient of a species in a

Under conditions of biological ionic strength the —; .

L. . . . The term entropy buffer arises from the fact that the
activity coefficient of ,a m_acromolecular species explored effect manifests itself by maximizing available solu-
can, to a good approximation, be calculated on the tion volume and hence, at the same time, maximizing the
basis of the crowded solution as an imperfect gas translational entropy of soluble species.

2. Theory section
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crowded solution, and the procedure for calculating
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tration to which the actual concentration would

the concentration or quaternary state of a particular have to be raised or lowered to account for its

protein species that mayi) migrate across a cell
membrane;(ii) undergo a monomer—dimer self
association or;(iii) undergo higher order self-
association.

Having described the fundamentals of each pro-
cess a brief overview of the computing strategy
used to explore the effect of a change in total
solute concentration on botli) the precipitatg
soluble monomer ratio andji) the tracer proteins
concentration or quaternary state will be given.

3. Solution—crystal phase transition

Many reversible helical and linear polymeriza-
tion processes, at sufficient degree of polymeriza-
tion, display behavior consistent  with
crystallization [7]. For the process of crystal
growth we can consider the speciésas existing
in one of two phasedli) the solution phase; and
the (ii) the crystalline or precipitate phase. At
constant temperatukd’), pressuréP) and number
of other species present in soluti¢n,) the con-
dition for equilibrium between the two phases is
met when there is equality of the chemical poten-
tial of speciesM in each phasé¢l].

(MM(soln))T,P,nj = (“‘M(ppt))T,P (D
Expansion of the chemical potential into its
usual form along with the reasonable assumption

of the constant activity of specied (a,,) in the
crystalline array with changing extent of precipi-
tate, yields the characteristic relationship between
the activity of monomer in solution and the asso-
ciation equilibrium constantk,,) governing the
phase transition process.

- ((M;vl)ppt_ (M;\/I) solr)
RT

(apr)soin= 1/KM
whereR is the universal gas constant.

(2a)

(2b)

4. Calculation of an activity coefficient in a
crowded solution

The thermodynamic activity of a chemical spe-
cies is the hypothetical value of the ideal concen-

behavior with regards to basic chemical processes,
for instance, the extent of its reversible interaction
with other molecules in solution. The calculation
of a species activity usually takes the form of a
functional modification of the moleculeg) solu-
tion concentration(C;) by an activity coefficient
(vv;) which in its simplest form can be represented
by Eq. (3).

a;=v,C; 3

The degree of non-ideal behavior, as manifested
by a change in the value of the activity coefficient
from unity, is a reflection of the difference in free
energy between how a real molecule having finite
shape, charge and size interacts with its real
solution environmenis. how a real particle would
interact with a hypothetical ideal solution environ-
ment comprised of solute molecules that exist in
solution as uncharged, shapeless point masses.
Although a number of procedures exist for numer-
ical calculation of the activity coefficient a few
based on simplifying approximations have shown
their utility in their application to in vitro solutions
of proteins designed to approximate crowded cel-
lular environments. Particularly encouraging in this
regard is the finding that physical characteristics
such as sedimentation equilibrium behavi@#—

16] and osmotic pressure dependenc[é3] of
concentrated protein solutions near their iso-ionic
point can often be adequately represented by mod-
els for the activity coefficient based on treatment
of the protein solution as an imperfect gik3]
consisting of hard impenetrable particles having
no additional intermolecular potentigaside from
the condition of impenetrabililyand dimensions
commensurate with those determined from the X-
ray crystallography or hydrodynamic measure-
ments. Indeed, even for macromolecules in
solution that possess significant charge, simple
modifications of the hard particle model that either
incorporate the charge effects somewhat explicitly
[14] or alternately account for them indirectly by

2Therefore, it is a measure of the difference in energy
between solute—solute interactions between the non-ideal case
and the ideal casdin which there are no solute—solute
interactions by definition



236 D. Hall / Biophysical Chemistry 98 (2002) 233-248

allowing the hard particle dimensions to vaiye. phase is considered ideal
hypothetical particle size increases for repulsive (€ Ko(vn)

potential and decreases for attractive potential (K Dbszﬁ= P\YB)p
[19]) have proved to be significantly robust for = ” Crlp  (V)a

the description of the observed solution properties. By solving Eq.(7) with the constraint of mass

In this vein we adopt the Scaled Particle Thgory conservation we can calculate the concentration of
approach [20-23 based on the hard particle y5cer protein in the phase according to,
approximation for evaluation of a solution activity

coefficient. Although rigorously derived elsewhere (K p)obd Cp) tot

[20—27 we describe the approach in the appendix (Cp)p= m (8
with just sufficient detail to provide the reader piobs

with an understanding as to how reduction in the 52, Dimerization of a protein within a non-ideal
available volume brought about by molecular crowded solution phase

crowding can act to produce a significant non-

ideality effect—the foundation upon which this For a species that can exist as a monomer—

(7

simulation-based work is built. dimer equilibrium the overall reaction mechanism
_ can be defined by Eq.9).
5. The three generalized test cases
2B2B, 9
5.1. Partition of a protein between two phases— The association equilibrium constant describing
one of which is non-ideal the extent of dimer formatiofKpp,) is given by,
For a species that can partition between two (as,)
phases the transport mechanism can be denoteoKDle(aB)z (10
b ’
Y The apparent association constadiiKpm)ops)
(B)a (B)p @ for any given extent of crowding is therefore,
and the condition for partition equilibrium given (Cs)  Kom(vs)?
by Eq. (5). (Kpim)obs= (C )2= N (1D
B B
(Ms)a=(L5)s (5 2

] ) By expressing the free monomer concentration
Herea andp refer to two solution environments jn Eq. (11) in terms of the total and dimer
separated by a semi-permeable membrane. Theconcentrations we can calculate the concentration
membrane precludes the migration of inert crowder of gimer formed at equilibrium via application of

and cytoskeletal component but allows the free the analytical solution for quadratic equations,
passage of tracer hence, enabling the two solutions

to be regarded as two distinguishable phasea. If €=
is the only non-ideal solution environment and [(4(1<D.wabs<cg>m+1)—af<4(KD.M)obacB>(o.+1)2—1aKD.M)§bacB>&nJ
K, is the partition constant describing the ratio of 8(K oo (12)
activities of the tracer particle within the two

phases then we express the ratio of activities by 5.3. Higher order complex formation of a protein
Eq. (6). in a non-ideal crowded solution phase

For higher order complex formatiofin this
paper we consider trimer formation as the simplest
example the overall reaction mechanism can be
written,

[(15)a = (i)s]  (@p)a
RT  (ap)g

The observed partition constaf€k, ), that
would be recorded from an experimenters’ per-
spective would be given bygiven that thep nB2B, (13

K,=exp (6
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with the multimerization constank,,, defined as
(aBn)
(ag)"

and the experimentally observed association con-
stant ((K,,)ons) in the presence of crowder given
by Eq. (15).

(CBn) _ Ku(yg)"
Vs,

(14

M=

(15

(KM obs= (CB),, -
Expansion of Eq.(15) in terms of total and
complexed concentrations for the case of trimer

formation (n=13) yields the cubic polynomial

- 27(KM)ob§CB3)3 + 27(KM) ob(;CB) to(tCB3)2
- [9(KM)obs(CB)2tot+ 1] C33
+ (KM)obs(CB)?t’ot= 0 (16)

Solutions to Eg.(16) were found numerically
using an iterative bisection procedure. Physically
meaningless solutions were filtered out by the
imposition of concentration restraints that lead to
the rejection of unrealistic roots.

6. The computational strategy

For all cases we start by considering a solution
system that has a volume of |5 and is subject
to a constant external pressure. This solution is
composed of four component§) water;(ii) inert
crowder (X); (iii) polymerizable componer(it)
and tracer moleculéB). We will regard (at least
initially) only the three macromolecules explicitly
and treat water as a continuous like ether—the
case dictated by the McMillan and Mayer solution
theory[18].

The number of molecules of each component in
solution is set initially by proclamation. A total
concentration of protein representative of cellular
environs of 300 mgml [23] was used as a starting
value for the sum of inert crowder and soluble
polymerizable component. The concentration of
tracer protein present was typically at 0 mg
ml or less. All macromolecular species constituting

3 (That pertains only to the case of ambody concerted
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the crowder component were assigned a relative
molecular mass of 50 000 and a spherical shape
defined by a radius of approximately 3 nm in
accordance with values obtained from experimen-
tal studies of prokaryotic cell§12].* In order to

be absolutely identifiable with a spherically com-
pact globular protein the tracer molecule was set
to be a sphere of 2.5 nm of relative molecular
mass 50 000.

After having established the initial parameter
values the next required step involveti) the
determination of the numerical value of the equi-
librium constant that would be compatible with
the proclaimed activity of the soluble polymeriza-
ble componentf(ii) the calculation of the activity
coefficients for the various forms of the tracer
component (allowing the determination of the
tracers initial quaternary state or concentration in
the crowded phage

At this stage we have defined the system in the
thermodynamic sense, that is, we have specified
the temperature, pressure and composition. The
next event to occur that is common to all pro-
grammed variants discussed in this paper is the
initiation of a sequence of volume reduction. This
cycle involves decreasing the cell volume in a
guasi-static fashion by 0.25% for each, of a num-
ber of incremental steffs. The sequence continues
until the cell volume is equal to 75% of its initial
volume. After each incremental volume change
the molar concentration of each component in
solution is recalculated and from these new values
the value of the activity coefficients of the perti-
nent species are determined.

For the simplest case where no fraction of the
total protein is made up of soluble polymerizable
component, the activity coefficient of the tracer
protein can be calculated directias the tracer
protein by definition is sufficiently dilute to not

4These values should be recognized as reflecting a con-
densed ‘average’ value for the shape and size of the myriad
of differently shaped and sized soluble cellular components.

5The quasi-static nature of the volume reduction sequence
is emphasized to reinforce the fact that we are considering the
system in terms of the equilibrium limit—therefore represent-
ing one limiting case of a system which, for the case of a cell

reaction and assumes that no intermediate associative statesundergoing volume change, is never at true thermodynamic

exist).

equilibrium.
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influence the extent of macromolecular crowding  To outline the effect that the existence of such
in solution. Knowledge of the activity coefficients a polymerizable system inside a cell might play,
then allows solutions to be calculated for the we have simulated a situation in which the poly-
partition or association phenomenon operating on merizable system constitutes exactly12th (25
the tracer protein in each particular case. mg/ml)® of the total intracellular soluble macro-
For the situation in which some finite portion molecular contentset at 300 mgml—see[23]).
of the crowding material is constituted by the The other 1¥12th (275 mg/ml) of the soluble
soluble precipitable componetdnd hence able to  macromolecular content existing in the cytoplasm
reversibly polymerize in response to volume of the cell is considered as wholly inert and
change, an extra iterative procedure is imple- therefore, not capable of any form of self-associ-
mented before calculation of the tracer components ation. The simulation exercises consist of exam-
activity coefficient. The first step of this additional ining the effect of volume change upon the
cycle involves the calculation of the activity coef- behavior of some additional hypothetical tracer
ficient of the soluble polymerizable component species(tracer as it exists at trace amounter
based on the total concentration of crowding spe- conditions where the
cies. Subsequent calculation of the free concentra-i. polymerizable system can either condense
tion of precipitable component using this activity (according to a first-order phase transitipn
coefficient and Eg.(2a) provides a new and the distinct pool of monomer comprising the
improved guess of the true liquid phase concentra-  polymerizable system can alternately behave,
tion of the polymerizable component. This more like the majority of the soluble macromolecular
accurate value of the solution phase concentration content, as inert and hence incapable of under-
then allows the more accurate calculation of the  going the precipitate like phase transition.
polymerizable monomers’ activity coefficient— The two cases are described pictorially by Fig.
allowing the iterative process to begin again until 1. The results of the numerical calculations for the
the specified convergence minimum is reached. effect of volume reduction on the concentration of
Satisfaction of the convergence criteria yields a soluble monomer belonging to thg I2th pool are
defined equilibrium concentration of the soluble shown by Fig. 2. Note that for the case where the
monomer component capable of polymerization. monomer is incapable of polymerization, the con-
This value can then be used to calculate the total centration of the monomer, comprising the distinct

crowder concentration and hence allow for the
determination of the activity coefficients and phys-
ical state of the tracer protein.

7. Results

This investigation has employed numerical sim-
ulation to determine what possible role, an intra-
cellular macromolecular system théi) is capable
of reversible polymerization governed by a first-
order phase transition; arfd) comprises a demon-
strable fraction of the cells total soluble
macromolecular content—can play in the ‘buffer-
ing’ of changes in the location or quaternary state
of other cellular macromolecules, expected to
eventuate as a result of changes in cell volume
(and hence total intracellular protein concentra-
tion) altering their thermodynamic activity via
excluded volume effects.

pool, increases with decreasing volume. However,
for the situation in which the distinct monomer
pool is capable of precipitation, we see that the
concentration of soluble monomer decreases to
virtually zero after a 20% decrease in cell volume.
The situation described by Figs. 1 and 2 has been
outlined first, as this describes the exact behavior
that the distinct pool of polymerizable monomer
will follow in each of the three special cases
(describing the effect of this event upon a tracer
specie$ to be discussed.

7.1. Partition of a protein between two phases—
one of which is non-ideal

In this section we examine the effect of having
a portion of the cells total soluble macromolecule
 One-twelfth was chosen as it describes a slightly low

estimate of the fraction of the total protein existing as either
tubulin or microtubules in mouse brain celtkl].
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Fig. 1. Basic principle behind this investigation. Represents cases where cell undergoes reversible volume char(@e wbere

part of the total crowding componefited and blue specig¢san undergo a precipitate forming phase transition thereby increasing

the solution phase macromolecule concentration and hence concomitantly, the thermodynamic activity of a tracéysii@ejes

(B) Some minor fraction of the total crowding componéblue speciescan undergo a precipitate forming phase transition thereby
lessening both the increase in the solution phase macromolecule concentration and the increase in the thermodynamic activity of
tracer species that would be expected to occur with the reduction in cell volume.

concentration capable of undergoing a precipitate the total concentration of crowder macromolecules,
phase transition, on the partition behavior of a acts to reduce the rise in the predicted activity
tracer protein in response to changes in cell vol- coefficient brought about by the volume reduction
ume. The partition of the tracer species is consid- sequence, in comparison to the case where no
ered to occur between a non-ideal cytoplasmic fraction of the soluble macromolecular cellular
phase and a second ideal phase having an unchangcontent is competent. The difference between the
ing volume of 05|.L| The ideal partition constant, two cases spans over two orders of magnitude
K, was assigned a value ofX1107*. Fig. 3 after a reduction in cell volume of 25%.

describes the changes in the activity coefficient of Fig. 4 describes the translated effect of the
the tracer protein in the cytoplasmic phase for the redyction in the thermodynamic activity coefficient
cases in which the/Jl?th monomer pool is capa- (brought about by having a competent pool of
ble (lower curve and incapablupper curve of monomer comprising A12th of the total soluble
undergoing a first-order phase transition to a pre- ... -omolecule concentratipron the actual con-
cipitate state. It can pe r_10t‘ed that the, presence of .. tration of tracer protein in the secofdon-

a monomer pool which is ‘competerit, amongst cytosolio phase. As can be noted the presence of

7 Competent in the sense that it is capable of undergoing the competent pool dlmmISh_eS significantly, the
the phase transition, incompetent referring to the situation in ten_dency for the tracer protein to leave the cyto-
which it is incapable of undergoing the phase transition. solic phase and enter the second phase.
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7.2. Dimerization of a protein within a non-ideal
crowded solution phase

Here we examine the effect, of a fraction of the
cells total soluble crowder concentration being
governed by a first-order phase transition, on the
dimerization of a tracer protein in response to
changes in cell volume. The dimer species was

considered as a sphere of radius 1.26 times the

radius of the tracer monomer. The tracer protein
total concentration was set at X30°° mg/ml
and the dimerization association equilibrium con-
stant was set atXx10° M~ 1.

Fig. 5 describes the effect of the presence of an
incompetent or competent fraction of the total
macromolecular concentration pool, on the activity
coefficient of monomer and dimer tracer species
in response to volume change. We note ttad
expected for identical geometrijethe effect upon
the tracer monomer activity coefficient is identical

to the preceding case, however, there exists a large

difference between the activity coefficient predict-

ed for the tracer dimer species for the case where

some part of the total crowding pool is able to
undergo the precipitate phase transition the
case where it cannot.

From Fig. 6 we see that the predicted effect, for

the case where a competent precipitable monomer

pool exists as a fraction of the total crowding pool,
on the extent of dimerization in response to volume
change, is to lessen the extent of dimer formation

D. Hall / Biophysical Chemistry 98 (2002) 233-248
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Fig. 2. Numerical calculation of the ratio of the change in the
soluble concentration of the fractional component of total mac-
romolecule that is considered as having the potential for under-
going a precipitate forming first-order phase transition, vs. the
fractional change in cell volume. The upper litgrcles) rep-
resents the case where the fractional component is incapable
of forming a precipitate. The lower line describes the case
where the fractional component is capable of undergoing the
phase transition in response to volume charigée polymer-

when compared to the alternate case where no partizable component initially constituted &112 of the total sol-

of the total macromolecule component is able to
self-associate.

7.3. Higher order complex formation of a protein
in a non-ideal crowded solution phase

The final case that we consider is the effect, of
a fraction of the total macromolecule concentration
being either competent or incompetent, on the
formation of a trimer of tracer from a tracer
monomer in response to volume change. The
trimer tracer was modeled as a sphere of 1.442

uble macromolecule concentration—25 /mg out of a total
of 300 mg'ml.)

Fig. 7 describes the effect on the predicted
change in the activity coefficient for trimer and
monomer species in response to cell volume
change for the two cases reflecting either the
ability, or inability, of some part of the total
crowding medium to reversibly undergo a precip-
itate forming phase transition. We note from Fig.
7 that the effect upon the activity coefficient of

times the radius of a tracer monomer. The ideal the trimer is over five orders of magnitude over
trimerization association equilibrium constant was the entire range of reduction in cell volume.

set at 5<10° M~2 and the total concentration of
the tracer was made equal to 0.01 fmg.

Fig. 8 describes how the effect of volume
reduction on the tracer species activity coefficient
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8 8. Discussion

8.1. Parallels in biology

Throughout the text, we have been careful to
describe the components involved in the simulation
exercises as macromolecules, crowding material
and tracer species, without placing undue emphasis
as to their possible biological nature within the
cell. In this section we speculate as to some
possible parallels of the process investigated here,
with the biology of the cell.

There exists a large number of candidates in the
cell for the ‘entropy buffer—the macromolecule
composing a sizeable fraction of the cells total
soluble macromolecule composition capable of
undergoing a reversible first-order phase transition
to a precipitate phase. Chief amongst these are the

1074 100
1 095 09 085 08 075

Ratio of Volume to Initial Volume

Fig. 3. Special Case 1: Tracer capable of partition equilibri- 8ol
um—calculation of the thermodynamic activity coefficient of
the tracer species in the non-ideal cytosolic phase, on the basis
of Eq. (10) in response to changes in cell volurfteacer hav-

ing spherical geometry, radius equaling 3)amhe upper line
(circles) describes the case where the fractional component is
incapable of forming a precipitate, the lower line describes the
case where the fractional component is capable of undergoing
the phase transition in response to a change in cell volume.

(o2}
o

% of Tracer in  Phase

is manifested in terms of the actual concentration
of the higher order complex. In the case where 20
some of the total crowding component has the
ability to polymerize, the effect is quite dramatic
when compared to the alternate case. At the 20%
reduction in ce.II vc_>|ume stage Ie;s than 25% of 01 095 09 085 08 075
the tracer species is present as trimer whereas, for
the case where no part of the total crowder
component can polymerize, nearly 50% of the Fig. 4. Special Case 1: Tracer capable of partition equilibri-
tracer is present as trimer. It can be recalled from um—calculation of the change in the percentage of tracer exist-
Fig. 2 that the effective ‘buffering’ range of the ing in the non-ideal phase in response to a change in_ceII
. . volume for the case where a fraction of the total crowding
fractional pool of crowder is exhausted at the 20% component is(lower line) and is not(upper ling capable of
stage of the cell volume decrease. forming a precipitatéthe partition constant equal to<110~4).

Ratio of Volume to Initial Volume
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14 erization of tubulif [29]. As such we must resist
10 ' ' ' against the tendency for simple generalizations in
terms of the outlined model. It must be appreciated
that a wide variety of changes are taking place in
a cell in response to cell volume change, for
example ionic strength and ionic composition and
osmolyte concentration in addition to intracellular
macromolecular crowding31,33. The effect of
these other changes, once considd®i34, will
undoubtedly modify the way that we might inter-
pret changes in the cell cytoskeleton in response

70

(e}
(@)

n
(=]

1 095 09 085 08 075
Ratio of Volume to Initial Volume

Fig. 5. Special Case 2: Tracer capable of dimerization—cal-
culation of the thermodynamic activity coefficient of the tracer
species existing in the monomeritower two curve$ and
dimeric form (upper curves (tracer dimer having a spherical
geometry of 1.26 times the radius of the monom@ie lines
having only lines describe the case where/&a2th fraction of

the total crowding material is capable of forming a precipitate,
the lines with symbol€+ and o describe the case where no
fractional component is capable of undergoing the phase tran-
sition in response to a change in cell volume.

% of Tracer Protein as Dimer
w I
o ()

N
(@]

1 095 09 085 08 075

cell cytoskeletal components, actin and tubulin Ratio of Volume to Initial Volume

which undergo polymerization behavior akin to a
flr_St'or(_jer phase transmc_)n to form the crystal-_llke, Fig. 6. Special case 2: Tracer capable of dimerization—calcu-
micro-filaments and micro-tubules, respectively lated change in the percentage of monomer existing as dimer
[9,10. Interesting in this regard are the great in response to a change in cell volume for the two distinct
number of studies that have associated changes incases. The upper line+) describes the case where no frac-
the cell cvtoskeleton with chanaes in cell volume tional component of the total crowding material is capable of
. y. . g ..~ forming a precipitate, the lower line describes the case where
which are _'n Som.eWhat qualitative agreement _W'th some fractional component is capable of undergoing the phase
the behavior outlined abovi4-28. However, it transition.
must be cautioned that other experimental inves- ——— _ ' _
tigations into cytoskeletal behavior in response to __An interesting experimental observation supportive of the
volume change have produced results that are proposed behavior comes from the in vitro study of osmotic
. . . pressure associated with a 5.5-mg tubulin solution—the
appargntly 'nCOl_']S'Stent to _ the above predicted gsmotic pressure decreasing upon polymerization of the protein
behavior—seemingly especially so for the polym- (see Charmassoig0]).
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transition to a precipitate statéo be removed
from consideration in solution phase calculatibns

If true, this engenders the exciting possibility of
the existence of a range of systems that may
‘buffer’ the thermodynamic activity of the cells
components over different ranges of cell volume
change. Indeed, evaluation of biological problems
within the perspective of the arguments outlined
in this paper, may provide us with an extra string
to our bow in the discussion of precipitous like
aggregates occurring at different stages of the cells
age or life cycle.

Another interesting possibility not fully explored
in this simulation exercise, was the converse role
played in the growth of precipitate phases by
changes in the total cell crowder concentration

20

10

80

1 095 09 085 08 0.75
Ratio of Volume to Initial Volume

(0]
o

Fig. 7. Special case 3: Tracer capable of higher degree complex
formation—calculation of the thermodynamic activity coeffi-
cient of the tracer species for monongwer two curve$ and
trimer form (upper curvesin response to changing cell volume
(tracer trimer having a spherical geometry of 1.442 times the
radius of the monomer The lines having symbolé+ and 0
describe the case where Al2th fraction of the total crowding
material is capable of forming a precipitate, the lines not hav-
ing symbols describe the alternate case.

to volume change, on the basis of the simplified
arguments described above. However, it is here
that we see the great power of the construction of
our argument, developed as it is, in terms of free
energy functions. We realize that any other addi-
tional effect will not dismiss the arguments made
SO far, but rather will have to be considered in 01 0.95 09 0.85 0.8 0.75
addition to the effects described above. Ratio of Volume to Initial Volume
In our simple model we have restricted the

entropy buffer to a single class of molecule that Fig. s. special case 3: Tracer capable of higher degree complex
can undergo a precipitate—solution phase transi- formation—predicted change in the percentage of monomer
tion. This in itself is a generalization necessitated existing as trimer in response to a change in cell volume for
by the author’s desire for a simplified system for the two distinct cases. The upper life) describes the case
the demonstration of a principle. However, it could yvhere no fractlongl component of the total cr_owdlng materlal

) . is capable of forming a precipitate, the lower line describes the
be expected that there exists a number of candi- case where some fractional component is capable of undergo-
dates capable of undergoing some form of phase ing the phase transition in response to changes in cell volume.

% of Tracer Protein as Complex
) N
o o
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brought about by changes in cell volume or cell 8.2. Limitations of the model
composition. Indeed the passage of macromolecule

into the precipitate phase in response to changes The model described is admittedly extremely
in composition or volume may provide the physical simplified. This was done for two reasons. The
‘switch’ triggering the growth of cytoskeletal or first reason was to make the problem both mathe-
other like structures. matically tractable and understandable for, both
The simulations describing the behavior of ‘trac- the biochemist reading the work, and the biochem-
er species’ location or quaternary state in responseijst writing the work. The second reason was that
to changes in cell volume were conducted with a major goal of this exercise was the conveyance
the aim of shedding light on how individual of a conceptual framework, that could be put to
macromolecular systems existing in the cell would use in the discussion of events affecting the cell,
respond to an osmotic challenge. Although neces- for instance changes in cell volume.
sarily simplified to a gross extent, there exists  One obvious criticism of the simulations is the
numerous parallels between the systems describeddoubtfulness of using a sphere to describe the
and events occurring in the living cell. The parti- shape of a particle formed as a result of the
tion case was meant to describe the possible coupling of a number of smaller hard spheres—
passage of a protein between two separate phasesuch as we have done in the dimerization and
existing within the cell, for example, the passive multimerization cases. To maintain the reader’s
diffusion of mitogen activated protein kinase confidence it should be recognized that the use of
(MAPK) between the cytosol and the nucleus the spherical shape instead of any other perhaps
through the nuclear poref35]. The simulations  more realistic shape, say for instance, a dumb-bell,
describing the effect of an entropy buffer on the leads to a lessening of the estimate of the energy
behavior of a tracer capable of either dimerization required for the particles existence. In this sense
or higher complex formation revealed the ability our simplifying assumption of constant spherical
of the entropy buffer to minimize changes in the geometry is acting to quiet any tendency for
guaternary of the tracer. Changes in quaternary exaggeration of the proposed buffering effect by
state of enzymes have been associated with changignoring the possibilitiegand intricacie$ of fac-
es to their functional enzymic activity. Ready toring in shape dependencies of the tracer com-
examples of such quaternary state regulated sys-ponent into the model. With regards to our
tems include the deactivation of the p66 form of selection of an average dimension and size for the
HIV-1 reverse transcriptase upon transition from intra-molecular crowding component it must be
the monomer to dimeric forni36] and the reduc- realized that our ‘effective sphere’ of 50 00Q' g
tion in the enzymic activity of glyceraldehyde-3- mole and radius equal to 3 nm represents an
phosphate upon formation of the tetramer form the averaged value derived from experimental studies
monomer form[37]. of cell cytosol containing many particles of differ-
We see in all of the simulation cases, that the ent size and shapé.
effect of having an entropy buffer present was to
minimize changes to the status quo existing before - S . ;

. explored within this paper were carried out using the same
the |mpos_,ed cha_ng@b. If we acknowledge that total weight concentration of soluble intracellular component
changes in location or quaternary state would put with a geometry for the crowding component defined by
affect the enzymic function, we begin to realize a molecular weight of 50 000/gnole and a spherical radius
the possible importance of the existence of such of 2.5 nm—the case representing a cell composed of wholly

. spherical globular proteins as the only intracellular soluble
an entropy buffer to the maintenance of the cells species. These calculations showed lower estimates for the

normal functions. increase in the activity coefficients and subsequent behavioral
- trends of the tracer protein but exhibited the same general

°As such this whole exercise might be disingenuously tendencies outlined by cases explored within this paper. The
described as a protracted demonstration of Le Chatelier's results of these additional calculations are available upon
principle. request from the author.

10 For the author’s confidence similar calculations to those
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We have not incorporated into the model the or cell composition change within the cell. By use
fact that proteins such as actin and tubulin often of numerical simulation we have demonstrated the
require the hydrolysis of a nucleotide triphosphate, possibility that macromolecular precipitate solution
such as ATP or GTP, for successful polymerization. phase transitions existing within the cell could
Nor have we accounted for the fact that many play a role in the minimization of changes in
times these proteins, in their cytoskeletal form, are location or quaternary state of other macromolec-
associated with various accessory proteins such asular components, predicted to accompany changes
microtubule-associated proteidMAPS), or actin in cell volume (or conversely macromolecular
binding proteind ABPs). However, the experimen-  composition. We have coined the phrase ‘entropy
tally recorded phase transition behavior of these buffering’ to describe the physical principle under-
proteins, when either in pure form, or as a mixture lying the process behind the reduction of the
containing accessory proteins, can be empirically increase in the thermodynamic activity coefficient

described by a first-order process—thus justifying
the approach adopted in the simulation strategy.

We have used the term ‘entropy buffer’ because

the buffering principle outlined stems from consid-
ering non-ideality from the simple standpoint of
excluded volume—the effects outlined are thus
derived from modulating the available volume of

of the other cellular species.
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Appendix A: The development of the Scaled
Particle Theory

As a prelude to the development of the Scaled
Particle Theory approach for the determination of
an activity coefficient we first identify what the
activity coefficient constitutes in terms of the
change in free energy of the system. In this vein
a more instructive manner of expressing the chem-
ical potential of a species is as follows,

modynamic argument for subsequent interpretation Hei = (i)ideart (1) non-ideal

of at least one aspect of the effect of cell volume
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where ; refers to the standard state chemical
potentialt!

This formulation allows us to identify the activ-
ity coefficient of a species with the excess free

energy required to bring about the existence of the p,(r,=0)
real species in solution as compared to a hypo-

thetical ideal species, requiring that

vi= e(l*i)non-idea/RT

(A2)

The Scaled Particle Theor20] is a technique
that has found success in predicting the activity
coefficient of a macromolecular species
(size> intermolecular distance of the solverin

D. Hall / Biophysical Chemistry 98 (2002) 233-248

and relate the two probabilities via an inequality
(Z ).12
Which may be expressed in compact form as,

1_PJE"_""'(VA'i"”B)3

3
PA(rA = 0)
RTIn(P,) (A4)

where py is the number density of other solute

molecules of typeB already present in solution.
(ii.) The derivative of the work expressidiat

dimensions, =0) with respect to the dimensions

PA(rAZO) >

solution. The method is based on the premise that ot the inserted particle is taken and evaluated.

the interaction between any two solute molecules,

designated here a$ and B, that have respective
radii of r, andry and are separated by a distance
ras Will be governed by a hard sphere interaction
potential, U(r,5). The hard sphere interaction
potential implies an infinite intermolecular poten-
tial if the center of the incoming particle lies
within the co-volume of any neighbor and a zero
interaction potential if the center of the incoming
particle lies outside the co-volume of its neigh-
bor—all of which may be summarized in a math-
ematical sense by EGA3).

rap<ra+rg=U(r)=
(A3)

With this concept on board a simple version of

rABZrA+rB=U(I’)=O

Knowledge of the value of this derivative for
dimensions equal to zero along with the assump-
tion of continuity for the derivative expression
over the interval in question, allows for the expres-
sion of the work of insertion of a real particle by
use of a Taylor series expansion about the zero
point into the positive direction of the dimensions
of the inserted particle.

dW 4(r,=0)
dr, ]VA
d?W ,(r,=0) 5

(ii. ) The Taylor polynomial is truncated at the
cubic term—with the final term in the work poly-

Wa(ra=0)=W,(r,=0)+ [

(A5)

the Scaled Particle Theory applicable to spherical nomial being replaced by the integral of the pres-
solutes can be developed in the following manner ¢ ;e p volume isotherm for the insertion of a

(i.) Realize that thepraobability of insertion of
a real particle (P,) into a volume occupied
solution such that its center will be lie outside the
co-volume that it shares with all of the other
particles in solutiorwill always be greater than
the probability of insertion of a point particle
except at the zero limit of real particle size where
the two probabilities will be equal. We can for-
mally write out this probability(and therefore the
free energy of insertion for each particléreal
and poin} in terms of the characteristic dimensions
of the incoming particle and solution components

11 More correctly we should writg,;=w; +RT In (C;/C;) +
RTIn(y;/v;), however, we define our standard state such that
C:andv; are both equal to one.

12 As a conceptual aid the actual probability of the successful
insertion of a real particle into a volume occupied space can
be thought of as the product of two probabilities, the second
conditional upon the first. The first probability expresses the
likelihood that the center of the particle to be inserted lies
outside the physical volume occupied by the particles already
present in solutiowater being treated as a continuunthe
second probability reflects the likelihood that the potential site
for insertion lies outside the co-volume that would be shared
by the incoming particle and the other particles in solution.
Where this calculation becomes difficult for a real particle
(i.e. dimensions>0) lies in the complex manner in which
particles in solution share co-volume. The Scaled Particle
Theory affords one avenue for solving the problem by expand-
ing the total probability around the zero dimension point of
the incoming particle—a starting point where the problem is
completely solvable.
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particle of dimensions equal to the final dimen- a=1

sions of the particle into a non-ideal gaShis

term necessarily depending upon the equation of

b=4w

state adopted to describe the non-ideality of the c=4mw/3 (A8)
gas.
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