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Thermodynamic regulation of actin polymerization
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A Flory—Huggins-type lattice model of actin polymerization under equilibrium conditions is
employed to analyze new spectroscopic measurements for the extent of actin polymefizason

a function of temperaturdl, salt concentratiorfKCI], and the initial concentration of actin
monomers[Gy]. The theory subsumes existing mechanisms for actin monomer initiation,
dimerization, and chain propagation. The extent of polymerizadorincreases withT to an
unanticipated maximum, and the calculations explain this unusual effect as arising from a
competition between monomer activation, which diminishes upon heating, and propagating chain
growth, which increases upon heating. The actin polymerization is described as a rounded phase
transition, and the associated polymerization temperafyrdepends strongly, but nearly linearly
on[Gy] and[KCI] over the concentration regimes investigated. Our findings support the suggestion
that physicochemical changes can complement regulatory proteins in controlling actin
polymerization in living systems. @001 American Institute of Physics.
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The polymerization of monomeriG-actin into F-actin  tion kinetics under physiological conditions, requiring the
filaments is a paradigm for the reversible polymerizations otedious fitting of experimental data to the solutions of
many other biological systems at equilibrium, such as tubueoupled nonlinear differential equations that depend on at
lin, flagellin, fibrin, and tobacco mosaic virsMoreover, least six unknown rate constantsssociated with the three
actin polymerization exhibits unique features not present inmeversible reaction stepsWe show that by using tempera-
other “living” polymerization systems, e.g., the reversible ture and other thermodynamic variables rather than time as
polymerization of sulfuf which also polymerizes upon heat- the measurement variables, we more effectively determine
ing. For example, the measurements described below indthe mechanism and the equilibrium energetic parameters
cate that the fraction of monomers polymerizdel) (exhibits ~ governing the polymerization process. There are still six en-
a maximum as a function of temperattfgand this unusual ergetic parameters to be determined, but strong constraints
feature has prompted the theoretical portion of the preserte the entropy and enthalpy parameters for each of the three
investigation. An additional difference is the presence of sessential processegctivation, dimerization, propagatign
reversible dimerization that produces a low temperature taileading effectively to three adjustable parameters. These ba-
in ® vs T. The competition between this dimerization andsic energetic parameters are shown to exhibit strong varia-
the chain propagation is of interest in biological contextstions with added salt concentratigkCl] and with initial
since it serves to regulate the chain length far from the poG-actin concentration[Gy], thereby supporting prior
lymerization transition. suggestiorfs® for a physiochemical component to the con-

Virtually all prior attempt§ at elucidating the mecha- trol of actin polymerization in nonmuscle cells. The thermo-

nism for actin polymerization have studied the polymeriza-dynamic approach also emphasizes the nature of the under-
lying phase transformation which is neglected in kinetic

dAuthor to whom correspondence should be addressed. Electronic maiﬁtUdleS' ] ) o ) ) )
$g28@umail.umd.edu The first stage of actin polymerization is believed to in-
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volve initiation and dimerization of initiated actin and the free energiesGY;, AGY,, AGS,are molar quan-
monomers,® followed by the growth of actin filaments tities. The factors of 2, 3/2, and€1)/i in Egs. (6)—(8)
(F-actin).®*° The activated monomer and dimer react to formreflect the different volumes of the actirmers, as included
trimers (the nucleus and the trimers associate with mono- in similar theoretical treatments of protein polymerization
mers to yield polymer§.We consider solutions where acti- and the living polymerization ofi-methylstyrend>-1°

vation and propagation occur under equilibrium conditions  The extent of polymerizatio® is the fraction of mono-

determined from the minimal reaction scheme, mers converted into polymers,
A;=A7 (monomer activation (1) D=(P0— b1~ ¥/, (9)
AT +AT=A, (dimerization, (2)  where¢9=[G,] is the initial G-actin volume fraction before
. i ) polymerization, andp, and ¢7 are the equilibrium volume
AptAi=Ag (trimer formation, (3 fractions of nonactivated and activated actin monomers, re-
A+A—=A.,;, i=34,... (propagation, (4) spectively. Conservation of actin mass requires,

whereA; designates &-actin monomer, an asterisk denotes
an activated species, and the subsadripidicates the degree

of polymerization. A similar hierarchy of reactions for actin
polymerization is employed by Cooper al2 in kinetic stud- .
ies of actin polymerization, and the evidence for this reactiorFd- (10) vields

¢2:¢1+¢I+¢2+§3 bi. (10

Substituting Egs(5)—(8) and performing the summation in

scheme i§ dispgssed elsewhér¥. . . . 2= 1+ Kinith1 + 2K gime?
For simplicity, the free energies associated with the
propagation reaction&3) and (4) are taken as identical, so Kithdiprmp(S—2Kp,0qu1)qbf
the distribution of actin species at a given temperafliie + : (11)

2
governed by three equilibrium constants or, equivalently, by (1= Kpropb1)
three free energies: the free energy of initiatidfGY,  Equation (11) is solved numerically for the equilibrium
=AH2,—TAS),, the free energy of dimerizatioAG§,,,  G-actin monomer volume fractiog; in terms of the equi-
=AH§im—TAsgim, and the free energy of propagation librium constantsKn, Kgim, andK, or, alternatively, in
AGD ;= AHD—TAS . The equilibrium system is de- terms of the dimensionless free energiesGY/RT,
scribed by an incompressible Flory—Huggiff#) type lat-  AG§,/RT, and AG),/RT. Invoking the relation ¢}
tice modet®*~'®in which eachA, species occupieklattice  =K;,,¢b; enables the computation of the extent of polymer-
sites. For mixtures of particles with disparate sizes, FHzation®(T) as a function of temperature for a given set of
theory implies that the natural composition variable is theenthalpies and entropies for initiation, dimerization, and
volume fraction¢, with ¢; designating the volume fraction propagation.
of A;. Rabbit muscle actin is prepared by the method of Pardee

The theory classifies equilibrium polymerization asand SpudictH® with a final purification by size exclusion
equivalent to gphase transitionsubject to an applied field chromatography (Sephacryl S-200, Pharmagid'*® The
(initiation) which “rounds” the clustering transition to a method of Kouyama and Mihasfliis used to add the fluo-
greater or lesser degréeTransition “rounding” influences rescent labeN-(1-pyreny)iodoacetamidéMolecular Probes,
the sharpness of the polymerization transition and the temEugene, ORto G-actin. The labeled-actin is purified on a
perature range over which it occdrsThe extent of polymer-  column. The labeled and unlabel@tactins are Sephacryl
ization ® is a key quantity in both theoretical and experi- mixed to produce a mixture of 3% labeled and 97% unla-
mental studies of this transition. beled.

While the FH model of Refs. 13-15 enables computa-  The fluorescence intensity is measured by an Aminco
tion of several thermodynamic properties, we provide a simBowman Series 2 Luminescence Spectrometer with the ex-
plified treatment that suffices for determining the equilibriumcitation wavelength set at 365 nm, resulting in emission
extent of polymerization. The equilibrium volume fractions wavelengths at 387 and 407 rffhAt each temperaturg, the
{¢;} satisfy the conditions fluorescence signal at 407 ni(,T), is followed with time

until it reaches steady staf@5 min). For eachG-actin con-
¢1/¢1= K‘““(T)Eexd_AG%“/RT]’ ®) centration, the fluorescence intensity at 407 nm is also mea-
*\2_ , — _AGO sured as a function of for a sample containing no KQive
$21($1)"=2Kan(T)=2 exit = AGqn/RT], © denote it asl(T)]. Measurements of 5(T) show little T
¢3/(¢2¢I)=(3/2)Kprop(T)E(3/2)eXF{—AGgro;/RT], (7)  dependence. After taking measurements at the highest
each sample is completely polymerized by bringing the con-
Giv1/ (i) =[(1 +1)/1]Kprod T) centration of MgCJ to 15 mM; this provides the fluores-
—r( - _ARO . cence intensityl at 407 nm for the fully polymerized
=LA+ 1/exd ~ACpofRT], 1>3, () sample.l  does not change appreciably withand does not
where RT designates molar thermal energ¥in(T), depend on the molecular weight distribution since the label is
Kaim(T), Kpro(T) are the equilibrium constants for the acti- a local effect in the molecule. The extent of polymerization
vation, dimerization, and propagation reactions, respectivelyp (T) is obtained froml(T)=®(T)Ig+[1—D(T)]I(T).
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FIG. 1. Extent of polymerizatioP vs temperature. Plus symbols are ex- 285 R N U
perimental data (2 mg/ml of actin and 9 mM of KCand the solid line is 0 1 2 3 4
the theoretical fit to the data. Actin Concentration [G], (mg/mL)

FIG. 2. The experimental polymerization temperatligeas a function of
The precision for measurements(b‘(T) for a given Samp'e the initial G-actin concentratiofiG,] and the salt concentratior and X

; 0 e ; orrespond to 9 mM KCI and 15 mM KClI, respectivelir. and O refer to
:z :EES: 10/3/;2(?m the reprodUC|b|I|ty among protein Sample{eo]:l mg/ml and[Gy]=2 mg/ml, respectively. Lines are least-squares

) . fits to the data. The maximum uncertainty in our graphical extrapolation
The experimental data for the extent of polymerizationestimate ofT, equals+3 °C.

d(T) are fitted by Eq(9) using the six parameters of the
theory (i.e., AHR;, AShi, AHSm, ASSm, AHZ, and

0 ni ni . Im _|m K prop . . ﬁ 0 . h . | d
ASpop- An example of these fits is depicted in Fig. 1 for the ~ Given an uncertainty of- 10% in the experimental de-
Samp|e Containing 2 mg/m| aB-actin and 9 mM of KCI. termination Of(D(T), the main features of the temperature
The salt concentrations are chosen to have the polymeriz&ariation of ®(T) are well reproduced by the theory, with
tion occur in a convenient experimental range. The experiboth a low temperature tail and the unustiat high tem-
mental polymerization temperatuflg, (see below provides ~ Perature maximum present. The nonzér(T) for polymer-
a strong constraintbetweenAHgmp and Asgmp; the maxi- ization at lowT arises in our model from dimerization, which
mum in®(T) occurs whem\G2,;,~0; and the low tempera- increases upon cooling. The maximum in Fig. 1 occurs due
ture portion of®(T) constrains the relative magnitudes of t0 the competition between the decreasing concentration of
AHY andAS], .. The fits are quite sensitive to changes asnona_lcnvated actin monomers and_ the increasing yolqme
small as 1% in the individual parameters. The six enthalpie§action of activated monomer species upon polymerization
and entropies are summarized in Table | for all samples studsee Eq(9)]. - o
ied. At fixed salt concentrationAHgmp and Asgmp are The polymerization transition tempe_ra_\tuT% is |den_t|-
roughly independent ofGo], whereas the enthalpies and fied as the temperature at whidn(T) exhibits an inflection
entropies of both initiation and dimerization are sensitive toP0INt="[®(T) in Fig. 1 may possibly exhibit another inflec-

[Go]. The precise mechanistic origin of this dependence retion point at highT, signaling re-entrant depolymerization,
mains to be analyzed. but our data are insufficient to confirm this possibiljtiig-

ure 2 presents the experimentally determifigdas a func-
tion of actin concentratiohG,] for fixed salt concentration.
TABLE I. Free energy parameters for actin polymerization. (Equivalently, this plot provides the temperature dependence
of the “critical concentration®® for actin polymerization.
T, decreases roughly linear(golid lines with [G,]. A de-
crease ofT, (“floor temperature’21) with the concentration

9 mM KCI 15 mM KCI
Actin concentratiorf G,]  Actin concentratior G]

Free energy 1 2 3 1 2 3 of associating species is also typical for systems that cluster

parameters  mg/mlmg/ml mg/ml mg/ml mg/ml mg/ml "\ oyarsibly upon heatindf Figure 2 also describes the varia-
AHY, [kd/moll 179 250 351 350 450 500 tion of T, with salt concentration for fixefiG,]. Added salt
ASj [JMmol K)] 561 794 1160 1118 1445 1695 (for constanfGg]) enlarges the magnitudes of the enthalpies
Agogim [k/mol] ~ —369 -508 710 -—711 -908 -1008  gnq entropies for all three polymerization processes. The ac-
ﬁHdg?;p[ffg;;'o?)] 71?‘25; 7151223 72216358 721f§0 7283;0 7333’1180 tin monomers are polyelectrolytes, and added salt should

AS® [MmolK)] 518 532 591 724 725 744 Modify the composition and extent of the counterion clouds
’ about both the monomers and polym&4his effect natu-
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