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The polymerization of actin: Thermodynamics near the polymerization line
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Studies of the dependence of actin polymerization on thermodynamic parameters are important for
understanding processes in living systems, where actin polymerization and depolymerization are
crucial to cell structure and movement. We report measurements of the extent of polymerikation,

of rabbit muscle actin as a function of temperatiife= (0—35) °Q, initial G-actin concentration
[[Go]=(1-3) mg/ml, and initiating salt concentratidfikCl]=(5—15 mmol/l with bound C&"],

in H,O and B0 buffers and in the presence of adenosine triphoslAdte). A preliminary account

of the data and analysis for,B buffers has appeared previoug® S. Niranjan, J. G. Forbes, S. C.
Greer, J. Dudowicz, K. F. Freed, and J. F. Douglas, J. Chem. Ph4s10573(2001) ]. We describe

the details of the studies for,@ buffers, together with new data and analysis fgObuffers. The
measurements show a maximumd{T) for H,O buffers and RO buffers. For HO buffers,T,
decreases as eithgB,] or [KCl] increases. For fD buffers, T, decreases g%Cl] increases, but

T, is not monotonic if Go]. The measurements are interpreted in terms of a Flory—Huggins-type
lattice model that includes the essential steps: monomer activation, dimerization of activated
species, and propagation of trimers to higher order polymers. The competition between monomer
activation and chain propagation leads to the observed honmonotonic variatigfTpf The actin
polymerization in DO buffer differs considerably from that in the,& buffer and underscores the
significant deuterium effect on hydrophobic interactions and hydrogen bonding in the
polymerization process. @003 American Institute of PhysicgDOI: 10.1063/1.1592499

I. INTRODUCTION ization in cell migration have suggested that changes in
thermodynamic variables, such as temperature and concen-
The manifold of biological functions for the protein actin trations, could play a role in regulating actin
arises from the control of the polymerization of monomericpo|ymerization7.~8 This hypothesis is motivated by the sup-
globular G-actin into polymeric filaments of F-actif.The  position that polymerization occurs in an environment in
concentration of actin in the cytoplasm of nonmuscle cells isyhich there are local spatial gradients and temporal oscilla-
about (1-5 mg/ml, with up to half of the actin in the tions in the concentrations of actin monomer, salts, and regu-
unpolymerized staté Numerous studies focus on how regu- latory proteins:® The polymerization transition of actin is
latory proteins(e.g., capping, cross-linking, polymerizing, sensitive to these thermodynamic variables, and it is impor-
and depolymerizing, nucleating, etcontrol actin polymer-  tant to quantify how changes in these solution variables in-
ization under physiological conditiods. Although many  fluence actin polymerization.
regulatory proteins have been identified, there is limited un-  Thus, we focus here on the influence of temperature, salt
derstanding of how they act concertedly on actin to produconcentration, and total G-actin concentration in the regula-
complex nonequilibrium processes, such as cell protrusiofion of actin polymerization. The reversible polymerization
and movemertt.Recent studies of the role of actin polymer- of actin has most often been considered at a fixed tempera-
ture, as the concentration of initial G-actin is increased to a
9Author to whom correspondence should be addressed. Electronic mailCfitical concentration” in the presence of activating salts
sg28@umail.umd.edu that catalyze the reaction by a mechanism not yet fully
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understood? If, instead, we fix the initial actin and salt con- gation of trimers into higher order polymers occurring above
centrations and vary temperatdfethen the polymerization a polymerization temperaturd,,. Several different poly-
beyond the dimer stage commences at a “floormerization mechanisms produce identical calculated actin
temperature,®? or “polymerization temperature,T,. The  equilibrium mass distributions, but the essential steps of the
reversible polymerization of actin can be viewed as areaction process seem to be robust—an activation of mono-
rounded phase transition, like similar polymerizations in or-mer, reversible dimerization of activated monomer, and
ganic and inorganic systems and as found in systems withropagation to form long chains. With three adjustable en-
applied fields and finite size constrairts® thalpy parameters and three adjustable entropy parameters,

A key variable in treating reversible polymerizations the model provides a very satisfactory description of the ex-
from a phase transition perspective is the extent of polymerperimental data.
ization, ®, which is the fraction of the initial monomer that We also present studies of the thermodynamics of actin
has been incorporated into polymers at equilibrium at eacipolymerization in a deuterated aqueous buffer. In living cells,
temperature, T.1” The extent of polymerization can be the aqueous environment is certainly not deuterated. How-
viewed loosely as a kind of “order parametéf’and is im-  ever, the shift from HO to D,O is accompanied by changes
portant in the theories of reversible polymerizatidh&® In  in hydrogen bond strength and in hydrophobic interactions,
this paperT, is designated as the temperature correspondingnd the analysis of these phenomena provides clues concern-
to the inflection point in ®(T). As will be shown ing the complex interactions between water and actin. The
elsewheré? the theory of equilibrium polymerization de- deuteration effect on the hydrogen bonding in the water and
scribed below predicts that the temperature of the inflectiodPetween the water and the protein can alter the basic inter-
point can be distinct from the temperature at which the hea&ctions controlling the polymer association. Thus, deutera-
capacity has a maximum, so that the definitioriTgfis not tion is not a small perturbation of the solution characteristics,
unique. However, we expect that these two temperatures wiRs the actin data demonstrate. In additiopODs used in a
exhibit similar trends. variety of studies on proteinge.g., neutron scattering,

We present a study ob for rabbit muscle actin as a huclear magnetic resonance, kinetjcso it is important to
function of the initial ConcentratioﬁGO] of G-actin, of the understand the behavior of prOteinS in deuterium oxide.
concentratiofKCI] of initiating salt, and of temperatur@,
in H,O and DO buffers, prepared with one €acounterion
bound to each monomer and in solution with adenosing, THEORY: LATTICE MODEL OF ACTIN
triphosphatd ATP). A preliminary report on the data forj@ POLYMERIZATION
buffers has appearéd.We describe here the details of the
studies for HO buffers, together with new data and analysis  Initially, the system is composed of) monomers of
for D,O buffers. While studies of the critical concentrations G-actin, ngc molecules of saltkKCl), andng molecules of
of actin at fixedT (25 °C) have been publishe@ee reviewin  H20. The first stage of actin polymerization is believed to
lvkov et a|_11), those experiments use rather high fixed Saninvolve activation and dimerization of initiated actin
concentrationg~100 mM) (Ref. 21 and rather low initial monomers;”” followed by the growth of F-actin
actin [G,] concentrationg<0.3 mg/m). Our experiments, filaments:?® The activated monomers and dimers react to
in contrast, spafiG,] values of(1-3 mg/ml (23—69uM), form trimers(the “nucleus”), and the trimers associate with
the range found in living cell$?2 The concentrationgKCI] ~ monomers to yield higher mass polymétsie consider ac-
in our experimentd5 mM, 9 mM, and 15 mM are lower tin solutions where these processes occur under equilibrium
than in previous worl??4and are chosen so that the poly- conditions. Several mechanisms are found to produce the
merization temperatures are in an experimentally accessibR&me equilibrium relative molecular mass distribution upon
range of(0—35 °C. These salt concentrations are lower thanfedefinition of free energy parameters. The theory is illus-
the average salt concentrations in living céfigut cell con-  trated first with one model before specifying some essen-
tents are not homogeneous and lower salt concentratioﬁ@”}’ equwalent alternatives. The first model is based on the
may exist in different cellular regions. minimal reaction scheme,

At every fixed[ Gy] and[KCI], we observe an increase
of @ as the temperature reach&g, followed by an maxi-
mum in ® aboveT,. This maximum was not anticipated,
since measurements @f for polymerizations in organic sys-

A=A} (monomer activation 1)

AT +AT2=A, (dimerization, (2

tem_s vary monotor_lically, exhibiting a plateau in the poly- A,+ A=A, (trimer formation, &)
merized regiort/ This feature has not been noted before for

actin, although there is evidence in neutron scattering A + A=A ,,, i=34,. (propagation, 4
studiest! We suggest that it has not been noted becduse

was not often been varied in earlier measurements. whereA; designates a G-actin monomer, an asterisk denotes

The polymerization of actin is described with a statisticalan activated species, and the subsdripdicates the degree
mechanical model of the Flory—Huggins-tyffeThe poly-  of polymerization. Activation is thought to be triggered by a
merization mechanism includes an activation of the monoeonformational change of the actin monomer through ion
mer, a dimerization of two activated species, the formation obinding?® A similar hierarchy of reactions for actin polymer-
a trimer as the smallest propagating oligomer, and the propazation is employed by Coopest al. in kinetic studies of
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actin polymerizatiorf? and the evidence for this reaction electrostatic free energies of the added salt and is taken as
scheme is discussed elsewh&fe! 2830 independent of the concentrations of actin species. Contribu-
For simplicity, the free energies associated with thetions to the electrostatic energy that depend on the actin con-
propagation reaction&3) and (4) are taken as identical, so centration{¢;} are subsumed ifi;, which implies that the
the distribution of actin species at a giv&ris governed by free energy parameters of reactidas—(4) that are included
three equilibrium constants or, equivalently, by three freein f; may depend on salt and G-actin concentrations. The
energies: the free energy of activationf,,=Ah,y  specific free energies] and{f;} are quoted below in Egs.
—TAS,yy, the free energy of dimerizatiodfg,=Ahgn  (14—(16), while the quantities; and f (corresponding to
—TAsym, and the free energy of propagatioaf,,, an unactivated actin monomer and the solvent, respectively
=Ahpop— TASy0p- At equilibrium, the system contains,  are taken as vanishing identicalfglefining the zero of en-
unreacted monomerd,, ni activated monomera’ , {n;}  ergy and are, therefore, absent in Ed). The mass conser-
polymers{A;} (i=2,3,...¢v), andng solvent molecules. The vation constraint from Eq(5) can be conveniently reex-
conservation of actin mass constraint requires tifatand  pressed in terms of volume fractions as
{n;} are related to the initial numbef of G-actin monomers

by #=¢1+3 ¢, ®

n2=n’1‘+i§1 in;. 5 where $2=nJ/N; .
o ) ) ) The condition of chemical equilibrium imposes the fol-
_ The equilibrium system is described by an INCOMPreSSiowing relations between the chemical potentials, w7,
ible Flory—Huggins(FH) type lattice modeéf*® in which and u; , where the subscripts 1 amdepresent, respectively,

eachA; species occupieslattice sites and each solvent mol- 4 monomer,; andi-mer A, and where the asterisk refers
ecule covers a single lattice site. Thus, the total numyef 1, ihe activated species

lattice sites is written in terms of the numbers for the indi-
vidual species as H1= 7 9

[

and
N,=ng+n%+ >, inj=ng+n?, (6)

=1 mi=iwy, 1=2,3,.%. (10
where we have ignored the volume occupied by the salt mol- : . i
ecules and by the other components of the buffer solution. Ir?n the other hand, the chemical potentiaiscan be calcu

addition, despite the huge size disparity between water mollf’jltecj directly from the free energy of EG/) as,

ecules and G-actin monomers, the treatment allowing an ac- 1 _ J(FIkgT)
tin monomer to occupy a much larger number of lattice sites _kBT (pi—ips =T (13)
than individual solvent molecules can be transcribed into the ' TN

final equations(presented below in terms of volume frac- The exchange chemical potentjaf”
tions) through a redefinition of the apparent reaction entro

pies(see below: A prior communicatioff’ presents a deriva- quence of the assumed incompressibility of the system. After

tion of the equilibrium fractiond® of G-actin converted to some algebra, the equilibrium conditions in E(.and(10)
actin polymers, based solely on the application of the law Oﬁeduce to

mass action to Eqs.1)—(4). However, here we provide a

= wi—ipug (With ug the
“solvent chemical potentinémerges from Eq.7) as a conse-

more general derivation that involves computing the free en- [ % .
ergy of the system, an approach that enables the determina- In a =-f1, (12
tion of diverse equilibrium thermodynamic properties of ac-
tin solutions. and
The total Helmholtz free enerdy for the system in the -
FH model for stiff associating polymers is given'fy® n i:] Ci—1-if, =23, 13
1

The specific energie$; , f,, andf; (i=3,4,...%0) are ob-
. . tained by appending to the expression appropriate to Flory—
Huggins theory for semiflexible linear polymétshe free
* * £%
T dsbixt ¢SX2‘1 bit ity +§2 éifi, (7) energies of the reaction processes from Edjs-(4). Thus,

F S
NkgT ~ [sat @sindst @7 In g1+ 2 —=n g

) we have
where ¢s=ns/N;, ¢7=ni/N;, and{¢;=in;/N;} denote
the volume fractions for the solvent, the activated actin 7 =Af,/kgT, (14
monomers, and actin polymers, respectivglgesignates the
monomer—solvent interaction parametferis the dimension- f2=(1/2)In[2/(22) ]+ (1/2)
less specific free energy of ammer, f} is the analogous free +(1/2) (2AF pout Af ) IKgT, (15)

energy for an activated monomer, akgl is the Boltzmann
constant. The quantityf.,, contains the translational and and
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1 12 i—=1 3Afg 1Afgn, two illustrative examples. Consider, for instance, a mecha-
fi=i—|n Zi i T KT T KaT nism in which the monomeA, in step(4) is replaced by the
. ® activated monomeA7 . The distribution of actin clusters is
i—2 Afpop . still governed by the scaling in E¢L9), with the quantitie\
— , =3, (16) :
i kgT andC renormalized to equal,
where z is the lattice coordination number, whil&f ., A'= ¢y expl— (Aot AT KsT), (25
Afgim, andAf ., designate the free energy changes due to
the activation, dimerization, and propagation step, respec- C'=(z/2)exf —(Afg,—2AF),)/KgT], (26)

tively. Combining Eqs(12)—(13) and(14)—(16) leads to the

compact expressions for the volume fractiapis and ¢; , where the new free energy parametért,,, Afgpy, and

Afl’mp are related to those present in E¢R0) and (21) by
* —
d)l - (bl qu AfaCtV/kBT)i (17) Afc:lctv: AfaCtVI (27)
542 _ .
=23 expl — (2AF st Af i) kg T, (189) AL = Af gt Af ey, (28)
and ,

) Afprop: Afprop_ Af acv- (29

¢;=iCA', (i=3,4,..%), (19

Within this redefinition procedure, only the concentrations of
with the quantityA given by actin dimers differ slightly because the distributiop
=iC'(A")" applies fori=3 in Eq. (19). Another possible
A= by expl = Afpiop/keT) (20 model, such as one involving the presence of only non-
and with the prefacto€ as activated actin monomers in stef® and (4) and a single
activated actin monomer in sté@) may also be shown as
C=(z2)exd — (3Afact Afgim—2AF 00 keT].  (21)  equivalent to those described above after introducing an ap-

The extent of polymerizatior, is the fraction of mono-  Propriate renormalization of the free energy parameters. This

mers converted into polymers, equivalence of several models leaves intact the fact that all of
the related mechanisms contain three essential steps, activa-
D=(Ppd— p1— d¥)1 49, (22)  tion, reversible dimer formation, and chain propagation.

where?=[G,] is the initial G-actin volume fraction before The theoretical computations given above specify the ac-

L * L tin monomer as providing the unit of volume, i.e., of occu-
polymerization, andh, and ¢; are the equilibrium volume ing a single lattice site, so, effectively,water molecules
fractions of nonactivated and activated actin monomers, re2Y'N9 9 o '

. . . are taken to occupy a single lattice site, wheris the ratio
spectively. Conservation of actin mass from KE8). can be : . e
) . of the actin to water molecule volumes. This specification
conveniently rewritten as

has also been chosen because the ratonot well known.
o Alternatively, individual water molecules can be assigned to
BI= 1+ b+ ot > b (23)  single lattice sites, whereupon the actin monomer must oc-
=3 cupy n lattice sites. The free energy expression in EQ.
Substituting Eqs(17)—(21) into Eq.(23) and performing the then becomes replaced by
summation yield,

)= b1+ 1 X — Af oo/ KaT) + 263 expl — (2AF 5y

3

F s
m_fsalt+¢sln¢s+7|n¢1+i21mlnd’i

+Afgm)/KgT]+

1oz %A 24 Thplxt P2, St SIIIH 2 aifi,

with A and C defined by Eqs(20) and (21), respectively. (30)

Equation (24) is solved numerically for the equilibrium _ P T—inn.
G-actin monomer volume fractiog; in terms the dimen- where ¢s=ns/Ni, ¢1=nny/N;, and{¢;}=inn;/N, and

sionless free  energiesAf o /kaT, Afgn/keT, and VNe'®

Afpop/KsT. Invoking the standard relatioaf=Ah—TAs fo=(1/2n)In[2/(2zn) ]+ ([2n—1]/2n)

enables the computation d(T) as a function ofT for a

given set of enthalpies and entropies for activation, dimer- +(1/2n) (28 f aet Afgim) ks T, (31)

ization, and propagation. These six adjustable parameters gf,4

the theory are taken as temperature independent quantities to
simplify the analysis of experimental data, but, in general, 1
they may vary with temperature. fi in n

in—1 3 Af 1 Afy
: + = actv+'_ dim
in in kgT in kgT

zin

Alternative mechanism$everal alternative mechanisms _
lead to the same final computed equilibrium properties after =2 Afprop (=3 32
a redefinition of various free energies, and now we present in kgT ' 7
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The final distribution emerges with the identical scaling be-0.005% Nal, in nanopure HO] and adjusted with HCAq)

havior of Eq.(19), except tha\” andC" are given by to a finalpH of 8.0 at 24 °C. The resulting G-actin solution is
A”=¢1(1/n)exr(—Af’F§ro‘/kBT), (33) ponmeri;ed by.adding KCI to a final poncentration of 50
mM, by increasing the ATP concentration to 1 mM and by
C"=(zn2)exd — (3Af et AfGim— 24T 500 KeT]. adjusting the MgGCl concentration to 2 mM. The solution is
(34  stored at 4°C as F-actin stock solution at about 3 mg/ml of
actin.

This equivalence implies that the thraéd are identical be-

tween the two models, but the entropies for two of the reac- The stock solution is diluted to about 0.5 mg/ml actin;
tions are redefined as more KCI, ATP, and MgGJ are added to ensure full poly-

merization, and the solution is ultracentrifuged at 150090
ASjim=ASgim— kg Inn, (35  to make a pellet of F-actin. The pellet is resuspended in
, buffer A, and then depolymerized by dialysis in a collodion
AS’WOPZASP“’P_ ksInn. (36) bag (13 000 molecular mass cut-off, Schleicher and Schuell
The molecular interpretation of these entropies must thus bagainst buffer A at 4 °C with rapid stirring, for12 h. The
considered carefully and critically. Independent experimentatesulting G-actin solution is then centrifuged at 1208@0
determinations of these parameters are desirable, but arefer 1.5 h at 4 °C to pellet any remaining F-actin. The super-

challenge at this time. natant solution of G-actin is further purified by size exclu-
sion chromatographySephacryl S-200, Amersham Pharma-
. EXPERIMENTAL METHODS cia Biotech, Piscataway, NJusing buffer A. If necessary,

the actin solution is concentrated by use of a centricone

(Amicon Filtration, Millipore, Bedford, MA; molecular mass
Pyrene-labeled actin fluoresces significantly more in thesut-off=12000.** The purified G-actin is studied within

polymerized state than in the unpolymerized state. Thus, thé8 h.

measurement of pyrene fluorescence is the most sensitive

and accurate assay for actin polymerizatiéf® The fluores- 2. D, O buffer

cence of actin samples with 3¢ty mas$ pyrene labeling, in For the experiments in the 0 buffer, the purified pro-

buffer with initiating salt, is measured as the temperature iggj, sample in the KD buffer A is dialyzed against a O

increased. This method differs from earlier approachesyfer, using the materials and procedure described by Ivkov
where the temperature is held fixed and salt is added to drivg; 5111 The final stage of dialysis is against a buffer made

the polymerization: Here.the salt is present in the .initi.alfrom 99.9% by mass deuterateg®.

sample, and temperature is used to drive the polymerization.

After completlop of the measurements, each sample is coms Pyrene labeling

pletely polymerized in order to scale the measurements and ) )

to convert the fluorescence intensities into extents of poly- The method of Kouyama and Mihashis used to label

merization. the actin. F-actin stock solution is diluted to 1 mg/ml, com-
The fluorescence labeling procedure rests on the adletely polymerized by adding KCI, ATP, and Mgtland

sumption that the pyrene-labeling of the actin does nothen dialyzed against buffer A plus KCI, ATP, and MgCl

change its thermodynamic properties. This assumption iUt with no 2-mercaptoethanol, because 2-mercaptoethanol

supported by(1) the consistency of these measurements ofhibits the binding of the dyeN-(.1-pyreny_)|odoacetam|0de

T, from ®(T) on pyrene-labeled actin in 4@ buffers with (Molecular Prob%s, Eugene, OR; 4 mM in 33 mass % ac-

determinations off, on unlabeled actin samples using pre- etone+67 mass % dioxanes added to the dialyzed F-actin

cision mass densimet’,(2) by the consistency of these solution in a 4:1 molar ratio of dye to actin, and allowed to

measurements dF, for pyrene-labeled actin in £ buffers react for 12 h on ice. Dithiothreitol is added to a final con-

with determinations ofT,, for unlabeled actin samples in centration of 1 mM to quench the unreacted dye. The sample

D,O buffers using small angle neutron scattefthgnd (3) 1S then ultracentrifuged at 120000 g for 1.5 h at 4 °C. The

by published tests of this assumptidh. resulting yellow pellet is homogenized and depolymerized
by dialysis against buffer A, as described above. The dia-

lyzed, labeled G-actin is purified on a Sephacryl column as
above. The labeled G-actin concentration is calculated by
1. General measuring the UV absorbance at 344 nm and by using an
gxtinction coefficien of 2.2x10* mol~*cm™?.

The labeled and purified G-actin is mixed with unlabeled

in detail in our previous work!® All vessels used in the o ; . A
actin purification are of plastic, except for the glasspurlfled G-actin to produce a mixture of 3% by mass labeled
' actin and 97% by mass unlabeled actin.

Sephacryl columri® since protein adheres to glass and since
glass also induces the polymerization of actinRabbit ) )
muscle acetone powder is prepared from fresh rabbit tissué Actin analysis

as described by Pardee and Spudiciihe actin is extracted G-actin concentrations are determined from the UV ab-
from the acetone powder into buffer[4 mM tris, 0.2 mM  sorbance at 290 nm, using an extinction coefficteruf
Na,ATP, 0.5 mM 2-mercaptoethanol, 0.2 mM CaCl e,o=0.63cn?/mg and subtracting the absorbance at 330 nm

A. General

B. Actin preparation

The purification procedure for actin has been describe

Downloaded 24 Jun 2009 to 129.6.154.189. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 119, No. 7, 15 August 2003 The polymerization of actin 4075

to correct for scattering. Actin purity is assessed by sodium  The temperature is controlled t00.1 °C by circulating a
dodecyl sulfate-polyacrylamide gel electrophore§&DS-  mixture of water and ethylene glycol around the sample cell.
PAGE). The actin purity is analyzed before and after each ofThe temperature is measured with a resolutiort6f1 °C by
the experiments described below. All analyses find puritya thermocouple placed at the cell.
>95%. Experimental uncertaintiesThe uncertainty of the tem-
perature measurement is0.1°C, which can be taken as
three standard deviations. The fluorescence intensity can be
measured with an instrumental resolution of four significant
The initiating salt, KCI, is added to the actin in buffer at figures. The scatter in the data for a given sample is 5%—
0°C, and the final solution is maintained at 0°C for 6—8 h10%. The reproducibility for separate sample preparations
before experiments are begun. ranges between 10%—200%ee below. We therefore report
experimental values for the extent of polymerization to two
significant figures, to which we assign a precision of 10%
C. Measurement of the extent of polymerization and an uncertainty of 20%.

5. Final steps

We have establishédthat glass cells influence the po-
lymerization of actin and can even initiate the polymeriza-
tion of actin, in the absence of any initiating salt. Therefore A. Extent of polymerization measurements
the spectrometer cells used in this work are made fronin the H,O buffer
“Spectrosil vitreous silica’(Starna Cells, Ing, a synthetic 1. General observations for H ,0 buffers
quartz. The optical windows of these cells are of Spectrosil
and the other walls of Vitreosil. The cells have been con-
structed by fusing the walls; no adhesives are present. Al

. . . i /ml), and, for each actin concentration, at three KCI con-
cells have interior dimensions of 4 mtd mmx45 mm, and g/m)

) X entrations(nominally 5, 9, and 15 mM Figure Xc) illus-
nominal volumes of 0.56 ml. The cells are rinsed Sfeverafrates the reproducibility of these measurements on two dif-
times with 10% HCI and then cleaned by sonication in

o ) . ferent samples of actin, prepared at two different times from
deionized hanopure Watef- All cells are oven dried at 120 wo different protein samples: While there is some difference
before use. Cells filled with nanopure water show no ﬂuo—in ®(T) between the two actin samples of Fig. 1, the quali-
rescence at 407 nm. . _ ._tative behavior is the same, and this level of reproducibility

The fluorgscence Intensity is measured by an Amincqg good(10%—20%, given the inherent variability of protein
Bowman Series 2 Luminescence SpectromefEnermo preparations.
Spectronic, Rochester, NYfitted with a monochromator for The data ford(T) in the HO buffer are displayed in
the emittepl Iig_ht. Th_e e_xcitation wavelengtg, is set at 365 Figs. 2 and 3 and are presented in Table I. Figure 2 shows the
nm, resulting in emission W?"e'ength.s’?e‘m: 387 and 407 . data for[ Gy] fixed, and three different KCI concentrations,
nm. F_or each G-actin solution containing KCl, the EXPET \yhile Fig. 3 depictsb(T) for [KCI] fixed and[ G,] variable.
ment is started at 0.5°C, and the temperature is raised i igures 2 and 3 confirm the expected increasé i) as the
steps of 2°C to a maximum ¢80—48 °C. At each tempera- temperature approaché&sg. We further note that:
ture, the fluorescence signal at 407 Aifl), is followed as
a function of time until it reaches a steady-state, which re{1) The polymerization transition occurs over a broad range
quires about 25 mif>“°Figure ¥a) presents a typical equili- of T (10-20°Q. Recall thatT, is operationally defined
bration curve. as the point of inflection of>(T).6

After the maximum temperature is reached, the samplé2) Figure 2 indicates thak, diminishes agKCl] increases.
is completely polymerized by bringing the concentration of ~ The exact role of the salt in the polymerization mecha-
MgCl, to 15 mM. The fluorescence intensity at 407 nm mea-  hism is not fully understood, but these experiments sug-

IV. EXPERIMENTAL RESULTS

Measurements ofb(T) are made in KO buffer A at
hree actin concentrationd.0 mg/ml, 2.0 mg/ml, and 2.9

sured from this fully polymerized sample is denotedl as gest that the enthalpies and entropies of the chain acti-
Typical measurements df are presented in Fig.(h) and vation and propagation are modified by the salt. This is
indicate thatl - does not change appreciably with tempera-  not surprising, since the actin monomer is a highly

ture. For one sample in 4@ buffer and one in PO buffer, charged polyampholyte and the addition of salt screens
each with[ Gy]=3 mg/ml and[KCI]=0.0, the fluorescence the electrostatic interactions of the monomers from one
intensity at 407 nm is measured as a functionToénd is another, modifies the counterion clouds, and may even

denoted byl 5(T). These data at 3 mg/ml are used to analyze  affect the monomer conformatidisee below.
all the samplegsee Eq.(37)] by scaling to the appropriate (3) Figure 3 indicates thaf, decreases g$G,] increases.

[Gy] (e.g., by multiplying by 2/3 fof Gy]=2 mg/ml). Fig- This behavior is expected for a system for which the
ure 1(b) shows thatl5(T) is small and depends little on enthalpy and entropy changes for the propagation reac-
temperature. The extent of polymerization as a functiom,of tion are positive'
®(T), is calculated from the expression, (4) d(T) increases to a maximum and then decreases at
, higher temperature. As first reported in our own brief
H =@M+ [1-2(M1le(T), (37 note?° this nonmonotonic variation is not due to the deg-
wherelg(T)" is Ig(T), scaled to thg Gy] of the particular radation of the protein because, as mentioned above, we
sample. analyze the protein by gel electrophoresis before and af-
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FIG. 1. (a) Fluorescence intensityn arbitrary unit$ as a function of time for rabbit muscle actiof3,]=2.93 mg/ml,[KCI]=4.78 mM in the H,O buffer.
(b) Fluorescence intensitfin arbitrary unit3 as a function of temperature f¢®) unpolymerized G-actin[G,]=3.02 mg/ml) in the HO buffer with no
added KCI, andO) for fully polymerized F-actin [G,]=3.05 mg/ml) in the HO buffer ((KCI]=5.00 mM,[ MgCl,]= 15 mM). (c) Extent of polymerization
® as a function of temperature for two actin samples in th® Huffer. The samples from two different tissue preparations have nearly the[ Saheé]
[G]=3.02 mg/ml andll [ G,]=2.93 mg/ml) andKCI] (5 mM), to illustrate the reproducibility of the measurements.

ter each experiment, and see no change. For reversiblaum in®(T) arises from the competition between monomer
living polymerizations of synthetic polymers on cooling, activation and chain propagatiéhFigure 4 illustrates this
®(T) increases to a plateau and does not exhibit affect explicitly through a comparison of the concentration of
maximum?®*’ The maximum in®(T) for actin indi-  activated monomef,G*], as a function off with the con-
cates a net depolymerization at higher temperatures, @entration of unactivated monomé6], and the sunjG* ]
behavior that is reminiscent of the maximum observed in, [G]. Evidently the increase iiG*] and the decrease in
measurements of the viscosity of polymerizing sdffur [G] result in a minimum i G*]+[G] that corresponds to
and in computer simulations of the extent of polymeriza-ypo maximum in (T). AlthoughT,, is monotonic iG], the

tion .Of sulfur.™ For actm_, heutron  scattering yecrease ofp upon heating effectively corresponds to a kind
experiments’ and mass density measureméhtalso of “re-entrancy” of the phase transition

show evidence of such a maximumdn(T).
(5) ®(T) is nonzero even well beloW,. The well-known

As explained in our previous Communication, the maxi- reversible formation of dimers by acfit**is included in
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FIG. 2. Extent of polymerizatiod® as a function of temperature for rabbit muscle actin yOtbuffers at fixed initial concentrations of G-actfiy]=(a)
1.00 mg/ml,(b) 2.00 mg/ml, andc) 2.93 mg/ml, for thre¢KCl] values=5.0 mM, 9.0 mM, and 15.0 mM in each case. The line is the fit of the theory to the
data(see texk

polymerizing actin. This issue will be discussed in detail
from a theoretical standpoint in a separate paper.

the theoretical model and accounts for this low tempera-
ture polymerizatiorf”

The fluorescence intensity () for a fully polymerized
actin sample increases witKCl]. The increase is largest
for the 2.9 mg/ml actin solution wherg-=0.92 for
[KCI]=4.8 mM, 1.6 for 9.0 mM, and 1.7 for 14.3 mfA.
Since the change in fluorescence upon polymerization is  The results for the KD buffer are discussed in our ear-
thought to be due to a change in the G-actin cleft neatier report, which included a table of fitted paramet&rBig-
Cys-3747 then our observation suggests that salt is in-ures 2 and 3 show theoretical fits to experimental data for
strumental in that change in conformation. ®(T). The free energy parameters are fitted by applying
Because of the coupling between the propagation and thEgs. (23) and (24) to each[KCI]/[G,] data set separately
activation, as mentioned in iterf®) above and as dis- and by visual inspection. A more formal least-squares fit to
cussed further below, the Van't Hoff plots that are com-the data has not been deemed appropriate, given the uncer-
mon in biochemical studié%?**’are not appropriate for tainty of the measurements. The fits are, however, not

2. Comparision to the theoretical model
for H,O buffers
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FIG. 3. Extent of polymerizatiod® as a function of temperature for rabbit muscle actin gOHbuffers at fixed KCl]=(a) 5.0 mM, (b) 9.0 mM, and(c) 15.0
mM, for [Gy]=1.00 mg/ml, 2.00 mg/ml, and 2.93 mg/ml in each case. The line is the fit of the theory to thesekat@xt

unique. A range of free energy parameters describes the datieed the dimerization could be neglected in a first order
for a given sample equally well. Nonetheless, the signs of thenodel of the equilibrium polymerizatiof. Essentially, the
parameters are uniquely determined, and certain ratios of panly effect the dimerization parameters describe is the non-
rameters are constrained within narrow ranges, as describegro® at low temperatures.
below in detail for the RO buffer systems. As independent The onset of the trimer/propagation step leads to an in-
experimental measurements of these parameters becorogease ofd with T, which requires both the enthalpy and
available, this analysis can be refined. entropy changes for chain propagation to be posffivas
The Flory—Huggins-type model describes the essentialound for the fitted parameters previously repo®dn in-
behavior of®(T), including the nonzero values at low tem- terestingresult of our analysis is that the signs of the enthalpy
peratures, the increase @ with T, and the occurrence of a and entropy for the activation step in E@), are also posi-
maximum in® at higher temperatures. The nonzdrat low  tive, which means that the activation process also occurs
temperature arises from the dimerization step in our modekubstantially only above a characteristic temperature separate
As temperature increases, the dimerization slowly diminfrom T,. The proximity of the onset of propagatioit
ishes, as reflecte@ee Table IV belowin the negative fitted which ® increasepto the onset of activatiofwhich reduces
enthalpy and entropy changes for dimerization. The fits ar&® by increasing the concentration of activated monopners
especially insensitive to the dimerization parameters, and inleads to the maximum if.2° Specifically, it is necessary for
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TABLE |. Extent of polymerization of rabbit muscle actin in the,® buff
temperatureT.

The polymerization of actin 4079

er as a function of initial G-actin concentration, salt concentration, and

2.93 mg/ml actin 2.00 mg/ml actin 1.00 mg/ml actin
14.3 15.0
T 4.8 mM 9.0 mM T 5.0 9.0 mM T 5.0 9.0 15.0
(°O) KClI mM KCI KCI (°C) mM KCI mM KCI KCI (°O) mM KCI mM KCI mM KCI
0.3 0.080 0.074 0.11 0.4 0.10 0.085 0.088 0.6 0.14 0.13 0.11
3.3 0.061 0.064 0.11 2.7 0.11 0.090 0.084 3.8 0.14 0.12 0.09
5.0 0.062 0.060 0.11 5.0 0.095 0.082 0.051 6.1 0.15 0.13 0.082
6.4 0.058 0.056 0.13 7.1 0.093 0.087 0.034 8.1 0.14 0.12 0.073
8.2 0.054 0.053 0.16 9.7 0.083 0.079 0.036 10.3 0.14 0.11 0.069
10.0 0.054 0.050 0.21 12.5 0.081 0.068 0.033 12.9 0.13 0.099 0.065
115 0.056 0.050 0.29 15.0 0.064 0.064 0.088 15.4 0.12 0.092 0.067
13.0 0.063 0.053 0.39 17.2 0.060 0.063 0.11 175 0.11 0.085 0.077
14.6 0.082 0.066 0.52 19.5 0.056 0.068 0.17 20.0 0.10 0.081 0.098
15.9 0.12 0.10 0.64 22.0 0.052 0.083 0.25 225 0.10 0.079 0.14
18.2 0.19 0.16 0.73 245 0.049 0.12 0.37 24.9 0.097 0.075 0.21
19.7 0.31 0.27 0.80 26.8 0.048 0.20 0.55 27.4 0.093 0.078 0.32
21.0 0.66 0.54 0.84 29.1 0.048 0.29 0.69 30.0 0.085 0.084 0.46
225 0.79 0.74 0.80 313 0.055 0.41 0.83 32.8 0.091 0.11 0.67
23.9 0.72 0.85 0.74 33.6 0.072 0.55 0.91 35.4 0.11 0.15 0.85
25.9 0.60 0.87 0.71 35.7 0.11 0.68 0.94 38.1 0.13 0.21 0.93
27.1 0.48 0.86 0.68 37.9 0.15 0.78 0.93 40.4 0.17 0.30 0.95
28.7 0.43 0.84 0.66 40.2 0.22 0.84 0.89 42.7 0.22 0.43 0.90
30.1 0.36 0.81 0.64 42.0 0.30 0.85 0.84 45.9 0.29 0.56 0.79
314 0.32 0.79 0.63 44.1 0.39 0.83 0.74 48.3 0.38 0.59 0.72
47.0 0.46 0.75 0.70

|AH acd>AH o for the maximum to exist. In other words,
this coupling between the activation and propagation pro-

B. Extent of polymerization measurements
in the D ,O buffer

cesses is responsible for this effect. The dimerization has N0 \easurements have also been made for the extent of

effect on this feature, which would be seen in a model withpolymerization as a function of temperature ip@buffer A
only activation and propagation, subject to the conditionsgt the same actin and KCI concentrations levels as for the

specified.
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FIG. 4. Concentrations of free monomgg], activated monomef,G* ],

and their sum, as functions of temperature, [@,]=2.93 mg/ml and
[KCI]=15 mM, in D,O buffer. These concentrations are obtained from the
fitted parameters in Table IV using the equatiops:®(T)][Go]=[G]
+[G*]; [G* ]=[Glexp(—AHaen+ TAS)/RT}
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H,O buffer measurements. The data are depicted in Figs. 5
and 6 and are presented in Table II.

1. General observations for D ,0O buffers

The overall behavior ofb(T) is similar to that in the
H,O buffer: The value ofb is nonzero at low temperatures,
grows with T over a broad range, achieves a maximum, and
then decreases. As for,B buffer systemsT, decreases as
[KCI] is increased fof Gy] fixed (see Fig. 5 However,
below we describe the differences in the polymerization of
actin between PO and HO buffers:

(1) Figures 6 and 7 and Table Il indicate that for fixed
[KCI] in the D,O buffer, the shift inT, is not monotonic
in[Glo: At 9.0 mM and 15.0 mM KCIT, for 2 mg/ml
actin is higher than is theT, for either 1 mg/ml or 3
mg/ml. For 5.0 mM KCI, the shifts iT, with [G], are
within the scatter of our data. This behavior contrasts
with that for the HO buffer, where the shift i, with
actin concentration is monoton{€ig. 3. Such a maxi-
mum has also been reported in a sol—gel transition*fine.
Table 1l exhibits the difference [T,(D,0)
—Tp(H20)] (°C) between the polymerization tempera-
ture in deuterated and hydrogenated buffers, for various
[KCI] (mM) and[ Ggy] (mg/ml). At high[Gg] and high
[KCI], we find[T,(D,0)—T,(H,0)]>0, while at low
[Go] and low[KCl], the shift changes sigi,T,(D,0)

@
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FIG. 5. Extent of polymerizatio® as a function of temperature for rabbit muscle actin g®buffers forf Gg]=(a) 1.00 mg/ml,(b) 2.00 mg/ml, andc) 2.93
mg/ml, for [KCI]=5.0 mM, 9.0 mM, and 15.0 mM in each case. The lines are the fits of the theory to théseattext

—Tp(H20)]<0. These values of,, taken as the points parts of®(T). Finally, AH;,; and AS;; are selected to lo-
of inflection of ®(T), are uncertain by about2 °C, but  cate the position and height of the maximum in the experi-

the trends are clear. mental®(T).
_ _ While the fits of the four parameters to experiment are
2. Theoretical fits for D ,O buffers not unique, certain ratios of the parameters are found to lie

Table IV displays the fitted parameters for the@  within a fairly narrow range that, of course, varies with the
buffer, and Figs. 5 and 6 include both experimental data andample. The ratid\ H 5o,/ A S, Obtained from good quality
theoretical calculations. The procedure for fitting to thefits remains constant to within at most% for all samples.
®(T) data for the QO buffer is now described. We begin by On the other hand, the ratidH .,/ A S, for each of the
fitting the unknowns in Eq(24) to the low temperature tails samples is determined only to within the larger range of
of ®(T), a procedure that determinddH 5.+ 2AH ., and  *(10—-20%. The parameters for the activation and propaga-
AS4im+ 2AS,,. Although a range of values for these two tion steps are also inter-related. For example, fits for the
quantities reproduces the experimental low temperature posample with [Gg]=1 mg/ml and [KCI]=15 mM yield
tion of ®(T) equally well, the remaining four parameters are AH ,, Within a range of=20% for a givenAH .
quite insensitive to this choice. Thus, a single value is chosen Given an uncertainty of=10% between samples in the
for AHgin+2AH 4oy and ASyim+2AS,ey, and then the re-  experimental data fofT), the theory explains the main fea-
maining four parameters are fitted to the higher temperaturtures of the temperature variation ®(T) quite well. The
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FIG. 6. Extent of polymerizatiod® as a function of temperature for rabbit muscle actin in th® bDuffer for[KCl]=(a) 5.0 mM (b) 9.0 mM, and(c) 15.0
mM, for [Gy]=1.00 mg/ml, 2.00 mg/ml, and 2.93 mg/ml in each case. The lines are the fits of the theory to tkeedatxk

description of the low temperature tail and the unusual higtperature exhibits a maximum, indicating the onset of a net
temperature maximum require the use of a mechanism fadepolymerization at high temperatures. FoCHouffers, the
actin polymerization with at least the three basic steps opolymerization temperaturd],,, decreases as either initial
actin activation, dimerization, and propagatigar their  actin concentration,G,], or [KCI] increases.

equivalents Ratios of free energy parameters are con-  Analogous experiments inJ® buffers display the same
strained fairly narrowly, but individual parameters havequalitative features, except that the shift Bf with actin
larger percentage ranges of acceptable values. Other expegoncentration at constant salt concentration is not monotonic.
mental observable®.g., kinetic data for the same samples aswe do not understand this finding, nor is it evident how this
a function of temperatuyevould be useful to constrain these effect can result from the theoretical model. Also, at low
parameters further. actin concentrations,[Go]=1.0mg/ml, we find that
T,(D20)>T,(H,0), so that the polymerization of actin is
V. CONCLUSIONS greater in DO than in KO buffers at a give. In contrast,

We have performed experiments on rabbit muscle actirat higher salt and actin concentrations, the situation reverses
in H,O buffers at relatively high actin concentrations andto T,(H,O)>Ty(D,0), i.e., higher polymerization occurs in
relatively low KCI concentrations, in the presence of€a H,O buffer at a giveril. Prior measurements on polymeriz-
and ATP. The extent of polymerization as a function of tem-ing proteins(for example, flagellin® tobacco mosaic virus;
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TABLE Il. Extent of polymerization of rabbit muscle actin in the,® buffer as a function of initial G-actin concentration, salt concentration, and

temperatureT.

3.00 mg/ml actin

2.00 mg/ml actin

1.00 mg/ml actin

15.00 15.00
T 5.00 9.00 mM T 5.00 9.00 mM T 5.00 9.00 15.00
() mMKCI  mMKCI  KCl  (C) mMKCI mMKCl  KCI  (*C) mMKCl  mMKCl — mMKCl
0.7 0.13 0.14 0.27 1.0 0.094 0.072 0081 10 0.087 0.086 0.11
4.2 013 013 0.25 4.4 0.094 0.077 0085 4.4 0.084 0.084 0.12
6.7 0.13 0.14 0.24 6.8 0.095 0.077 0088 68 0.087 0.086 0.11
9.0 0.13 0.14 0.24 9.1 0.090 0.076 0082 91 0.079 0.087 0.12
115 013 013 026 111 0.088 0.076 0086 111 0.083 0.084 013
13.9 0.12 0.13 030 137 0.088 0.073 0.086 137 0.081 0.084 0.13
15.7 0.12 0.15 055 154 011 0.076 012 154 0.10 0.088 0.18
17.8 0.12 0.22 077 177 0.11 0.075 014 177 0.11 0.11 0.26
19.8 0.12 0.32 08  19.7 011 0.076 016 197 0.12 0.15 0.38
217 013 0.46 091 220 0.11 0.086 020 220 0.14 0.22 0.50
24.1 0.14 0.53 092 243 0.13 0.096 020 243 0.18 0.33 0.61
25.9 0.15 0.64 096 265 0.15 013 026 265 0.24 0.42 0.68
27.9 0.16 071 098 284 0.18 0.17 034 284 0.29 0.51 0.73
29.9 0.18 0.77 098 305 0.24 0.24 043 305 0.38 0.58 0.74
31.9 021 0.83 098 328 0.33 031 048 328 0.38 0.61 0.74
34.2 0.24 0.86 097 350 0.36 0.37 058 350 0.46 0.65 0.75
36.5 0.29 0.89 098 376 0.43 0.43 063 376 0.52 0.67 0.73
40.1 0.34 0.88 095 411 0.42 0.46 065 411 0.55 0.67 071
44.0 0.41 0.83 093 439 0.38 051 065 439 0.56 0.64 0.66
47.0 0.35 053 061 470 0.69

and tubulin?) indicate that a BO buffer promotes polymer-
ization. The only prior study for actifchicken muscle
actirr® at 0.3 mg/ml actin with 100 mM KCI and 2 mM
MgCl,) reports identical extents of polymerization fop®

etc., on the differences between these buffers remain to be
studied further.

The origin of the driving force for actin polymerization
is the increasein entropy that results when the monomers

and D,O buffers. Our experimental results demonstrate thagome together to form polymers. The increase in entropy is
the shift from HO to D,O buffers is not a minor perturba- thought to be due to the release of hydrogen bonds between
tion on protein behavior as is sometimes assumed. The conthe actin monomers and water and subsequent formation of
petitive influences of hydrogen bonding, salt concentrationhydrophobic associations between the monomers in the poly-

34 e . e . . steps of the polymerization. Deuterium bonds are known to
be stronger than protonated hydrogen botids they would
321 1 favor the depolymerizatiofi.e., G-actin. The extent of hy-
30 3 3 drophobic interactions changes with the formation of F-actin,
‘ due to the alterations in the local surface area exposed to
28 4 L
26 : _ o .
TABLE lIl. Experimental polymerization temperatureg,, for various
o 241 / \\ N P samples with different concentrations of KCI and initial G-acfig.values
U s \\ AN were determined from the points of inflection of the extent of polymeriza-
22 4 ,’ \\ L tion, ®, as a function off. The uncertainties i, are +(2—-3) °C. SomeT,
\\ values could not be determined because®{d@) did not extend to a suf-
20 4 \ - ficiently high T.
\ L
18 \ s [Kel] [Gol Ty(H:0)  Ty(D;0) Ty(D;0)
—e— [KC= SmM N\ (mM)  (mg/ml) (°C) 0 ~Tp(H0)
16 1 —-o0— = 9mM 2
g =15 mM 5.00 3.00 21
14 1 g 9.00 3.00 20 22 2
12 15.00 3.00 13 16 3
' ’ j ) ’ 5.00 2.00 39 28 —-11
05 10 18 20 25 30 35 9.00 2.00 32 29 -3
[Go] 15.00 2.00 28 30 2
5.00 1.00 30
FIG. 7. Polymerization temperaturds, in D,O buffers, as a function of 9.00 1.00 41 25 -16
[Go] for fixed [KCI]. The error bars folr, are estimated at2 °C, based on 15.00 1.00 31 21 -10

mer. The deuteration of the water changes the interactions
significantly and thus alter the energies and entropies of the

Fig. 1(c).
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TABLE IV. Free energy parameters for the polymerization of actin in th® Buffer, as obtained from fits to

theory.
Parameter§KCl] (mM)= 5 9 15
[Go] (mg/ml)= 1 2 1 2 3 1 2 3

AHY2,,, (kd/mol) 110 145 130 100 250 150 150 300
ASY., (3/mol K) 356 468 417 328 798 494 472 980
AHS,., (kd/mol) —-220 —290 -—-260 —200 -500 —300 —300 -613
Asgim (J/mol K) —606 —834 —728 555 —1494 888 —844 —1897
AHl;?mp(kJ/mol) 80 90 70 100 90 100 60 160
A S0 (3/mol K) 410 434 379 469 441 486 337 692
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