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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 polymerization,F,
of rabbit muscle actin as a function of temperature@T5(0 – 35) °C#, initial G-actin concentration
@@G0#5(1 – 3) mg/ml#, and initiating salt concentration@@KCl#5~5–15! mmol/l with bound Ca21],
in H2O and D2O buffers and in the presence of adenosine triphosphate~ATP!. A preliminary account
of the data and analysis for H2O buffers has appeared previously@P. S. Niranjan, J. G. Forbes, S. C.
Greer, J. Dudowicz, K. F. Freed, and J. F. Douglas, J. Chem. Phys.114, 10573~2001!#. We describe
the details of the studies for H2O buffers, together with new data and analysis for D2O buffers. The
measurements show a maximum inF(T) for H2O buffers and D2O buffers. For H2O buffers,Tp

decreases as either@G0# or @KCl# increases. For D2O buffers,Tp decreases as@KCl# increases, but
Tp is not monotonic in@G0#. 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 nonmonotonic variation ofF(T). The actin
polymerization in D2O buffer differs considerably from that in the H2O buffer and underscores the
significant deuterium effect on hydrophobic interactions and hydrogen bonding in the
polymerization process. ©2003 American Institute of Physics.@DOI: 10.1063/1.1592499#
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I. INTRODUCTION

The manifold of biological functions for the protein act
arises from the control of the polymerization of monome
globular G-actin into polymeric filaments of F-actin.1,2 The
concentration of actin in the cytoplasm of nonmuscle cell
about ~1–5! mg/ml, with up to half of the actin in the
unpolymerized state.3 Numerous studies focus on how reg
latory proteins~e.g., capping, cross-linking, polymerizing
and depolymerizing, nucleating, etc.! control actin polymer-
ization under physiological conditions.4,5 Although many
regulatory proteins have been identified, there is limited
derstanding of how they act concertedly on actin to prod
complex nonequilibrium processes, such as cell protrus
and movement.6 Recent studies of the role of actin polyme
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ization in cell migration have suggested that changes
thermodynamic variables, such as temperature and con
trations, could play a role in regulating acti
polymerization.7,8 This hypothesis is motivated by the su
position that polymerization occurs in an environment
which there are local spatial gradients and temporal osc
tions in the concentrations of actin monomer, salts, and re
latory proteins.7,9 The polymerization transition of actin i
sensitive to these thermodynamic variables, and it is imp
tant to quantify how changes in these solution variables
fluence actin polymerization.

Thus, we focus here on the influence of temperature,
concentration, and total G-actin concentration in the regu
tion of actin polymerization. The reversible polymerizatio
of actin has most often been considered at a fixed temp
ture, as the concentration of initial G-actin is increased t
‘‘critical concentration’’ in the presence of activating sal
that catalyze the reaction by a mechanism not yet fu
il:
0 © 2003 American Institute of Physics
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understood.10 If, instead, we fix the initial actin and salt con
centrations and vary temperature,11 then the polymerization
beyond the dimer stage commences at a ‘‘flo
temperature,’’12 or ‘‘polymerization temperature,’’Tp . The
reversible polymerization of actin can be viewed as
rounded phase transition, like similar polymerizations in
ganic and inorganic systems and as found in systems
applied fields and finite size constraints.13–16

A key variable in treating reversible polymerization
from a phase transition perspective is the extent of polym
ization, F, which is the fraction of the initial monomer tha
has been incorporated into polymers at equilibrium at e
temperature,T.17 The extent of polymerization can b
viewed loosely as a kind of ‘‘order parameter,’’18 and is im-
portant in the theories of reversible polymerizations.13,16 In
this paper,Tp is designated as the temperature correspond
to the inflection point in F(T). As will be shown
elsewhere,19 the theory of equilibrium polymerization de
scribed below predicts that the temperature of the inflec
point can be distinct from the temperature at which the h
capacity has a maximum, so that the definition ofTp is not
unique. However, we expect that these two temperatures
exhibit similar trends.

We present a study ofF for rabbit muscle actin as a
function of the initial concentration@G0# of G-actin, of the
concentration@KCl# of initiating salt, and of temperature,T,
in H2O and D2O buffers, prepared with one Ca21 counterion
bound to each monomer and in solution with adenos
triphosphate~ATP!. A preliminary report on the data for H2O
buffers has appeared.20 We describe here the details of th
studies for H2O buffers, together with new data and analy
for D2O buffers. While studies of the critical concentratio
of actin at fixedT ~25 °C! have been published~see review in
Ivkov et al.11!, those experiments use rather high fixed s
concentrations~'100 mM! ~Ref. 21! and rather low initial
actin @G0# concentrations~,0.3 mg/ml!. Our experiments,
in contrast, span@G0# values of~1–3! mg/ml ~23–69mM!,
the range found in living cells.3,22 The concentrations@KCl#
in our experiments~5 mM, 9 mM, and 15 mM! are lower
than in previous work10,23,24and are chosen so that the pol
merization temperatures are in an experimentally access
range of~0–35! °C. These salt concentrations are lower th
the average salt concentrations in living cells,25 but cell con-
tents are not homogeneous and lower salt concentrat
may exist in different cellular regions.

At every fixed@G0# and @KCl#, we observe an increas
of F as the temperature reachesTp , followed by an maxi-
mum in F aboveTp . This maximum was not anticipated
since measurements ofF for polymerizations in organic sys
tems vary monotonically, exhibiting a plateau in the po
merized region.17 This feature has not been noted before
actin, although there is evidence in neutron scatter
studies.11 We suggest that it has not been noted becausT
was not often been varied in earlier measurements.

The polymerization of actin is described with a statistic
mechanical model of the Flory–Huggins-type.26 The poly-
merization mechanism includes an activation of the mo
mer, a dimerization of two activated species, the formation
a trimer as the smallest propagating oligomer, and the pro
Downloaded 25 Aug 2003 to 129.6.154.32. Redistribution subject to AI
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gation of trimers into higher order polymers occurring abo
a polymerization temperature,Tp . Several different poly-
merization mechanisms produce identical calculated a
equilibrium mass distributions, but the essential steps of
reaction process seem to be robust—an activation of mo
mer, reversible dimerization of activated monomer, a
propagation to form long chains. With three adjustable
thalpy parameters and three adjustable entropy parame
the model provides a very satisfactory description of the
perimental data.

We also present studies of the thermodynamics of a
polymerization in a deuterated aqueous buffer. In living ce
the aqueous environment is certainly not deuterated. H
ever, the shift from H2O to D2O is accompanied by change
in hydrogen bond strength and in hydrophobic interactio
and the analysis of these phenomena provides clues con
ing the complex interactions between water and actin. T
deuteration effect on the hydrogen bonding in the water
between the water and the protein can alter the basic in
actions controlling the polymer association. Thus, deute
tion is not a small perturbation of the solution characteristi
as the actin data demonstrate. In addition, D2O is used in a
variety of studies on proteins~e.g., neutron scattering
nuclear magnetic resonance, kinetics!, so it is important to
understand the behavior of proteins in deuterium oxide.

II. THEORY: LATTICE MODEL OF ACTIN
POLYMERIZATION

Initially, the system is composed ofn1
0 monomers of

G-actin,nKCl molecules of salt~KCl!, andns molecules of
H2O. The first stage of actin polymerization is believed
involve activation and dimerization of initiated acti
monomers,4,27 followed by the growth of F-actin
filaments.1,28 The activated monomers and dimers react
form trimers~the ‘‘nucleus’’!, and the trimers associate wit
monomers to yield higher mass polymers.10 We consider ac-
tin solutions where these processes occur under equilibr
conditions. Several mechanisms are found to produce
same equilibrium relative molecular mass distribution up
redefinition of free energy parameters. The theory is illu
trated first with one model before specifying some ess
tially equivalent alternatives. The first model is based on
minimal reaction scheme,

A1�A1* ~monomer activation!, ~1!

A1* 1A1*�A2 ~dimerization!, ~2!

A21A1*�A3 ~ trimer formation!, ~3!

Ai1A1�Ai 11 , i 53,4,...,̀ ~propagation!, ~4!

whereA1 designates a G-actin monomer, an asterisk den
an activated species, and the subscripti indicates the degree
of polymerization. Activation is thought to be triggered by
conformational change of the actin monomer through
binding.29 A similar hierarchy of reactions for actin polyme
ization is employed by Cooperet al. in kinetic studies of
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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actin polymerization,29 and the evidence for this reactio
scheme is discussed elsewhere.1,4,27,28,30

For simplicity, the free energies associated with t
propagation reactions~3! and ~4! are taken as identical, s
the distribution of actin species at a givenT is governed by
three equilibrium constants or, equivalently, by three f
energies: the free energy of activationD f actv5Dhactv

2TDsactv, the free energy of dimerizationD f dim5Dhdim

2TDsdim , and the free energy of propagationD f prop

5Dhprop2TDsprop. At equilibrium, the system containsn1

unreacted monomersA1 , n1* activated monomersA1* , $ni%
polymers$Ai% ( i 52,3,...,̀ ), andns solvent molecules. The
conservation of actin mass constraint requires thatn1* and
$ni% are related to the initial numbern1

0 of G-actin monomers
by

n1
05n1* 1(

i 51

`

ini . ~5!

The equilibrium system is described by an incompre
ible Flory–Huggins~FH! type lattice model15,16 in which
eachAi species occupiesi lattice sites and each solvent mo
ecule covers a single lattice site. Thus, the total numberNl of
lattice sites is written in terms of the numbers for the in
vidual species as

Nl5ns1n1* 1(
i 51

`

ini5ns1n1
0, ~6!

where we have ignored the volume occupied by the salt m
ecules and by the other components of the buffer solution
addition, despite the huge size disparity between water m
ecules and G-actin monomers, the treatment allowing an
tin monomer to occupy a much larger number of lattice s
than individual solvent molecules can be transcribed into
final equations~presented below in terms of volume fra
tions! through a redefinition of the apparent reaction ent
pies~see below!. A prior communication20 presents a deriva
tion of the equilibrium fractionF of G-actin converted to
actin polymers, based solely on the application of the law
mass action to Eqs.~1!–~4!. However, here we provide
more general derivation that involves computing the free
ergy of the system, an approach that enables the determ
tion of diverse equilibrium thermodynamic properties of a
tin solutions.

The total Helmholtz free energyF for the system in the
FH model for stiff associating polymers is given by16,26

F

NlkBT
5 f salt1fs ln fs1f1* ln f1* 1(

i 51

`
f i

i
ln f i

1fsf1* x1fsx(
i 51

`

f i1f1* f 1* 1(
i 52

`

f i f i , ~7!

where fs5ns /Nl , f1* 5n1* /Nl , and $f i5 ini /Nl% denote
the volume fractions for the solvent, the activated ac
monomers, and actin polymers, respectively,x designates the
monomer–solvent interaction parameter,f i is the dimension-
less specific free energy of ani -mer, f 1* is the analogous free
energy for an activated monomer, andkB is the Boltzmann
constant. The quantityf salt contains the translational an
Downloaded 25 Aug 2003 to 129.6.154.32. Redistribution subject to AI
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electrostatic free energies of the added salt and is take
independent of the concentrations of actin species. Contr
tions to the electrostatic energy that depend on the actin c
centration$f i% are subsumed inf i , which implies that the
free energy parameters of reactions~1!–~4! that are included
in f i may depend on salt and G-actin concentrations. T
specific free energiesf 1* and $ f i% are quoted below in Eqs
~14!–~16!, while the quantitiesf 1 and f s ~corresponding to
an unactivated actin monomer and the solvent, respectiv!
are taken as vanishing identically~defining the zero of en-
ergy! and are, therefore, absent in Eq.~7!. The mass conser
vation constraint from Eq.~5! can be conveniently reex
pressed in terms of volume fractions as

f1
05f1* 1(

i 51

`

f i , ~8!

wheref1
05n1

0/Nl .
The condition of chemical equilibrium imposes the fo

lowing relations between the chemical potentialsm1 , m1* ,
andm i , where the subscripts 1 andi represent, respectively
the monomerA1 and i -mer Ai and where the asterisk refer
to the activated species,

m15m1* , ~9!

and

m i5 im1 , i 52,3,...,̀ . ~10!

On the other hand, the chemical potentialsm i can be calcu-
lated directly from the free energy of Eq.~7! as,

1

kBT
~m i2 ims!5

]~F/kBT!

]ni
U

T,Nl ,nj Þ i

. ~11!

The exchange chemical potentialm i
ex5m i2 ims ~with ms the

solvent chemical potential! emerges from Eq.~7! as a conse-
quence of the assumed incompressibility of the system. A
some algebra, the equilibrium conditions in Eqs.~9! and~10!
reduce to

lnFf1*

f1
G52 f 1* , ~12!

and

lnF f i

f1
i G5 i 212 i f i , i 52,3,...,̀ . ~13!

The specific energiesf 1* , f 2 , and f i ( i 53,4,...,̀ ) are ob-
tained by appending to the expression appropriate to Flo
Huggins theory for semiflexible linear polymers31 the free
energies of the reaction processes from Eqs.~1!–~4!. Thus,
we have

f 1* 5D f actv/kBT, ~14!

f 25~1/2!ln@2/~2z!#1~1/2!

1~1/2!~2D f actv1D f dim!/kBT, ~15!

and
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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f i5
1

i
lnF 2

ziG1
i 21

i
1

3

i

D f actv

kBT
1

1

i

D f dim

kBT

1
i 22

i

D f prop

kBT
, i>3, ~16!

where z is the lattice coordination number, whileD f actv,
D f dim , andD f prop designate the free energy changes due
the activation, dimerization, and propagation step, resp
tively. Combining Eqs.~12!–~13! and~14!–~16! leads to the
compact expressions for the volume fractionsf1* andf i ,

f1* 5f1 exp~2D f actv/kBT!, ~17!

f252f1
2 exp@2~2D f actv1D f dim!/kBT!], ~18!

and

f i5 iCAi , ~ i 53,4,...,̀ !, ~19!

with the quantityA given by

A5f1 exp~2D f prop/kBT! ~20!

and with the prefactorC as

C5~z/2!exp@2~3D f actv1D f dim22D f prop!/kBT#. ~21!

The extent of polymerization,F, is the fraction of mono-
mers converted into polymers,

F5~f1
02f12f1* !/f1

0, ~22!

wheref1
0[@G0# is the initial G-actin volume fraction befor

polymerization, andf1 andf1* are the equilibrium volume
fractions of nonactivated and activated actin monomers,
spectively. Conservation of actin mass from Eq.~8! can be
conveniently rewritten as

f1
05f11f1* 1f21(

i 53

`

f i . ~23!

Substituting Eqs.~17!–~21! into Eq.~23! and performing the
summation yield,

f1
05f11f1 exp~2D f actv/kBT!12f1

2 exp@2~2D f actv

1D f dim!/kBT#1
CA3

~12A!2
~322A!, ~24!

with A and C defined by Eqs.~20! and ~21!, respectively.
Equation ~24! is solved numerically for the equilibrium
G-actin monomer volume fractionf1 in terms the dimen-
sionless free energiesD f actv/kBT, D f dim /kBT, and
D f prop/kBT. Invoking the standard relationD f 5Dh2TDs
enables the computation ofF(T) as a function ofT for a
given set of enthalpies and entropies for activation, dim
ization, and propagation. These six adjustable paramete
the theory are taken as temperature independent quantiti
simplify the analysis of experimental data, but, in gene
they may vary with temperature.

Alternative mechanisms: Several alternative mechanism
lead to the same final computed equilibrium properties a
a redefinition of various free energies, and now we pres
Downloaded 25 Aug 2003 to 129.6.154.32. Redistribution subject to AI
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two illustrative examples. Consider, for instance, a mec
nism in which the monomerA1 in step~4! is replaced by the
activated monomerA1* . The distribution of actin clusters is
still governed by the scaling in Eq.~19!, with the quantitiesA
andC renormalized to equal,

A85f1 exp~2~D f prop8 1D f actv8 !/kBT!, ~25!

C85~z/2!exp@2~D f dim8 22D f prop8 !/kBT#, ~26!

where the new free energy parametersD f actv8 , D f dim8 , and
D f prop8 are related to those present in Eqs.~20! and ~21! by

D f actv8 5D f actv, ~27!

D f dim8 5D f dim1D f actv, ~28!

D f prop8 5D f prop2D f actv. ~29!

Within this redefinition procedure, only the concentrations
actin dimers differ slightly because the distributionf i

5 iC8(A8) i applies for i>3 in Eq. ~19!. Another possible
model, such as one involving the presence of only n
activated actin monomers in steps~3! and ~4! and a single
activated actin monomer in step~2! may also be shown a
equivalent to those described above after introducing an
propriate renormalization of the free energy parameters. T
equivalence of several models leaves intact the fact that a
the related mechanisms contain three essential steps, ac
tion, reversible dimer formation, and chain propagation.

The theoretical computations given above specify the
tin monomer as providing the unit of volume, i.e., of occ
pying a single lattice site, so, effectively,n water molecules
are taken to occupy a single lattice site, wheren is the ratio
of the actin to water molecule volumes. This specificati
has also been chosen because the ration is not well known.
Alternatively, individual water molecules can be assigned
single lattice sites, whereupon the actin monomer must
cupy n lattice sites. The free energy expression in Eq.~7!
then becomes replaced by

F

NlkBT
5 f salt1fs ln fs1

f1*

n
ln f1* 1(

i 51

`
f i

in
ln f i

1fsf1* x1fsx(
i 51

`

f i1f1* f 1* 1(
i 52

`

f i f i ,

~30!

where fs5ns /Nl , f1* 5nn1* /Nl , and $f i%5 inni /Nl and
where

f 25~1/2n!ln@2/~2zn!#1~@2n21#/2n!

1~1/2n!~2D f actv1D f dim!/kBT, ~31!

and

f i5
1

in
lnF 2

zinG1
in21

in
1

3

in

D f actv

kBT
1

1

in

D f dim

kBT

1
i 22

in

D f prop

kBT
, i>3. ~32!
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The final distribution emerges with the identical scaling b
havior of Eq.~19!, except thatA9 andC9 are given by

A95f1~1/n!exp~2D f prop9 /kBT!, ~33!

C95~zn/2!exp@2~3D f actv1D f dim9 22D f prop9 !/kBT#.
~34!

This equivalence implies that the threeDH are identical be-
tween the two models, but the entropies for two of the re
tions are redefined as

DSdim9 5DSdim2kB ln n, ~35!

DSprop9 5DSprop2kB ln n. ~36!

The molecular interpretation of these entropies must thus
considered carefully and critically. Independent experimen
determinations of these parameters are desirable, but a
challenge at this time.

III. EXPERIMENTAL METHODS

A. General

Pyrene-labeled actin fluoresces significantly more in
polymerized state than in the unpolymerized state. Thus,
measurement of pyrene fluorescence is the most sens
and accurate assay for actin polymerization.32,33The fluores-
cence of actin samples with 3%~by mass! pyrene labeling, in
buffer with initiating salt, is measured as the temperature
increased. This method differs from earlier approach
where the temperature is held fixed and salt is added to d
the polymerization: Here the salt is present in the init
sample, and temperature is used to drive the polymeriza
After completion of the measurements, each sample is c
pletely polymerized in order to scale the measurements
to convert the fluorescence intensities into extents of po
merization.

The fluorescence labeling procedure rests on the
sumption that the pyrene-labeling of the actin does
change its thermodynamic properties. This assumption
supported by~1! the consistency of these measurements
Tp from F(T) on pyrene-labeled actin in H2O buffers with
determinations ofTp on unlabeled actin samples using pr
cision mass densimetry,34 ~2! by the consistency of theseF
measurements ofTp for pyrene-labeled actin in D2O buffers
with determinations ofTp for unlabeled actin samples i
D2O buffers using small angle neutron scattering,11 and ~3!
by published tests of this assumption.33

B. Actin preparation

1. General

The purification procedure for actin has been descri
in detail in our previous work.11,35 All vessels used in the
actin purification are of plastic, except for the gla
Sephacryl column,36 since protein adheres to glass and sin
glass also induces the polymerization of actin.35 Rabbit
muscle acetone powder is prepared from fresh rabbit tis
as described by Pardee and Spudich.37 The actin is extracted
from the acetone powder into buffer A@4 mM tris, 0.2 mM
Na2ATP, 0.5 mM 2-mercaptoethanol, 0.2 mM CaCl2 ,
Downloaded 25 Aug 2003 to 129.6.154.32. Redistribution subject to AI
-

-

e
al

a

e
e

ive

is
s,
ve
l
n.
-

nd
-

s-
t
is
f

d

e

ue

0.005% NaN3, in nanopure H2O] and adjusted with HCl~aq!
to a finalpH of 8.0 at 24 °C. The resulting G-actin solution
polymerized by adding KCl to a final concentration of 5
mM, by increasing the ATP concentration to 1 mM and
adjusting the MgCl2 concentration to 2 mM. The solution i
stored at 4 °C as F-actin stock solution at about 3 mg/m
actin.

The stock solution is diluted to about 0.5 mg/ml acti
more KCl, ATP, and MgCl2 are added to ensure full poly
merization, and the solution is ultracentrifuged at 150 0003g
to make a pellet of F-actin. The pellet is resuspended
buffer A, and then depolymerized by dialysis in a collodio
bag~13 000 molecular mass cut-off, Schleicher and Schu!
against buffer A at 4 °C with rapid stirring, for'12 h. The
resulting G-actin solution is then centrifuged at 120 0003g
for 1.5 h at 4 °C to pellet any remaining F-actin. The sup
natant solution of G-actin is further purified by size excl
sion chromatography~Sephacryl S-200, Amersham Pharm
cia Biotech, Piscataway, NJ!, using buffer A. If necessary
the actin solution is concentrated by use of a centrico
~Amicon Filtration, Millipore, Bedford, MA; molecular mas
cut-off512 000!.11 The purified G-actin is studied within
48 h.

2. D2O buffer

For the experiments in the D2O buffer, the purified pro-
tein sample in the H2O buffer A is dialyzed against a D2O
buffer, using the materials and procedure described by Iv
et al.11 The final stage of dialysis is against a buffer ma
from 99.9% by mass deuterated D2O.

3. Pyrene labeling

The method of Kouyama and Mihashi38 is used to label
the actin. F-actin stock solution is diluted to 1 mg/ml, com
pletely polymerized by adding KCl, ATP, and MgCl2 , and
then dialyzed against buffer A plus KCl, ATP, and MgC2

~but with no 2-mercaptoethanol, because 2-mercaptoeth
inhibits the binding of the dye!. N-~1-pyrenyl!iodoacetamide
~Molecular Probes, Eugene, OR; 4 mM in 33 mass %
etone167 mass % dioxane! is added to the dialyzed F-acti
solution in a 4:1 molar ratio of dye to actin, and allowed
react for 12 h on ice. Dithiothreitol is added to a final co
centration of 1 mM to quench the unreacted dye. The sam
is then ultracentrifuged at 120 0003 g for 1.5 h at 4 °C. The
resulting yellow pellet is homogenized and depolymeriz
by dialysis against buffer A, as described above. The d
lyzed, labeled G-actin is purified on a Sephacryl column
above. The labeled G-actin concentration is calculated
measuring the UV absorbance at 344 nm and by using
extinction coefficient38 of 2.23104 mol21 cm21.

The labeled and purified G-actin is mixed with unlabel
purified G-actin to produce a mixture of 3% by mass labe
actin and 97% by mass unlabeled actin.

4. Actin analysis

G-actin concentrations are determined from the UV a
sorbance at 290 nm, using an extinction coefficient39 of
e29050.63 cm3/mg and subtracting the absorbance at 330
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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to correct for scattering. Actin purity is assessed by sodi
dodecyl sulfate-polyacrylamide gel electrophoresis~SDS-
PAGE!. The actin purity is analyzed before and after each
the experiments described below. All analyses find pu
.95%.

5. Final steps

The initiating salt, KCl, is added to the actin in buffer
0 °C, and the final solution is maintained at 0 °C for 6–8
before experiments are begun.

C. Measurement of the extent of polymerization

We have established35 that glass cells influence the po
lymerization of actin and can even initiate the polymeriz
tion of actin, in the absence of any initiating salt. Therefo
the spectrometer cells used in this work are made fr
‘‘Spectrosil vitreous silica’’~Starna Cells, Inc.!, a synthetic
quartz. The optical windows of these cells are of Spectr
and the other walls of Vitreosil. The cells have been co
structed by fusing the walls; no adhesives are present.
cells have interior dimensions of 4 mm34 mm345 mm, and
nominal volumes of 0.56 ml. The cells are rinsed seve
times with 10% HCl and then cleaned by sonication
deionized nanopure water. All cells are oven dried at 120
before use. Cells filled with nanopure water show no flu
rescence at 407 nm.

The fluorescence intensity is measured by an Amin
Bowman Series 2 Luminescence Spectrometer~Thermo
Spectronic, Rochester, NY!, fitted with a monochromator fo
the emitted light. The excitation wavelengthlex is set at 365
nm, resulting in emission wavelengths atlem5387 and 407
nm. For each G-actin solution containing KCl, the expe
ment is started at 0.5 °C, and the temperature is raise
steps of 2 °C to a maximum of~30–48! °C. At each tempera-
ture, the fluorescence signal at 407 nm,I (T), is followed as
a function of time until it reaches a steady-state, which
quires about 25 min.35,40Figure 1~a! presents a typical equili
bration curve.

After the maximum temperature is reached, the sam
is completely polymerized by bringing the concentration
MgCl2 to 15 mM. The fluorescence intensity at 407 nm me
sured from this fully polymerized sample is denoted asI F .
Typical measurements ofI F are presented in Fig. 1~b! and
indicate thatI F does not change appreciably with tempe
ture. For one sample in H2O buffer and one in D2O buffer,
each with@G0#53 mg/ml and@KCl#50.0, the fluorescence
intensity at 407 nm is measured as a function ofT and is
denoted byI G(T). These data at 3 mg/ml are used to analy
all the samples@see Eq.~37!# by scaling to the appropriat
@G0# ~e.g., by multiplying by 2/3 for@G0#52 mg/ml). Fig-
ure 1~b! shows thatI G(T) is small and depends little o
temperature. The extent of polymerization as a function oT,
F(T), is calculated from the expression,

I ~T!5F~T!I F1@12F~T!#I G~T!8, ~37!

whereI G(T)8 is I G(T), scaled to the@G0# of the particular
sample.
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The temperature is controlled to60.1 °C by circulating a
mixture of water and ethylene glycol around the sample c
The temperature is measured with a resolution of60.1 °C by
a thermocouple placed at the cell.

Experimental uncertainties: The uncertainty of the tem
perature measurement is60.1 °C, which can be taken a
three standard deviations. The fluorescence intensity ca
measured with an instrumental resolution of four significa
figures. The scatter in the data for a given sample is 5
10%. The reproducibility for separate sample preparati
ranges between 10%–20%~see below!. We therefore report
experimental values for the extent of polymerization to tw
significant figures, to which we assign a precision of 10
and an uncertainty of 20%.

IV. EXPERIMENTAL RESULTS

A. Extent of polymerization measurements
in the H 2O buffer

1. General observations for H 2O buffers

Measurements ofF(T) are made in H2O buffer A at
three actin concentrations~1.0 mg/ml, 2.0 mg/ml, and 2.9
mg/ml!, and, for each actin concentration, at three KCl co
centrations~nominally 5, 9, and 15 mM!. Figure 1~c! illus-
trates the reproducibility of these measurements on two
ferent samples of actin, prepared at two different times fr
two different protein samples: While there is some differen
in F(T) between the two actin samples of Fig. 1, the qua
tative behavior is the same, and this level of reproducibi
is good~10%–20%!, given the inherent variability of protein
preparations.

The data forF(T) in the H2O buffer are displayed in
Figs. 2 and 3 and are presented in Table I. Figure 2 shows
data for@G0# fixed, and three different KCl concentration
while Fig. 3 depictsF(T) for @KCl# fixed and@G0# variable.
Figures 2 and 3 confirm the expected increase inF(T) as the
temperature approachesTp . We further note that:

~1! The polymerization transition occurs over a broad ran
of T ~10–20 °C!. Recall thatTp is operationally defined
as the point of inflection ofF(T).16

~2! Figure 2 indicates thatTp diminishes as@KCl# increases.
The exact role of the salt in the polymerization mech
nism is not fully understood, but these experiments s
gest that the enthalpies and entropies of the chain a
vation and propagation are modified by the salt. This
not surprising, since the actin monomer is a high
charged polyampholyte and the addition of salt scre
the electrostatic interactions of the monomers from o
another, modifies the counterion clouds, and may e
affect the monomer conformation~see below!.

~3! Figure 3 indicates thatTp decreases as@G0# increases.
This behavior is expected for a system for which t
enthalpy and entropy changes for the propagation re
tion are positive.41

~4! F(T) increases to a maximum and then decrease
higher temperature. As first reported in our own br
note,20 this nonmonotonic variation is not due to the de
radation of the protein because, as mentioned above
analyze the protein by gel electrophoresis before and
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 1. ~a! Fluorescence intensity~in arbitrary units! as a function of time for rabbit muscle action (@G0#52.93 mg/ml,@KCl#54.78 mM! in the H2O buffer.
~b! Fluorescence intensity~in arbitrary units! as a function of temperature for~d! unpolymerized G-actin (@G0#53.02 mg/ml) in the H2O buffer with no
added KCl, and~s! for fully polymerized F-actin (@G0#53.05 mg/ml) in the H2O buffer ~@KCl#55.00 mM,@MgCl2#515 mM). ~c! Extent of polymerization
F as a function of temperature for two actin samples in the H2O buffer. The samples from two different tissue preparations have nearly the same@G0# ~h
@G0#53.02 mg/ml andj @G0#52.93 mg/ml) and@KCl# ~5 mM!, to illustrate the reproducibility of the measurements.
sib
g,
t

s,
i

r
a

g

xi

er

of

d

ter each experiment, and see no change. For rever
living polymerizations of synthetic polymers on coolin
F(T) increases to a plateau and does not exhibi
maximum.16,17 The maximum inF(T) for actin indi-
cates a net depolymerization at higher temperature
behavior that is reminiscent of the maximum observed
measurements of the viscosity of polymerizing sulfu42

and in computer simulations of the extent of polymeriz
tion of sulfur.43 For actin, neutron scatterin
experiments11 and mass density measurements34 also
show evidence of such a maximum inF(T).

As explained in our previous Communication, the ma
Downloaded 25 Aug 2003 to 129.6.154.32. Redistribution subject to AI
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mum inF(T) arises from the competition between monom
activation and chain propagation.20 Figure 4 illustrates this
effect explicitly through a comparison of the concentration
activated monomer,@G* #, as a function ofT with the con-
centration of unactivated monomer,@G#, and the sum@G* #
1@G#. Evidently the increase in@G* # and the decrease in
@G# result in a minimum in@G* #1@G# that corresponds to
the maximum inF(T). AlthoughTp is monotonic in@G#, the
decrease ofF upon heating effectively corresponds to a kin
of ‘‘re-entrancy’’ of the phase transition.

~5! F(T) is nonzero even well belowTp . The well-known
reversible formation of dimers by actin27,44is included in
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 2. Extent of polymerizationF as a function of temperature for rabbit muscle actin in H2O buffers at fixed initial concentrations of G-actin,@G0#5~a!
1.00 mg/ml,~b! 2.00 mg/ml, and~c! 2.93 mg/ml, for three@KCl# values55.0 mM, 9.0 mM, and 15.0 mM in each case. The line is the fit of the theory to
data~see text!.
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the theoretical model and accounts for this low tempe
ture polymerization.27,45

~6! The fluorescence intensity (I F) for a fully polymerized
actin sample increases with@KCl#. The increase is larges
for the 2.9 mg/ml actin solution whereI F50.92 for
@KCl#54.8 mM, 1.6 for 9.0 mM, and 1.7 for 14.3 mM.40

Since the change in fluorescence upon polymerizatio
thought to be due to a change in the G-actin cleft n
Cys-374,46 then our observation suggests that salt is
strumental in that change in conformation.

~7! Because of the coupling between the propagation and
activation, as mentioned in item~4! above and as dis
cussed further below, the Van’t Hoff plots that are co
mon in biochemical studies10,24,47are not appropriate fo
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polymerizing actin. This issue will be discussed in det
from a theoretical standpoint in a separate paper.19

2. Comparision to the theoretical model
for H 2O buffers

The results for the H2O buffer are discussed in our ea
lier report, which included a table of fitted parameters.20 Fig-
ures 2 and 3 show theoretical fits to experimental data
F(T). The free energy parameters are fitted by apply
Eqs. ~23! and ~24! to each@KCl#/@G0# data set separatel
and by visual inspection. A more formal least-squares fit
the data has not been deemed appropriate, given the u
tainty of the measurements. The fits are, however,
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 3. Extent of polymerizationF as a function of temperature for rabbit muscle actin in H2O buffers at fixed@KCl#5~a! 5.0 mM, ~b! 9.0 mM, and~c! 15.0
mM, for @G0#51.00 mg/ml, 2.00 mg/ml, and 2.93 mg/ml in each case. The line is the fit of the theory to the data~see text!.
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unique. A range of free energy parameters describes the
for a given sample equally well. Nonetheless, the signs of
parameters are uniquely determined, and certain ratios o
rameters are constrained within narrow ranges, as descr
below in detail for the D2O buffer systems. As independe
experimental measurements of these parameters bec
available, this analysis can be refined.

The Flory–Huggins-type model describes the essen
behavior ofF(T), including the nonzero values at low tem
peratures, the increase inF with T, and the occurrence of
maximum inF at higher temperatures. The nonzeroF at low
temperature arises from the dimerization step in our mo
As temperature increases, the dimerization slowly dim
ishes, as reflected~see Table IV below! in the negative fitted
enthalpy and entropy changes for dimerization. The fits
especially insensitive to the dimerization parameters, and
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deed the dimerization could be neglected in a first or
model of the equilibrium polymerization.48 Essentially, the
only effect the dimerization parameters describe is the n
zeroF at low temperatures.

The onset of the trimer/propagation step leads to an
crease ofF with T, which requires both the enthalpy an
entropy changes for chain propagation to be positive,48 as
found for the fitted parameters previously reported.20 An in-
terestingresult of our analysis is that the signs of the entha
and entropy for the activation step in Eq.~1!, are also posi-
tive, which means that the activation process also occ
substantially only above a characteristic temperature sepa
from Tp . The proximity of the onset of propagation~at
which F increases! to the onset of activation~which reduces
F by increasing the concentration of activated monome!
leads to the maximum inF.20 Specifically, it is necessary fo
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. Extent of polymerization of rabbit muscle actin in the H2O buffer as a function of initial G-actin concentration, salt concentration,
temperature,T.

2.93 mg/ml actin 2.00 mg/ml actin 1.00 mg/ml actin

T
~°C!

4.8 mM
KCl

9.0
mM KCl

14.3
mM
KCl

T
~°C!

5.0
mM KCl

9.0
mM KCl

15.0
mM
KCl

T
~°C!

5.0
mM KCl

9.0
mM KCl

15.0
mM KCl

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
11.5 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 17.5 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 22.5 0.10 0.079 0.14
18.2 0.19 0.16 0.73 24.5 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
22.5 0.79 0.74 0.80 31.3 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
31.4 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
,
ro
s
it
n

t of

the
s. 5

,
nd

of

d

sts

e.

a-
ous

the
uDHactvu.DHpropu for the maximum to exist. In other words
this coupling between the activation and propagation p
cesses is responsible for this effect. The dimerization ha
effect on this feature, which would be seen in a model w
only activation and propagation, subject to the conditio
specified.

FIG. 4. Concentrations of free monomer,@G#, activated monomer,@G* #,
and their sum, as functions of temperature, for@G0#52.93 mg/ml and
@KCl#515 mM, in D2O buffer. These concentrations are obtained from
fitted parameters in Table IV using the equations:@12F(T)#@G0#5@G#
1@G* #; @G* #5@G#exp(2DHactv1TDSactv)/RT%.
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B. Extent of polymerization measurements
in the D 2O buffer

Measurements have also been made for the exten
polymerization as a function of temperature in D2O buffer A
at the same actin and KCl concentrations levels as for
H2O buffer measurements. The data are depicted in Fig
and 6 and are presented in Table II.

1. General observations for D 2O buffers

The overall behavior ofF(T) is similar to that in the
H2O buffer: The value ofF is nonzero at low temperatures
grows withT over a broad range, achieves a maximum, a
then decreases. As for H2O buffer systems,Tp decreases as
@KCl# is increased for@G0# fixed ~see Fig. 5!. However,
below we describe the differences in the polymerization
actin between D2O and H2O buffers:

~1! Figures 6 and 7 and Table III indicate that for fixe
@KCl# in the D2O buffer, the shift inTp is not monotonic
in @G#0 : At 9.0 mM and 15.0 mM KCl,Tp for 2 mg/ml
actin is higher than is theTp for either 1 mg/ml or 3
mg/ml. For 5.0 mM KCl, the shifts inTp with @G#0 are
within the scatter of our data. This behavior contra
with that for the H2O buffer, where the shift inTp with
actin concentration is monotonic~Fig. 3!. Such a maxi-
mum has also been reported in a sol–gel transition lin49

~2! Table III exhibits the difference @Tp(D2O)
2Tp(H2O)# (°C) between the polymerization temper
ture in deuterated and hydrogenated buffers, for vari
@KCl# ~mM! and @G0# (mg/ml). At high @G0# and high
@KCl#, we find @Tp(D2O)2Tp(H2O)#.0, while at low
@G0# and low @KCl#, the shift changes sign,@Tp(D2O)
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 5. Extent of polymerizationF as a function of temperature for rabbit muscle actin in D2O buffers for@G0#5~a! 1.00 mg/ml,~b! 2.00 mg/ml, and~c! 2.93
mg/ml, for @KCl#55.0 mM, 9.0 mM, and 15.0 mM in each case. The lines are the fits of the theory to the data~see text!.
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2Tp(H2O)#,0. These values ofTp , taken as the points
of inflection ofF(T), are uncertain by about62 °C, but
the trends are clear.

2. Theoretical fits for D 2O buffers

Table IV displays the fitted parameters for the D2O
buffer, and Figs. 5 and 6 include both experimental data
theoretical calculations. The procedure for fitting to t
F(T) data for the D2O buffer is now described. We begin b
fitting the unknowns in Eq.~24! to the low temperature tails
of F(T), a procedure that determinesDHdim12DHactv and
DSdim12DSactv. Although a range of values for these tw
quantities reproduces the experimental low temperature
tion of F(T) equally well, the remaining four parameters a
quite insensitive to this choice. Thus, a single value is cho
for DHdim12DHactv and DSdim12DSactv, and then the re-
maining four parameters are fitted to the higher tempera
Downloaded 25 Aug 2003 to 129.6.154.32. Redistribution subject to AI
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parts ofF(T). Finally, DH init andDSinit are selected to lo-
cate the position and height of the maximum in the expe
mentalF(T).

While the fits of the four parameters to experiment a
not unique, certain ratios of the parameters are found to
within a fairly narrow range that, of course, varies with t
sample. The ratioDHactv/DSactv obtained from good quality
fits remains constant to within at most65% for all samples.
On the other hand, the ratioDHprop/DSprop for each of the
samples is determined only to within the larger range
6~10–20!%. The parameters for the activation and propa
tion steps are also inter-related. For example, fits for
sample with @G0#51 mg/ml and @KCl#515 mM yield
DHprop within a range of620% for a givenDHactv.

Given an uncertainty of610% between samples in th
experimental data for~T!, the theory explains the main fea
tures of the temperature variation ofF(T) quite well. The
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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FIG. 6. Extent of polymerizationF as a function of temperature for rabbit muscle actin in the D2O buffer for @KCl#5~a! 5.0 mM ~b! 9.0 mM, and~c! 15.0
mM, for @G0#51.00 mg/ml, 2.00 mg/ml, and 2.93 mg/ml in each case. The lines are the fits of the theory to the data~see text!.
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description of the low temperature tail and the unusual h
temperature maximum require the use of a mechanism
actin polymerization with at least the three basic steps
actin activation, dimerization, and propagation~or their
equivalents!. Ratios of free energy parameters are co
strained fairly narrowly, but individual parameters ha
larger percentage ranges of acceptable values. Other ex
mental observables~e.g., kinetic data for the same samples
a function of temperature! would be useful to constrain thes
parameters further.

V. CONCLUSIONS

We have performed experiments on rabbit muscle a
in H2O buffers at relatively high actin concentrations a
relatively low KCl concentrations, in the presence of Ca21

and ATP. The extent of polymerization as a function of te
Downloaded 25 Aug 2003 to 129.6.154.32. Redistribution subject to AI
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perature exhibits a maximum, indicating the onset of a
depolymerization at high temperatures. For H2O buffers, the
polymerization temperature,Tp , decreases as either initia
actin concentration,@G0#, or @KCl# increases.

Analogous experiments in D2O buffers display the same
qualitative features, except that the shift ofTp with actin
concentration at constant salt concentration is not monoto
We do not understand this finding, nor is it evident how th
effect can result from the theoretical model. Also, at lo
actin concentrations, @G0#51.0 mg/ml, we find that
Tp(D2O).Tp(H2O), so that the polymerization of actin i
greater in D2O than in H2O buffers at a givenT. In contrast,
at higher salt and actin concentrations, the situation reve
to Tp(H2O).Tp(D2O), i.e., higher polymerization occurs i
H2O buffer at a givenT. Prior measurements on polymeriz
ing proteins~for example, flagellin,50 tobacco mosaic virus,51
P license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE II. Extent of polymerization of rabbit muscle actin in the D2O buffer as a function of initial G-actin concentration, salt concentration,
temperature,T.

3.00 mg/ml actin 2.00 mg/ml actin 1.00 mg/ml actin

T
~°C!

5.00
mM KCl

9.00
mM KCl

15.00
mM
KCl

T
~°C!

5.00
mM KCl

9.00
mM KCl

15.00
mM
KCl

T
~°C!

5.00
mM KCl

9.00
mM KCl

15.00
mM KCl

0.7 0.13 0.14 0.27 1.0 0.094 0.072 0.081 1.0 0.087 0.086 0.11
4.2 0.13 0.13 0.25 4.4 0.094 0.077 0.085 4.4 0.084 0.084 0.12
6.7 0.13 0.14 0.24 6.8 0.095 0.077 0.088 6.8 0.087 0.086 0.11
9.0 0.13 0.14 0.24 9.1 0.090 0.076 0.082 9.1 0.079 0.087 0.12

11.5 0.13 0.13 0.26 11.1 0.088 0.076 0.086 11.1 0.083 0.084 0.13
13.9 0.12 0.13 0.30 13.7 0.088 0.073 0.086 13.7 0.081 0.084 0.13
15.7 0.12 0.15 0.55 15.4 0.11 0.076 0.12 15.4 0.10 0.088 0.18
17.8 0.12 0.22 0.77 17.7 0.11 0.075 0.14 17.7 0.11 0.11 0.26
19.8 0.12 0.32 0.86 19.7 0.11 0.076 0.16 19.7 0.12 0.15 0.38
21.7 0.13 0.46 0.91 22.0 0.11 0.086 0.20 22.0 0.14 0.22 0.50
24.1 0.14 0.53 0.92 24.3 0.13 0.096 0.20 24.3 0.18 0.33 0.61
25.9 0.15 0.64 0.96 26.5 0.15 0.13 0.26 26.5 0.24 0.42 0.68
27.9 0.16 0.71 0.98 28.4 0.18 0.17 0.34 28.4 0.29 0.51 0.73
29.9 0.18 0.77 0.98 30.5 0.24 0.24 0.43 30.5 0.38 0.58 0.74
31.9 0.21 0.83 0.98 32.8 0.33 0.31 0.48 32.8 0.38 0.61 0.74
34.2 0.24 0.86 0.97 35.0 0.36 0.37 0.58 35.0 0.46 0.65 0.75
36.5 0.29 0.89 0.98 37.6 0.43 0.43 0.63 37.6 0.52 0.67 0.73
40.1 0.34 0.88 0.95 41.1 0.42 0.46 0.65 41.1 0.55 0.67 0.71
44.0 0.41 0.83 0.93 43.9 0.38 0.51 0.65 43.9 0.56 0.64 0.66

47.0 0.35 0.53 0.61 47.0 0.69
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and tubulin52! indicate that a D2O buffer promotes polymer
ization. The only prior study for actin~chicken muscle
actin53 at 0.3 mg/ml actin with 100 mM KCl and 2 mM
MgCl2) reports identical extents of polymerization for H2O
and D2O buffers. Our experimental results demonstrate t
the shift from H2O to D2O buffers is not a minor perturba
tion on protein behavior as is sometimes assumed. The c
petitive influences of hydrogen bonding, salt concentrati

FIG. 7. Polymerization temperaturesTp in D2O buffers, as a function of
@G0# for fixed @KCl#. The error bars forTp are estimated at62 °C, based on
Fig. 1~c!.
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m-
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etc., on the differences between these buffers remain to
studied further.

The origin of the driving force for actin polymerizatio
is the increasein entropy that results when the monome
come together to form polymers. The increase in entrop
thought to be due to the release of hydrogen bonds betw
the actin monomers and water and subsequent formatio
hydrophobic associations between the monomers in the p
mer. The deuteration of the water changes the interact
significantly and thus alter the energies and entropies of
steps of the polymerization. Deuterium bonds are known
be stronger than protonated hydrogen bonds,54 so they would
favor the depolymerization~i.e., G-actin!. The extent of hy-
drophobic interactions changes with the formation of F-ac
due to the alterations in the local surface area expose

TABLE III. Experimental polymerization temperatures,Tp , for various
samples with different concentrations of KCl and initial G-actin.Tp values
were determined from the points of inflection of the extent of polymeri
tion, F, as a function ofT. The uncertainties inTp are6~2–3! °C. SomeTp

values could not be determined because theF(T) did not extend to a suf-
ficiently high T.

@KCl#
~mM!

@G0#
~mg/ml!

Tp(H2O)
~°C!

Tp(D2O)
~°C!

Tp(D2O)
2Tp(H2O)

5.00 3.00 21
9.00 3.00 20 22 2

15.00 3.00 13 16 3
5.00 2.00 39 28 211
9.00 2.00 32 29 23

15.00 2.00 28 30 2
5.00 1.00 30
9.00 1.00 41 25 216

15.00 1.00 31 21 210
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Downloaded 25 A
TABLE IV. Free energy parameters for the polymerization of actin in the D2O buffer, as obtained from fits to
theory.

Parameters@KCl# ~mM!5 5 9 15
@G0# (mg/ml)5 1 2 1 2 3 1 2 3

DHactv
0 (kJ/mol) 110 145 130 100 250 150 150 300

DSactv
0 (J/mol K) 356 468 417 328 798 494 472 980

DHdim
0 (kJ/mol) 2220 2290 2260 2200 2500 2300 2300 2613

DSdim
0 (J/mol K) 2606 2834 2728 2555 21494 2888 2844 21897

DHprop
0 (kJ/mol) 80 90 70 100 90 100 60 160

DSprop
0 (J/mol K) 410 434 379 469 441 486 337 692
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solvent. Hydrophobic effects are thought to depend, in p
on the size of the hydrophobic species.55,56 For large hydro-
phobes such as actin@the diameter of the actin monomer
about 5 nm~Ref. 25!#, the hydrophobic interactions can lea
to a net loss of hydrogen bonds in order to fit the hydroph
into the water. Again, deuterium bonds are stronger than
drogen bonds, so hydrophobic effects can be expected t
stronger in D2O than in H2O, and consequently the D2O
solvent would seem to promote polymerization, as is usu
seen. In the case that the hydrophobic species has onl
pulsive interactions with the solvent, proximity to the liqu
vapor phase transition has been argued to cause further ‘
ing’’ at the surface of the hydrophobe and, thus, enha
hydrophobic interactions.55,57 The boiling point of D2O is
374.59 K,58 compared to 373.15 K for H2O, so the deuter-
ated solvent is further from the boiling point. Here the pro
imity argument would predict reduced hydrophobic effects
D2O, not the enhanced effects that we observe at low@KCl#
and low@G0#. This disagreement may be due to the fact t
the interactions between the ‘‘hydrophobe’’ and the solv
are not purely repulsive. Indeed, the actin monomer is hig
charged and has a surface that contains polar groups,
some charged and polar groups must form hydrogen bo
with the solvent. Apparently several competing factors c
spire to produce the observed nonmonotonic dependenc
Tp on @G0# in the D2O buffers. The significance of this effec
is that we must take care in use deuterated samples to
physical characteristics of hydrogenated systems.

We successfully describe the thermodynamics of the
lymerization of actin by a Flory–Huggins-type lattice mod
which includes the following essential steps: an activat
reaction, a dimerization of two activated species that is
hanced at low temperatures, the formation of a trimer as
smallest propagating oligomer, and the propagation of tr
ers into higher polymers. Several other polymerizat
mechanisms with the same basic steps produce essen
identical results upon redefinition of the energy parame
of the model. An important result of our analysis is the pro
imity of the temperatures of onset for activation and pro
gation and the resulting coupling between these two st
That coupling leads to the maximum in the extent of po
merization and may be related to other features of the p
merization of actin.

Actin polymerization is crucial to cell structure an
movement and may be controlled by changes in thermo
namic parameters, as our experiments show by varying t
perature and salt concentration.
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