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9 Abstract—Studies of the dependence of fascin:actin bundle
10 formation on thermodynamic properties are important for
11 understanding cell processes such as migration and differ-
12 entiation. We report a novel approach utilizing an expanded
13 equilibrium polymerization Flory–Huggins type model to
14 model fascin:actin bundle formation under thermodynamic
15 pressure. A free energy expression that considers both
16 polymer solution physics and both the deactivation of fascin
17 and propagation of fascin:actin bundles was derived for this
18 system. Using this free energy expression, we report the
19 composition’s dependency on pressure while varying: fascin
20 to actin molar ratios [1,3, and 6], initial F-actin concentra-
21 tion [9.52 9 10�9–5.7 9 10�8 mM], specific volume, and
22 Kdeact. Bundle formation was shown to increase as a
23 function of pressure and to be limited by F-actin. Further-
24 more, our model was able to quantitatively predict an
25 optimal size parameter for the deactivated fascin mole-
26 cule (sF=4645) and for the deactivation equilibrium con-
27 stant (Kdeact=2.66 9 108). These results present a novel
28 approach to study fascin cross-linking of actin bundles and
29 provide avenues for future experiments to develop a more
30 comprehensive understanding of cell–matrix interactions.

31 Keywords—Actin, Fascin, Cross-linking, Flory–Huggins.32

3334 INTRODUCTION

35 Filopodia are highly dynamic structures that extend

36 from the lamellipodia of migrating cells.13,20 The

37 cytoskeletal composition of filopodia consists of

38 F-actin polymers cross-linked into bundle like mor-

39 phology through fascin.1,23,29,32 Fascin is a small,

40 55 kDa, protein that has both a protein kinase C and

41 actin binding domain and is deactivated upon phos-

42 phorylation of the serine 39 residue.26 In addition to

43migration dynamics, it is believed filopodial dynamics

44determine axon branching18 and guidance.4 A number

45of studies have shown that topographical cues promote

46axogenesis, the formation of axon in neurons, and

47axon guidance,6–8,14,19,28,27 which have been studied

48through both experimental and computational meth-

49ods.15 Many hypothesize that this cellular behavior is

50due to differences in tensile forces seen by the filopo-

51dia. These forces are seen by the migrating cell through

52the assembly and disassembly of focal contacts.5,16

53Focal contacts provide a mechano-sensory capability

54to the cell by linking membrane bound integrins with

55cytoskeletal components such as actin filaments.16,17

56Recent studies have shown that filopodia length

57determined experimentally can be modeled as a good

58first order approximation using simple mechanical

59arguments.22 These arguments are based on the

60mechanics of actin and fascin cross-linked bundles.

61Stewman and Dinner30 have used a lattice model with

62Pots-like spins in combination with a Kinetic Monte

63Carlo algorithm to understand the dynamics of actin

64self assembly into filopodia like bundles. However,

65pressure effects of the equilibrium polymerization of

66both actin and fascin cross-links have never been

67addressed adequately. In order to develop a better

68understanding of filopodia mechanics, structure and

69dynamics, we have developed a computational

70approach based upon the Flory–Huggins model first

71developed by Dudowicz et al.9–12 Previous extensions

72of this theory have been extended to study actin

73growth under pressure,3,24 however the role of fascin,

74or the self assembly of these polymer chains into filo-

75podia like bundles through fascin cross-linking has

76never been addressed. In this work, an extended Flory–

77Huggins model is used to determine actin and fascin

78equilibrium polymerization under thermodynamic

79pressure. Understanding bundle formation under

80pressure may help develop second generation models

81describing how cells interact with their substrates and

82specifically how cells interact with topographical cues

83on those substrates.
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84 MODEL DEVELOPMENT

85 Our model is based on the following simplified

86 reaction mechanism:

87 (1)

88

F� $ F Kdeact ¼ exp
�Dfdeact
kBT

� �

909091 (2) Pj�1 þPþ xiF
� $ Pj Kx-link ¼ exp

�Dfx-link
kBT

� �

8 i¼ constant j¼ 2 . . .1

939394

95
In the above reaction mechanism, reaction (1)

96 describes the deactivation of active fascin through the

97 phosphorylation of the ser39 amino acid. The forma-

98 tion of F-actin fascin polymer networks is described in

99 Eq. (2). For simplicity sake several assumptions were

100 made. First it was assumed that all actin present in our

101 system was fully reacted F-actin polymer with the same

102 extent polymerization. As reported by Tseng et al.,31

103 F-actin has an extent of polymerization ranging from

104 119 to 255 actin monomer units. The effect of bundle

105 of formation was investigated for F-actin polymers

106 that had an extent of polymerization within this range.

107 For simplicity it is assumed that the growth of a bundle

108 network occurs only sequentially and that the number

109 of fascin cross-links between each polymer strand is a

110 constant depending on the extent of polymerization, i,

111 of the F-actin polymer filaments. A schematic of how

112we propose actin bundles form from fascin:actin net-

113works can be seen in Fig. 1.

114In reaction (2), xi denotes the average degree of

115cross-linking between F-actin polymers composed of i

116actin monomers or stated another way xi is the average

117number of cross-links per F-actin strand. As a simple

118approximation it was assumed that this degree of cross-

119linking had a linear dependency on the degree of

120polymerization of the actin polymer (i.e., on i). This

121linear dependency on the degree of polymerization is

122supported from previous studies reported in literature.1

123Aratyn et al. observed that in filipodia is one fascin

124cross-link for every 25–60 actin monomers. This linear

125dependency can be represented in an equation as:

xi ¼ mi ð1Þ

127127128In order to determine the slope of this linear equation

129we considered actin filaments to be hexagonally packed

130in the bundles. As a consequence, every second mono-

131mer in the helix would be aligned with an adjacent fil-

132ament and accommodate a cross-link. In the upper

133limit, where every available site has a cross-link, this

134would lead to a fascin:actin ratio, ‘‘m,’’ equal to¼.Next

135we develop our modified Flory–Huggins model by

136starting with a simple cubic lattice with N sites (z = 6).

137We consider the total number of lattice sites available in

138our system to be composed of two components: the

139number of species in our system and the size each species

FIGUER 1. Bundle formation from actin and fascin precursors. The schematic above shows how we visualize fascin:actin
bundles forming from bundles, actin, and fascin precursors. For all calculations the number of fascin cross-links per actin
monomer was kept at theoretical upper limit (m = 1/4) and the extent of polymerization i was kept constant. In the above
figure l(i) and W(j) correspond to the extent of polymerization (255) of each F-actin polymer and the extent of polymerization
for the bundles. In all simulations the parameters that were kept constant were: T = 293, Sp = 2320, vSP = 23933.5/T, and
vSS = 1200/T.
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140 takes up vs. a reference. We then write the total number

141 of lattice sites, NT, to be equal to:

NT ¼ ssns þ svnv þ sF�nF� þ sFnF þ spnp

þ
X

1

j¼2

jðsp� þ xisx-linkÞnj ð2Þ

143143144 In Eq. (2), ns, nv, nF, nF*, np, nj are the corre-

145 sponding number of solvent, vacuum, deactivated

146 fascin, activated fascin, unreacted F-actin poly-

147 mer, and number of bundles composed of j F-actin

148 polymers in our system respectively. Whereas, ss, sv, sF,

149 sF*, sp, sp*, and sx-link are the lattice sites occupied by

150 the aforementioned species with the latter two being

151 summed up in the last term of Eq. (1) to take into

152 consideration size changes between unreacted and re-

153 acted species when incorporated in the bundle. Three

154 of these size parameter, sF, sp*, sx-link corresponding to

155 the lattice sites occupied by deactivated fascin, cross-

156 linked polymer, and cross-linking fascin, respectively,

157 can be changed to better fit experimental data or a

158 higher order model.

159 Next we use this total number of sites to define

160 volume fractions for each of the species involved.

161 These volume fractions are defined as:

/s ¼
ssns

NT

/p ¼
spinp

NT

/F� ¼ sFnF�

NT

/F ¼ sFnF

NT

/j ¼
sp� þ xisx-link
� �

jnj

NT

8j ¼ 2 . . .1

ð3Þ

163163
164165In Eq. (3), /F*, /F, and /p are the lattice volume

166fractions for activated fascin, deactivated fascin, and

167unreacted F-actin polymer, respectively. The last term

168in Eq. (3), /j, is the lattice volume fraction for the

169bundle composed of j actin polymers. The size of each

170unit in the bundle is a linear combination of the sizes

171of the reacted actin polymers, sp*, and the xi reacted

172fascin cross-links, sx-link.

173Following a similar theoretical construct as the

174equilibrium polymerization fluid lattice model3,2 we

175develop a Helmholtz free energy equal to:

176In Eq. (4), the first term considers any free energy

177contribution small ions may contribute in the overall

178free energy. The volume associated with these small

179ions is considered negligible and is not explicitly con-

180sidered. Finally, considerations for the free energy

181changes due to any structural changes in shape for the

182species involved in the reactions (i.e., F-actin polymers

183and fascin) were neglected. The next six terms follow-

184ing, fsalt, take into consideration the translational

185entropy contribution for each of the distinct species in

186our system. Terms seven through ten account for the

187dimensionless specific free energy of each species in our

188system. The final six terms account for the solvent–

189solvent, polymer–polymer, bundle–F-actin, bundle–

190deactivated fascin, solvent–bundle, fascin–fascin, and

191solvent–polymer Flory-Huggin’s interaction parame-

192ters. In developing these pair-wise interaction param-

193eters it was assumed that for the bundle the interaction

194between bundle–bundle and freely diffusing polymer is

195the same and the fascin cross-links are not accessible to

196interact.

197In Eq. (4), the dimensionless specific free energy

198of each species was used to calculate the specific

199free energy contribution for each species. For the

F

NTkBT
¼ fsalt þ

/s

ss
ln/s þ

/p

isp
ln/p þ

X

1

j¼2

/j ln/j

jðsp� þ xisx-linkÞ
þ /F

sF
ln/F þ /F�

sF�
ln/F� þ 1

sv
ð1� RÞ lnð1� RÞ

þ
/p

sp
fp þ

X

1

j¼2

/j

ðsp� þ xisx-linkÞ
fj þ

/F

sF
fF þ /2

s

ss
vss þ

/p
ffiffiffiffi

sp
p
" #2

vpp

þ 2vBp

P1
j¼2 /j/p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

spðsp� þ xisx-linkÞ
p þ

P1
j¼2 /j

h i2

2ðsp� þ xisx-linkÞ

2

6

4

3

7

5
þ 2vBF

/F

P1
j¼2 /j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sFðsp� þ xisx-linkÞ
p þ

/F�
P1

j¼2 /j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sF�ðsp� þ xisx-linkÞ
p

" #

þ vFF
/F
ffiffiffiffiffi

sF
p þ /F�

ffiffiffiffiffiffi

sF�
p

� �2

2vsB
/s

P1
j¼2 /j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ssðsp� þ xisx-linkÞ
p

" #

þ 2vsp
/s/p
ffiffiffiffiffiffiffiffi

spss
p
" #

þ 2vsF
/s/F
ffiffiffiffiffiffiffiffi

sssF
p þ /s/F�

ffiffiffiffiffiffiffiffiffiffi

sssF�
p

� �

R ¼ /s þ /F þ /F� þ /p þ
X

1

j¼2

/j ð4Þ
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200 deactivated fascin monomer the dimensionless specific

201 free energy is given by:

fF ¼ Dfdeact

kBT
ð5Þ

203203204 Since empty sites are not thermodynamic quantities

205 we can write:

fv ¼ 0 ð6Þ

207207208 We define the free energy of unreacted F-actin poly-

209 mer and activated fascin monomers and solvent mole-

210 cules, (fpfF*fs) respectively, to be equal to zero defining

211 the zero entropy state. For the cross-linked bundle, we

212 employ a modification to the Flory–Huggins theory

213 similar to the treatment by Lu and Hentschke21 that

214 considers the configurational energy of a bundle with

215 extent of polymerization j and the free energy involved in

216 forming a crosslink between to actin polymers:

fj ¼
1

j

Dfx-link

kBT
þ j� 1

j
� lnðz� 1Þ j � 2 ð7Þ

218218219 It should be noted that in Eq. (7), we assume that any

220 swelling of our network is negligible and as such we

221 neglect the elastic entropy of our network due to swelling.

222 The Dfx-link term is the free energy associated with

223 each cross-linking event, and j is the number of F-actin

224 polymers that form the bundle. Finally, the thermal

225 energy term, kBT, is present to account for the thermal

226 energy available in the local environment.

227 We now proceed to our treatment of chemical

228 equilibrium. For each of the proposed reactions we

229 assume that we are at chemical equilibrium. At

230 chemical equilibrium the change in chemical potential

231 must be identically equal to zero and as such we write:

232

dl ¼ 0 ð8Þ

234234for each reaction. Therefore, with this simplification in

235hand we get from reactions (1) and (2)

lF � lF� ¼ 0 ) l�F ¼ lF ð9Þ

237237
lj � ðj� 1ÞlP � ðj� 2ÞxilF� ¼ 0

) lj ¼ ðj� 1ÞlP þ ðj� 2ÞxilF� ð10Þ

239239240Combining the definition of chemical potential with

241our definition for lattice fractions, we get for our

242chemical potentials to be equal to:

lp ¼ sPi

NT

@F

@/P

� �

T;NT;c;nj6¼i;nF;nx- link

lF� ¼ sF�

NT

@F

@/F�

� �

T;NT;c;nj 6¼i;nF;nx- link

lF ¼ sF

NT

@F

@/F

� �

T;NT;c;nj 6¼i;nF;nx- link

lj ¼
sP� þ xisx-link

NT

� �

@F

@/j

 !

T;NT;c;n;nF

ð11Þ

244244245Using these definitions and the free expression

246determined in Eq. (4) and solving for the conditions

247of chemical equilibrium one can get after some

248algebra:

/F ¼ /F�edFe
�Dfdeact

kBT ð12Þ

250250
/j ¼ /

j�1
P /

ðj�2Þxi
F� eajþbe

�jDfx- linkkBT ð13Þ

a¼ �ðsP� þxisx-linkÞ
"

2vBP
/P

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sPðsP� þxisx-linkÞ
p þ

/j

ðsp� þxisx-linkÞ

 !

þ 2vBF
/F

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sFðsP� þxisx-linkÞ
p þ /F�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sF�ðsP� þxisx-linkÞ
p þ 2vSB/S

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sSðsP� þxisx-linkÞ
p

 !#

þðsP� þxisx-linkÞ
sv

ðlnð1�RÞþ 1Þþ lnðz� 1Þþ isP
2vPP
sP

/Pþ 2vBP

P1
j¼2/j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sPðsP� þxisx-linkÞ
p

 !

þ 2vSP/S
ffiffiffiffiffiffiffiffiffi

sPsS
p

" #

þ im� sF� imðlnð1�RÞþ 1Þ
sv

þ imsF� 2vBF

P1
j¼2/j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sF�ðsP� þxisx-linkÞ
p

 !

þ 2vFF
ffiffiffiffiffiffi

sF�
p /F

ffiffiffiffiffi

sF
p þ /F�

ffiffiffiffiffiffi

sF�
p

� �

2vSF
/S
ffiffiffiffiffiffiffiffiffiffi

sSsF�
p
� �

" #

b¼ isP

sv
ðlnð1�RÞþ 1Þ� 1� isP

2vPP
sP

/Pþ 2vBP

P1
j¼2/j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sPðsP� þxisx-linkÞ
p

 !

þ 2vSP/S
ffiffiffiffiffiffiffiffiffi

sPsS
p

" #

� 2imþ 2imsF�

sv
½lnð1�RÞþ 1� � 2imsF�

2vBF

P1
j¼2/j

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sF�ðsP� þxisx-linkÞ
p

 !

þ 2vFF
ffiffiffiffiffiffi

sF�
p /F

ffiffiffiffiffi

sF
p þ /F�

ffiffiffiffiffiffi

sF�
p

� �

2vSF
/S
ffiffiffiffiffiffiffiffiffiffi

sSsF�
p
� �

" #

ð14Þ
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252252253 In Eqs. (12) and (13), dF, a and b are defined as:

254 A constraint we have in the following expression is

255 that in order for Eq. (13) to have a closed form overall

256 for all possible species (i.e., to infinity) the variable ‘‘a’’

257 must satisfy the following inequality:

a<� ln/p � im ln/F � lnKx-link ð15Þ

259259260 Plugging in the equilibrium constants from our

261 reactions we get our final expressions for /j and /F*:

/F ¼ /F�edFKF
deact

/j ¼ /
j�1
P /

ðj�2Þxi
F� eajþbK

j
x-link

ð16Þ

263263264 With the expression from Eq. (16) we now can

265 express the actin and fascin species mass conservation

266 in terms of two variables (/j and /F*). Therefore the

267 mass conversation of actin and fascin is given by:

n0F-actin
NT

¼ /0
F-actin
isP

¼ /P

isP
þ 1

sP� þ xisx-link

� �

� K2
x-link

/Pe
2aþb

1� /P/
xi
F�eaKx-link

n0F-ascin
NT

¼ /0
F�

sF�
¼ /F�

sF�
þ xi

sP� þ xisx-link

� �

K2
x-link

� /Pe
2aþb

1� /P/
xi
F�eaKx-link

þ /F�Kdeacte
dF

sF

ð17Þ

269269270In Eq. (17), /0
actin and /0

F� represents the initial con-

271centration of actin and fascin respectively used in the

272simulation.

273Next we add the constraint using the thermody-

274namic relationship:

P ¼ � @F

@V

� �

T;ns;ni

¼ � 1

v0

@F

@NT

� �

T;np;nx�link;ns;n
�
1
;n�

F

ð18Þ

276276where m0 is the volume occupied by one water molecule

277(m0 = 30 Å). This gives us a relationship that relates

278the free energy derived in Eq. (5) to thermodynamic

279pressure.

280With Eqs. (16) and (17) we now have three equa-

281tions with three unknowns (i.e., /p;/F� ;NT ¼
282fðP;T;/0

actin;/
0
F�ÞÞ:

283NUMERICAL METHODS AND PARAMETER

284ESTIMATION

285Several simplifications need to be made to the free

286energy expression in Eq. (4) before it can be used to

287solve our system. First, it was assumed that our system

288is at infinite dilution such that /s � /P � /F �
289/F� � /j: In addition, we assume the Flory–Huggins

290parameters for all species interactions are of the

291same order of magnitude, therefore, we get that only

292the solvent interactions are necessary in order to

TABLE 1. Model parameters and their typical values used in this study.

Variable name Dimension (units) Physical meaning Typical value

/s The lattice volume fraction for solvent 0.94 (dilute approximation)

/p, /F, /F*, /j The lattice volume fraction for unreacted F-actin,

deactivated fascin, activated fascin, the bundle

composed of j F-actin filaments

sS, sV Lattice sites The lattice sites occupied by solvent molecule, vacuum site 1.0

sF Lattice sites The lattice sites occupied by deactivated fascin 4640

sF* Lattice sites The lattice sites occupied by activated fascin 4580

sP Lattice sites The lattice sites occupied by unreacted F-actin 2320

sP* Lattice sites The lattice sites occupied by F-actin filaments in bundles i*2320

sx-link Lattice sites The lattice sites occupied by cross-linking fascin 4580

Kdeact The deactivation equilibrium constant 2.66 9 108 (default)

Kx-link The cross-linking equilibrium constant 6.7 9 106

I The number of actin monomers in F-actin 119–255

M Fascin and actin ratio in bundle 1/4

NT The total number of lattice sites 1.0 9 109

ns, nv, nF, nF*, np, nj The number of solvent molecule, vacuum sites,

deactivated fascin, activated fascin, unreacted F-actin,

bundles composed of j F-actin filaments

[A]; [F] mM Initial F-actin and fascin concentration 9.52 9 10�9; 1.9 9 10�9

F
NTkBT

Helmholtz free energy normalized by thermal energy

vss, vsB, vsp, vsF Solvent–solvent, solvent–bundle, solvent–F-actin,

solvent–fascin interaction coefficients

Variable

P Atm Thermodynamic pressure 1–10

v0 A3 The volume occupied by one water molecule 30

Actin–Fascin Bundle Formation Under Pressure
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293 accurately describe our system. This assumption is a

294 result of the lack of reliable quantitative molecular

295 level data, theoretical or experimental, on fascin

296 kinetics and interaction in bundle formation. Based on

297 these assumptions, we can rewrite Eq. (14) as:

a ¼ � ðsP� þ xisx-linkÞ
2vSB/S

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sSðsP� þ xisx-linkÞ
p

" #

þ ðsP� þ xisx-linkÞ
sv

ðlnð1� RÞ þ 1Þ þ lnðz� 1ÞÞ

þ isP
2vSP/S
ffiffiffiffiffiffiffiffiffi

sPsS
p
� �

þ im� sF� imðlnð1� RÞ þ 1Þ
sv

þ imsF� 2vSF
/S
ffiffiffiffiffiffiffiffiffiffi

sSsF�
p
� �� �

ð19Þ

299299

b ¼ isP

sv
ðlnð1�RÞ þ 1Þ � 1� isP

2vSP/S
ffiffiffiffiffiffiffiffiffi

sPsS
p
� �

� 2im

þ 2imsF�

sv
½lnð1�RÞ þ 1� � 2imsF� 2vSF

/S
ffiffiffiffiffiffiffiffiffiffi

sSsF�
p
� �� �

301301
302303Substituting these simplified expressions into our

304mass balance given in Eq. (16) and using Matlab’s

305fsolve numerical solver, we solve our two variables as a

306function of the total number of lattice sites, NT.

307Equation (17) was subsequently solved numerically to

308fully determine the composition of our system as a

309function of pressure. Due to the complexity of the

310system several parameters had to be estimated from

311experimental conditions whereas others were deter-

312mined to fit the numerical constraints that were

313implemented in order to get physically realizable data.

314We assumed that the volume fraction of actin is

315much less than the volume fraction of solvent. This

316allows us to safely assume that the number of vacant

317sites, nV, is determined by the solvent only. Therefore,

318we define in the numerical algorithm the volume

319fraction of vacant sites to be equal to that in the lattice

320model of pure water (R ~ O(10�2)).3 For the solvent–

321solvent interaction parameter, vss, we determined that

322its functionality was equal to that determined previ-

323ously from fits to the compressibility of pure water

324over the pressures of interest (i.e., vss = 1200/T for
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FIGURE 2. Bundle formation is favored at higher thermodynamic pressure and indifferent to different fascin:actin molar ratios.
The above graphs show the calculated volume fraction for fascin [/F, (a)], activated fascin [/F*, (b)], unreacted F-actin polymer [/P,

(c)], and bundles [/j, (d)] for different molar fascin:actin ratios and a function of pressure. In the above graphs, a, b, and c are
plotted in semi-log form whereas d is in linear scale. The parameters used were: sF = 4640, sF* = 4600, Kx-link = 2.66 3 108,
Kdeact = 2.66 3 108, and [A] = 9.52 3 109 M.

FORCINITI et al.

Journal : CMBE MS Code : 12195 PIPS No. : 53 h TYPESET h DISK h LE h CP Dispatch : 23-2-2009 Pages : 114 4

A
u

th
o

r
 P

r
o

o
f



U
N
C
O
R
R
E
C
T
E
D
P
R
O
O
F

325 pressure ranging from 1 to 10 atm3). The pressures of

326 interest were selected between 1 and 10 atmospheres as

327 this was in the order of the pressure range investigated

328 using an extended Flory–Huggins type model for actin

329 polymerization.3 More over, a back of the envelope

330 calculation which assumed pico-newton forces at the

331 filopodia of migrating cells showed that this pressure

332 range was relevant for biological systems.

333 Next, the interaction parameters, vsp, vsb, and vsF
334 needed to be determined. Unfortunately, no directly

335 applicable experimentally data existed for us to deter-

336 mine these interaction parameters. As a result, esti-

337 mations needed to be made to determine these

338 parameters with the following constraints. First, Flory–

339 Huggins theory gives us the functional form of these

340 interaction parameters to be directly dependent on the

341 microscopic energy between the two species, eij, and

342 inversely dependent on the thermal energy in the sys-

343 tem (kBT). Furthermore, we assume that all these

344 parameter are of the same order of magnitude and that

345 these interaction parameters satisfied the mathematical

346 constraints for the exponential ‘‘a.’’ With these con-

347 straints in mind, vsp, vsb, and vsF were determined such

348that 2*a + b ~ O(�100). Using the hydrodynamic

349diameter of actin and fascin in solution the numerical

350values for the size constants were defined as follows

sP ¼ 2300

sF� ¼ 4600

ss ¼ sv ¼ 1

ð20Þ

352352353This leaves, sF, sx-link, sp* to be ‘‘user-defined’’

354parameters in our model. Based on previous studies of

355actin and to keep the model simple, we assumed that

356sF*= sx-link and sp*= i*sp where i was the extent of

357polymerization of each F-actin polymer.

358Finally, for Kx-link experimentally determined data

359from in vivo experiments33 were used to define this

360value as 6.7 9 106. Unfortunately, no explicit data was

361found for Kdeact, however, as the deactivation of fascin

362is known to be mediated by the phosphorylation of a

363ser-39 amino acid a good starting point for the equi-

364librium was to assume that a full energy transferred

365occurred between the hydrolysis of ATP to ADP and

366to use that free energy (i.e., DGHydrolysis). This gave us a

367starting value for Kdeact of 2.66 9 108. This variable
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FIGURE 3. F-actin is the limiting reagent in bundle formation. The above graphs show the calculated volume fraction for fascin
[/F, (a)], activated fascin [/F*, (b)], unreacted F-actin polymer [/P, (c)], and bundles [/j, (d)] for different actin concentration keeping
fascin:actin ratio constant and as a function of thermodynamic pressure. The parameters used were: sF = 4640, sF* = 4600,
Kx-link = 6.7 3 106, Kdeact = 2.66 3 108, and [F]/[A] = 6.
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368 was changed up and down two orders of magnitude to

369 see the dependence of our system on the concentration

370 of available activated fascin. Finally, an overview of all

371 parameters with their dimensions and values used in

372 the numerical calculation can be seen in Table 1.

373 RESULTS AND DISCUSSION

374 Figure 2 shows the results obtained for the system’s

375 composition (i.e., /p, /F, /F*, and /j) as a function of

376 thermodynamic pressure. Here three different initial

377 conditions are plotted on a semi-logarithmic plot to

378 show the dependence of these curves on the initial actin

379 to fascin molar ratios. The figure shows that as pres-

380 sure increases the volume fraction of F-actin and

381 activated fascin decreases corresponding to an increase

382 in the total volume fraction consisting of bundles.

383 Furthermore, upon increasing initial ratios of actin-to-

384 fascin the deactivated fascin volume fraction increased.

385 This leads us to conclude that for the conditions used,

386 our reaction is F-actin limited and not fascin limited.

387 We also note that the volume fraction of activated

388 fascin is significantly less than that of the deactivated

389 fascin. We believe this due to the large equilibrium

390constants for both reactions leading to a competition

391between the deactivated fascin and the bundle poly-

392mer. In this plot, the compositions’ pressure depen-

393dence is simply due to the multispecies nature of

394reaction two rather than any changes in conformation

395between the reactants and products as the size

396parameters between the products reactants were kept

397constant.

398Next we consider the effect of keeping the fascin-to-

399actin ratio constant (i.e., [F]/[A] = 6) while varying the

400initial actin concentration. Figure 3 shows the results

401for each of the species involved upon varying the

402concentration from 9.52 9 10�9 to 5.7 9 10�8 mM.

403Again we notice that the system is limited by the actin

404concentration. As expected the concentration of bun-

405dle increases as the actin, and conversely the fascin,

406concentration increase.

407Figure 4 shows the dependence of changing the size

408parameter sF on fascin and deactivated fascin compo-

409sition. Here again, we note that the as one changes the

410size parameter of sF from being equal to sF*, equilib-

411rium is pushed toward the activated species at higher

412pressure. Furthermore, in Fig. 4 we fixed the size

413parameter for sF* to be equal to 4600. This was

414determined by approximating the size of activated
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FIGURE 4. Increasing the specific volume of deactivated fascin results in an increase in activated fascin. The above graphs show
the calculated species composition for fascin [/F, (a)], activated fascin [/F*, (b)], unreacted F-actin polymer [/P, (c)], and bundles
[/j, (d)] as a function of theoretical pressure and increasing specific volume parameters for deactivated fascin, sF. The parameters
that were kept constant were: sF* = 4600, Kx-link = 6.7 3 106, Kdeact = 2.66 3 108, [F]/[A] = 6, and [A] = 9.52 3 1029 mM.
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415 fascin from experimental data in physiological condi-

416 tions. However, as this was an approximated value we

417 were interested in seeing how the system responded to

418 perturbations around this value while keeping sF con-

419 stant at 4640. Figure 5 shows how our system

420 responded to these perturbations. We noticed that with

421 increasing sF* concentrations a corresponding decrease

422 in unreacted polymer and increase in bundle compo-

423 sition occurs (c, d). Both of these trends are consistent

424 with our results from Figs. 2 and 3 showing that actin

425 is the limiting reactant for bundle formation for an

426 actin:fascin molar ratio of 1:6.

427 We note that in Figs. 4 and 5 the dependence of the

428 unreacted polymer and bundle on sF and sF* is dif-

429 ferent. We hypothesized that this was due to a mini-

430 mum in the system’s free energy occurring around the

431 sF ~ 4645 whereas the free energy reaches no such

432 minimum for the range of sF* selected. To test this

433 hypothesis the free energy was plotted against sF and

434 sF* over the range of interest (Fig. 6) and a minimum

435 was observed for sF but not for sF*. Since systems will

436 tend to minima in free energy, the our results suggest

437 that sF ~ 4640 is the optimal value for this parameter.

438 Finally, Fig. 7 shows the dependence of changing

439 the Kdeact on the system composition. For clarity, we

440only report results of unreacted F-actin and bundle

441compositions, as other results are qualitatively similar.

442Our results shows that by changing Kdeact one can

443predict the dependence of the initiation of bundle

444formation has on pressure. Moreover, this figure is

445consistent with the experimental data showing that the

446deactivation of fascin is regulated by the phosphory-

447lation of the ser39 amino acid. Thus we observe that in

448order for bundles to form at atmosphere Kdeact must be

449equal to 2.66 9 108. This value calculated from

450the hydrolysis of ATP at physiological conditions

451(i.e., 1 atm) and as such confirms aforementioned

452experiments.

453DISCUSSION AND CONCLUSION

454While our model is able to capture a number of key

455processes in fascin crosslinking, accurate comparison

456with experiment was difficult due to lack of reliable

457in vitro or in vivo experimental data. As a result, a

458number of parameters had to be approximated, mak-

459ing our results qualitative. Nonetheless, ours is the first

460attempt of its kind, rooted in first principles, to include

461fascin structure, chemical and mechanical properties in
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FIGURE 5. Increasing the specific volume of the activated fascin results in a decrease in both activated fascin and bundle volume
fractions. The above graphs show the calculated species composition for fascin [/F, (a)], activated fascin [/F*, (b)], unreacted
F-actin polymer [/P, (c)], and bundles [/j, (d)] as a function of thermodynamic pressure and increasing specific volume parameters
for activated fascin, sF*. The parameters that were kept constant were: sF = 4640, Kx-link = 6.7 3 106, Kdeact = 2.66 3 108, [F]/[A] = 6,
and [A] = 9.52 3 1029 mM.
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462 a model of actin-fascin bundle formation. Our model

463 predicts that the formation of bundles is F-actin lim-

464 ited and becomes more favorable upon increase in

465 thermodynamic pressure. It also predicts a theoretical

466 value for the size of deactivated fascin in aqueous

467 solutions. Both of these predictions can be tested and

468 refined with future experiments. The prediction made

469 by our model with regards to the bundle formation’s

470 extent of reaction dependence on thermodynamic

471 pressure can be tested in an in situ fashion similar to

472 that used by Artyomov et al. Using this experimental

473 data, the size parameter can be further refined such

474 that the trend observed in experiments match our

475 theory. This refined size parameter for deactivated

476 fascin can then be tested using Small Angle Neutron

477 Scattering (SANS) similar to what has been previously

478 done25 for other biological systems. In general, this

479 model gives us a better understanding of how

480 fascin:actin bundles develop under pressure and may

481lead to development of improved cell physiological

482models describing how cells interact with their sub-

483strates as they grow and migrate on complex natural

484and synthetic environments. How great of an impact

485depends on whether a better understanding of func-

486tionalized images of actin bundling formation in live

487migrating cells can be achieved.
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A local minimum in free energy at sF = 4645 suggest an opti-
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