1512 Biophysical Journal Volume 92 March 2007 1512-1521

Actin Polymerization upon Processive Capping by Formin: A Model
for Slowing and Acceleration

Tom Shemesh and Michael M. Kozlov
Department of Physiology and Pharmacology, Sackler Faculty of Medicine, Tel Aviv University, Tel Aviv, Israel

ABSTRACT Formin family proteins act as processive cappers of actin filaments, and determine the dynamics of a number of
intracellular processes that are based on actin polymerization. The rate of filament growth upon processive capping varies
within a broad range depending on the formin type and presence of profilin. While FH2 domains of various formins slow down
polymerization by different extents, the FH1-FH2 domains in conjunction with profilin accelerate the reaction. Study of the
physical mechanism of processive capping is vital for understanding the intracellular actin dynamics. We propose a model
predicting that variation of a single physical parameter—the effective elastic energy of the formin-capped barbed end—results in
the observed diversity of the polymerization rates. The model accounts for the whole range of the experimental results including
the drastic slowing down of polymerization by FH2 of Cdc12 formin and the 4.5-fold acceleration of the reaction by FH1-FH2 of
mDai1 formin in the presence of profilin. Fitting the theoretical predictions to the experimental curves provides the values of the

effective elastic energies of different formin-barbed end complexes.

INTRODUCTION

Formin family proteins regulate actin assembly in many cell
types (1-6). Formins have been implicated in formation of
actin cables in yeast and cytokinetic contractile rings, actin
filament formation within filopodia, and initiation of actin
polymerization in focal adhesions, and adherence junctions
between cells (7—16). All formins are characterized by the
highly conserved formin homology-2 (FH2) domain, and the
proline-rich formin homology-1 (FH1) domain. FH2 is re-
sponsible for formin interaction with actin (17), whereas FH1
binds formin to regulating proteins, such as profilin (7).

Formins are able to play a dual role in actin polymeriza-
tion: they nucleate actin filament self-assembly, and also
cap the barbed ends of the growing filaments by remaining
bound to them. While serving as a capper, formin enables
addition of new actin monomers to the barbed end. The latter
phenomenon, which is the focus of the present work, is
called processive capping (18). The physiological role of the
processive capping is to protect the barbed ends from cap-
ping by other proteins, and hence to prevent interruption of
polymerization and enable a continuous growth of long
linear filaments. To effectively fulfill this task, the processive
capping has to keep the thermodynamic and kinetic charac-
teristics of the polymerization process similar to those of
uncapped barbed ends. Attempts to understand the physical
mechanism of processive capping motivated a series of re-
cent experimental and theoretical studies (19-22).

The thermodynamics of barbed end polymerization are
characterized by the critical concentration, which is unaf-
fected by processive capping (23). Physics of this phenome-
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non has been accounted for by the elastic model of processive
capping (24).

Kinetically, actin polymerization proved to be strongly
influenced by the type and structure of the participating formins
(25). The minimal unit necessary for performing the processive
capping is an FH2 homodimer (see for review (1,2)). While
the FH2 dimers of all formins reduced the filament elongation
rate, the extent of this effect varied from practically complete
polymerization stop for Cdc12 formin to an almost unaltered
polymerization rate for mDial formin (25). Similar effects
were produced by cappers consisting of FH1-FH2 domains
of different formins in the absence of profilin (25). In con-
trast, addition of profilin converted the slowing down to an
acceleration of polymerization. In the presence of profilin, the
elongation rate of filaments capped by FHI-FH2 domains
of Cdc12 was close to that of uncapped formin, while the
FH1-FH2 domain of mDial speeded up polymerization by a
factor of 4.5 (25). ATP hydrolysis by mDial FH1-FH2 domain
coupled to profilin-actin polymerization was observed to
accelerate filament growth by even more ((20), but see (25)).

Here we present a unifying mechanism of actin polym-
erization and depolymerization upon processive capping
by FH2 and FH1-FH2 domains of different formins in the
absence and presence of profilin. This mechanism accounts
for the whole range of the experimentally observed rates of
filament elongation, including the nearly fivefold accelera-
tion. According to our model, the single physical property of
the system controlling the polymerization-depolymerization
rate is the energy of the formin-barbed end complex, Ug,
which consists of the effective elastic energy of the mutual
formin-actin deformation, and the formin-barbed end inter-
action energy. The energy Uf is suggested to vary between
different formin types, most probably due to different formin
rigidities, and to be influenced by profilin. Fitting the model
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predictions to the experimental results provides Uf of differ-
ent formin-barbed end complexes with and without profilin.

Description of the system

An FH2 dimer consists of two identical structural units called
bridges, which are connected to each other by flexible tethers
to form a closed ring (26). There are two suggested states of
binding of this ring to the barbed end of an actin filament: the
“‘blocked’’ and the ‘‘open’’ states (26). In the blocked state,
the FH2 dimer is attached in all its binding sites to the three
terminal actin subunits of the actin filament so that addition
of new actin monomers is sterically prevented (Fig. 1 a). In
the open-state, the FH2 ring is shifted toward the filament
end, bound to only two terminal actin subunits, and exposes
one vacant binding site to allow attachment of a new actin
monomer (Fig. 1 b). Addition of an actin monomer to the
barbed end, which constitutes a polymerization step, trans-
forms the open state into the blocked one. Preparation of the
system to the next polymerization step requires transition
from the newly formed blocked state to the open state by
further shifting of the formin dimer toward the filament end
and partial detachment of one of its bridges. This completes
one cycle of transformations of the formin-barbed end com-
plex accompanying the polymerization process.

Depolymerization also implies repetitive transitions between
the open and blocked states of the FH2-barbed end complex,
but in the opposite sequence. Importantly, detachment of the
ultimate actin subunit during a depolymerization step must
occur from the blocked rather than the open state (26).

The previous models (24,26,27) suggested that the blocked-
to-open state transition is driven by the release of elastic
energy, which is built up within the blocked state of the FH2-
actin complex and relaxes in the open state. This is based on the
observed deformations of the filament barbed end and the FH2
dimer upon formation of the formin-barbed end complex (26).
The periodic accumulation and relaxation of the elastic energy
is essential for the model presented here.

Statement of the problem

Our goal is to analyze theoretically the kinetics of actin
polymerization-depolymerization upon processive capping,
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FIGURE 1 Open and blocked states of the formin-barbed end complex
according to Otomo et al. (26).
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based on the structural knowledge of the formin-barbed end
complex summarized above. This requires modeling the tran-
sitions between the open and blocked states of the system, taking
into account the whole range of intermediate states between the
open and blocked states, and the transitions between them.

Our further aim is to compare the kinetics of actin poly-
merization upon processive capping with those of uncapped
actin, and use the parameters known for the latter system for
quantification of the processive capping model. To this end,
polymerization of uncapped barbed ends has to be treated by
the same model as that accounting for processive capping,
with vanishing values of parameters describing the effects of
the formin cap.

THE MODEL

Polymerization cycle of formin-capped
barbed end

We consider the barbed end polymerization as consisting of
two sequential subprocesses: transition of the formin-barbed
end complex between the blocked and the open states (Fig. 2
a), and addition of a new monomer from the solution to the
barbed end (Fig. 2 b). Generally, there are two alternative
ways to describe these subprocesses—discretely by Markov
chain approach or continuously by Fokker-Planck formalism
(28). While recognizing the relative advantages and disad-
vantages of each of the approaches in relation to our system,
we will use the continuous description since, according to
the structural data (26), the binding sites between actin sub-
units and the formin bridges are extended along the protein
interface rather than pointlike. Hence, within the continuous
approach, we characterize the subprocesses by the effective
reaction coordinates x and y, respectively. Since the opening-
closing of the formin-barbed end complex includes movement
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FIGURE 2 Continuous subprocesses of the polymerization cycle. (a) Tran-

sition of the formin-barbed end complex between the blocked and open states.
(b) Addition of a new actin monomer to the barbed end.
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of the formin dimer (Fig. 2 a), and the new monomer ad-
dition can be characterized by its position with respect to the
terminal subunits of the barbed end (Fig. 2 b), the two re-
action coordinates, x and y, have the meaning and dimension
of length.

We consider the polymerization cycle illustrated by a
scheme in Fig. 3 a. The process begins with establishment of
a preliminary bond between a new actin monomer and the
barbed end. This can happen only when the formin-barbed
end complex is completely open (x = 0), the corresponding
state of the system referred to as the open-empty state, which
is illustrated in Fig. 2 a, and by the lower vertex of the scheme
inFig. 3 a. The preliminary binding of a new monomer creates
the state referred to below as the open-loaded state illustrated
in Fig. 2 b, and by the upper vertex of the scheme in Fig. 3 a.
This is followed by a continuous attachment stage during
which the monomer moves from the preliminarily bound (y =
0) position toward the fully bound (y = y,) position (Fig. 2 b),
as illustrated by the upper arrow in Fig. 3 a. The resulting state
is the blocked state corresponding to the middle vertex of the
scheme (see Fig. 3 a).

The next subprocess, illustrated by the lower arrow of Fig.
3 a, consists of a continuous transition of the formin-barbed
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FIGURE 3 Schematic illustration of the polymerization cycle. Arrows
marked by Ji, Jg, and J, indicate time-averaged fluxes during steady-state
polymerization. Reversing those arrows would depict steady-state depoly-
merization cycles (a). Polymerization of formin-capped barbed end. (b) Poly-
merization of uncapped formin.
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end complex from the blocked (x = x() to the open-empty
state (x = 0) state (Fig. 2 a), thereby completing the poly-
merization cycle. Note that the blocked state is common for
the two sequential subprocesses and corresponds to y = y, on
one hand, and x = X, on the other.

The process of depolymerization consists of the same sub-
processes but oppositely directed (counterclockwise along
the scheme; see Fig. 3 a). The formin-barbed end com-
plex undergoes a continuous transformation from the open-
empty to the blocked state. This is followed by a continuous
monomer transition from the fully to preliminarily bound
position, which brings the system from the blocked to the
open-loaded state. The last stage is the breakage of the pre-
liminary bond in the open-loaded state, and release of the
actin monomer into the surrounding solution, which com-
pletes the depolymerization step and creates the open-empty
state again.

Importantly, formation and breakage of the preliminary
bond is allowed only in the open-empty and open-loaded
states, respectively, and are forbidden in the blocked and all
the intermediate states of the system. Note, however, that the
open-empty and open-loaded states might be composed, in
their turn, of a variable range of substates (see below and in
the Appendix).

Polymerization cycle of uncapped barbed end

Polymerization (depolymerization) of uncapped actin con-
sists of just one subprocess of a new actin monomer addition
(detachment) (Fig. 3 b). In this case, there is no blocked state
of the system; nevertheless, we define, for the sake of con-
venience, the empty and loaded states of this system. In
the empty state illustrated in the right panel of Fig. 3 b, the
barbed end is ready for absorbing a new actin monomer. The
loaded state forms when a new actin monomer establishes a
preliminary bond with the barbed end, as illustrated by the
left panel of Fig. 3 a. We suggest that a polymerization cycle
begins with a discrete step of forming a preliminary bond
between an actin monomer and the barbed end in its empty
state. As a result, the system transits form the empty to the
loaded state (Fig. 3 b). This is followed by a continuous
process of attachment of the actin monomer to the barbed
end, which results in a transition from the loaded to the
empty state again (Fig. 3 b).

Note that division of the binding process into a discrete
step followed by a continuous one rather than treating the
binding process as a single event, is in fact a necessary gen-
eralization, needed to take into account the internal proper-
ties of the system that affect the overall elongation rates. The
polymerization cycle is illustrated by the scheme in Fig. 3 b
and is characterized by the reaction coordinate z varying
between O for the loaded and z, for the empty state.

Essentially, we assume that despite the absence of formin,
a new actin monomer can start the attachment process only
when the barbed end is in the empty state. This condition
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may be restated as the requirement that a monomer must
complete its process of attachment to the filament, before
another monomer may begin to bind. In the course of depo-
lymerization, detachment of actin monomers proceeds only
from the loaded state, with the mechanistic interpretation that
monomers may begin unbinding from the filament only
when the preceding monomers have become fully detached.
The monomer attachment (detachment) cannot occur to (from)
the intermediate states of the system.

Energies

Each subprocess of the kinetic schemes (Fig. 3, a and b) is
related to changes of free energy. For the sake of simplicity,
we will refer to the free energy as the energy.

The energy released at the stage of the preliminary bond
formation between the new actin monomer and the barbed
end will be denoted by UR'. We assume that this stage does
not include any actin-formin interaction. Hence, the related
energy Ugrzl originates from the actin-actin interaction only
and characterizes both the formin-capped and uncapped
barbed ends (see Discussion for further treatment of model’s
assumptions).

The intermediate states the system goes through in the
course of the two continuous subprocesses of transition
between the open and blocked states (Fig. 3 a) are charac-
terized by the elastic energy of the formin-barbed end com-
plex, ug, the actin-formin interaction energy, uag, and the
actin-actin interaction energy, uaa. All these energies are
assumed to vary continuously along the effective reaction
coordinates x and y for the open-empty-to-blocked and open-
loaded-to-blocked transition, respectively.

Continuous attachment of an actin monomer to the un-
capped barbed end (Fig. 3 b) is characterized by the actin-
actin interaction energy ua 5, which depends on the reaction
coordinate z.

The total energy of an intermediate state of the actin
monomer attachment (Fig. 2 b) in the course of the open-
loaded-to-blocked transition consists of all three contribu-
tions, uq(y) + uar(y) + uaa(y). The total energy of the
intermediate states of the open-empty-to-blocked transition
(Fig. 2 a) includes only two contributions, ug(x) + usg(X),
because no actin-actin interaction is involved in this sub-
process. We denote the sum of the two energy contributions
related to formin as the effective formin energy, up = u. +
uar. Using this notation, the intermediate state energies of the
two subprocesses are ur(y) + uaa(y), and ug(x), respectively.

For the following, we introduce the notations for the total
energy changes resulting from each of the subprocesses. The
total change of the formin energy is equal for the two sub-
processes and is denoted by Uk,

Ur = ug(x0) — ue(0) = ur(yo) — uz(0). (1)

The total change of the actin-actin interaction energy
resulting from the continuous stage of the new monomer

1515

attachment is USK" = uaa(Yo) — uaa(0). The total actin-
actin interaction energy released after both the preliminary
and the continuous stages of actin attachment is denoted by
tot __ gyprel t
U, = URS+ USSR
Polymerization of an uncapped filament is described only
by the actin-barbed end interaction energies of the prelim-

inary ( Uf&l) and the continuous (s A(z)) stages. The corre-

sponding total energy changes, U and UY,, are the same
as for the formin-capped filament.

Recall that all the energies introduced in this section have
a meaning of free energies, which include contributions of
both internal energy and entropy. Depending on the process,
the energy change can be determined by enthalpy, entropy,
or a combination of the two. For example, the polymeriza-
tion energy of uncapped actin, U, has been shown to have

an entropic rather than enthalpic origin (29,30).

Strategy of analysis and main equations

Formin-capped filament

The goal of the work is to calculate the filament polymer-
ization rate Rag. The approach we are using is based on
probabilities of different states of the system and the related
probability fluxes, which describe the system progression
along the substages of the polymerization cycle (Fig. 3 a).
The meaning of the probability flux through a certain state is
the probability of the system to transition via this state in a
given direction in unit time. The polymerization rate, R ar, is
identical to the probability flux from the open-empty to the
open-loaded state of the system.

We denote by pg(x) the probability density of the inter-
mediate states in the continuous range between the blocked
and the open-empty states (Fig. 2 a); and by py (y) the pro-
bability density for the range of intermediate states corre-
sponding to continuous attachment of a new actin monomer
to the barbed end (Fig. 2 b).

The probabilities of the open-empty and open-loaded
states, which are the discretely defined extremes of the two
continuous ranges of intermediate states, are given by

pe(0)A and  p; (0)A, @)

respectively. The coefficient A represents a distance along
the reaction coordinate that separates two adjacent states if
the latter are described discretely rather than continuously.

In the blocked state, which is common for the two ranges
of the intermediate states, the two probability densities must
coincide:

Pe(Xo) = pr(Yo)- 3)

The polymerization cycle includes three probability fluxes
(Fig. 3 a).

The probability flux from the open-empty to the open-
loaded state, J;,, determines, as mentioned above, the poly-
merization rate, R g = J;,. Accounting for Eq. 2, this flux can
be expressed as

Biophysical Journal 92(5) 1512—1521
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Jin = kicpp(0) — k_p. (0), @)

where k.c is the rate of the preliminary bond formation
between an actin monomer and the barbed end in the open-
empty state, ¢ being the bulk concentration of actin monomers
next to the barbed end; and k_ is the rate of the breakage of the
preliminary bond in the open-loaded state. Note that, within
our definitions, the rates k. ¢ and k_ include the length A (Eq.
2) and, therefore, have units of length over time.

The second probability flux, Ji, corresponds to transition
from the open-loaded to the blocked state of the system, and
the third probability flux, Jg, describes evolution of the
formin-barbed end complex from the blocked to the open-
empty state (the upper and lower arrows in the scheme in
Fig. 3 a). Taking into account the energies of the interme-
diate states defined above, and using the Fokker-Planck
expressions, these two probability fluxes are given by

OpL(y) Do O(up(y) + uaa(y))

= D 5

Ju L y kBTPL(y} dy NS
dpg(x) | D du(x)

=D + 2 6

Je ET gy kBTPE(x) i 6)

where D; and Dg, are the coefficients of the effective diffusion of
the system along the reaction coordinates y and x, respectively.

We consider the steady state in which all the fluxes are
constant and equal to each other:

Jin :JL :-]E (7)

To find the polymerization rates upon processive capping,
we have to solve the system of Eqs. 4—7 accounting for Eq. 3.

Uncapped filament

The analysis in this case is a reduced version of that described
above. The intermediate states of the system are described by
the probability density pa(z), while the probabilities of the
loaded and empty states are given, respectively, by pa(0) - A
and pa(zp) - A. The probability flux J;, can be expressed as

Jin = kicpa(20) — k-p,(0). @®)

The probability flux of continuous attachment of a mono-
mer to the barbed end is given by

dpA(Z) DAp (Z)

_ Pa dMAA(Z)
dz kT A

Ja = =Dy dz

€))

where D, is coefficient of the effective diffusion of the
system along the reaction coordinate z.

We assume that the rate constants k¢ and k_ are equal to
those in the presence of the formin cap. This is another man-
ifestation of the assumption that the preliminary bond is iden-
tical in capped and uncapped systems (see Discussion). We
adopt this assumption to focus on the effects of the elasticity of
the formin-actin complex on the polymerization rate. Account-
ing for possible variations in these rate constants produced by
formin leads to changes in the polymerization rate, which are
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additional to those predicted by our model. As discussed below,

such variations have been addressed by the recent model of

processive capping by formin in the presence of profilin (21).
Upon steady-state polymerization,

Jin = Ja. 10)

Simultaneous solution of Eqgs. 8 and 9 gives the poly-
merization rate, Rya = Jj,, of uncapped actin filaments.

RESULTS
Expressions for polymerization rates

The analytical results for the probability distributions, fluxes
and, finally, the polymerization rates characterizing the actin
filament assembly with, and in the absence of, processive
capping are presented in the Appendix. In this section, we
discuss the experimentally testable predictions of the model
on the polymerization rates.

The polymerization rates of formin-capped, Rap, and
uncapped, R, barbed ends are expressed, respectively, by
Eqs. A10 and A3 through the bulk concentration of actin
monomers in the solution, ¢, and the energy functions ug(§)
and uaA(€) (Where ¢ denotes the reaction coordinate x, y, or
z, depending on the subprocess). According to Egs. A10, A3,
and Eq. 1, both Ry and R 4 vanish if the actin concentration
has the critical value of

L ko

c=rc¢ :;ekBT
+

; 1L

where kgT ~ 0.6 kcal/mol is the product of the Boltzmann
constant and the absolute temperature.

The elongation rates are positive, Rag > 0, Raa > 0,
corresponding to polymerization, if the actin concentration
exceeds the critical value, ¢ > ¢*, and negative, Rar < 0,
Raa < 0, meaning depolymerization, for ¢ < c*.

According to the general expressions (Egs. A10 and A3), the
polymerization rates, Rar and Ra 4, are nonlinear functions
of the actin concentration and exhibit saturation beginning
from certain c. On the other hand, the experimentally measured
polymerization rates of both uncapped and formin-capped actin
filaments (25,31) exhibit an effectively linear dependence on
c in the range between c* ~ 0.1 uM and at least 10 uM.
Requirement of a quasi-linear dependence of Rpr and Raa on
¢ in the relevant concentration range will be the major criterion
for determination of the system parameters below. Once this
requirement is fulfilled, the polymerization rates Ror and Raa
(Eqgs. A3 and A10) can be expressed in this concentration range
by simplified linear expressions Rag = aar(c—c*) and Rap =
aaa(c—c*). The filament assembly is then characterized by the
elongation slopes aar and aaa, Which can be calculated
numerically from Egs. A10 and A3, respectively.

To express the polymerization rates in analytical form, we
treat the formin energy profile, ug, and the energy profile of
actin-actin interaction, ua a, as linear functions of the reaction
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coordinates: ug(§) = U - gé’ uaa(€) = Uaa gi This means

. 0 0 . .
that both the formin energy and the energy of actin-actin
interaction are accumulated (or released) gradually in the
course of the continuous stages. (To ensure the robustness of
the model conclusions we analyzed numerically also some
nonlinear energy profiles; see Discussion.) The resulting
expressions for the elongation slopes of the formin-capped and
uncapped filaments are given by Eqs. A1l and AS, respec-
tively. They are determined by the following system param-
eters: the total energy changes U and U a 4; the rate constants
k. and k_; the effective diffusion coefficients, Dg, Dy ,and D »;
and the ranges of the reaction coordinates xq, yo, and z.

Elongation rates

To analyze the elongation rates predicted by the model, we
assume all the diffusion coefficients to equal that of actin
monomers in water, Dg = D;, = Dy = 5 - 107 nm?/s (see
Discussion for sensitivity of the results to this assumption).
The ranges of the reaction coordinates can be estimated as
the half size of an actin monomer xy = yg = zp ~ 2.8 nm,
which is the average distance of movement of a formin dimer
in the stair-stepping model (24,26,27) and of shifting of a
new actin subunit along the barbed end before reaching its
final position (Fig. 2). Three other parameters, Uaa, K+, and
k_, are interconnected by Eq. 11 via the known value of the
critical concentration ¢* = 0.1 uM (32). Using Eq. 11 to
express k_, we are left with three free parameters: the total
change of the formin energy UF, the total change of the actin-
actin energy resulting from the continuous attachment stage,
U aa, and the rate of generation of the preliminary bond, k..

We first analyze the model prediction for polymerization
rate of uncapped actin, Raa. Inserting the value of the elon-
gation slope, aaa, measured in Kovar et al. (25) into Eq. AS,
we obtain the relationship between k., and Upaa (Eq. A6),
denoted as k'(Uaa), which fits the experimental results for
uncapped actin (25).

We use the found relationship kT'(Ups) to examine
the rate of polymerization upon processive capping, R, for
different values of the two remaining free parameters, Uaa
and Ug. The elongation slope aar depends on the energies
Uaa and Ug according to Eq. A12 accounting for Eq. A6.
This dependence is illustrated by the ridgelike surface in
Fig. 4 a and represents the main result of this work. For com-
parison, the elongation slope of uncapped actin aa is pre-
sented in the same figure by a flat surface.

The Fig. 4 a shows that for any value of U 4, the elongation
slope a g varies considerably with the total formin energy Ur.
Whereas Upx, is determined by the actin-actin interactions
only, Ur accounts for the properties of the formin-barbed end
complex and, therefore, must vary for different formin types
in agreement with the experimental observations. Hence, the
elongation rate depends strongly on the formin type. Impor-
tantly, according to Fig. 4 a, the elongation slope of formin-
capped filaments, o o, can be smaller or larger than that of the
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FIGURE 4 Kinetic characteristics of the polymerization process. Com-
parison with the experimental results from Kovar et al. (25). (@) Elongation
slope as a function of the total formin energy Ur and the total energy
interaction of actin monomer and the barbed end released as a result of the
continuous stage of the monomer addition, Usa. The ridgelike surface
represents polymerization kinetics of the formin-capped barbed end. The flat
surface describes polymerization of uncapped barbed end. The points
correspond to polymerization rates of different formins with and without
profilin as explored experimentally in Kovar et al. (25). The fitting procedure
is described in the main text. (b) Elongation rate as a function of actin
monomer concentration for different values of the total formin energy, Ug.
The points correspond to the experimental results of Kovar et al. (25). The
values of the formin energy UF fitted to describe the polymerization kinetics
of different formins (25) are: 0 kgT for mDia2(FH1FH2); 2.5 kgT for
Bnil(FH1FH2); 4 kgT for mDail(FH1FH2); 6 kgT for mDia2(FH1FH2)+
profilin; 6.5 kgT for Cdc12(FH1FH2)+profilin; 8 kgT for Bnil (FHIFH2)+
profilin; and 16 kgT for mDial(FH1FH2)+ profilin.

uncapped formin, a s, depending on the energies U4 and
Ug. This means that the processive capping is predicted to be
able to both slow down and accelerate polymerization depend-
ing on the properties of the formin-barbed complex accounted
for by the formin energy Ug. Thus, our model predicts a pos-
sibility of both slowing down and acceleration of the filament
elongation by processive capping in the absence of any addi-
tional energy input such as that of ATP hydrolysis.

Further, for any Uaa, the elongation slope aar changes
nonmonotonously with the total formin energy U, and there
is an optimal Uf that results in a largest elongation rate of the
filament. The largest values of @ are lying along the crest of

Biophysical Journal 92(5) 1512—1521
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the ridgelike surface (Fig. 4 a). As Uaa increases, the
corresponding largest elongation slope increases, and, at
Uaa = —15 kgT it exceeds the elongation slope of uncapped
filaments. The maximal elongation slope is predicted for
Uaa — 0, and corresponds to greater than five times’ accel-
eration of actin polymerization by processive capping com-
pared to polymerization rate of uncapped filament (Fig. 4 a).

Comparison with experimental results

The present model can account for the whole range of actin
polymerization rates observed in the presence of different
formin domains with and without profilin. The largest poly-
merization rate, exceeding by a factor of ~4.5 that of un-
capped actin, was measured for FH1-FH2 domain of mDial
in the presence of profilin (25). We assume that the corre-
sponding polymerization rate axp = 35.7 s~ uM ™! is de-
scribed by a point on the crest of the ridgelike surface (Fig. 4 a)
and obtain that, within this assumption, the system is de-
scribed by Upa ~ —3 kgT.

Due to the nonmonotonic dependence of aar on Uk (Fig.
4 a), the formin energies Ug of the other formin systems
characterized by slower polymerization rates can be either larger
or smaller than Ug of mDial in the presence of profilin. To
choose between these two possibilities we use the requirement
of the quasi-linear dependence of the polymerization rate Rap
on the actin concentration c in the range between 0 and 10 wM.
Our numerical analysis of Eq. A10 shows that for larger U the
dependence of R or on ¢ considerably deviates from a linear one
already at concentration below 1 uM, while for lower Ug this
dependence looks linear up to actin concentrations exceeding
10 uM. Therefore, all other formins have to possess Ug smaller
than that of mDial with profilin.

Using the measured values of the elongation slope for
different formins represented by the experimental points in
Fig. 4 a, we find the formin energy Ug corresponding to each
formin system. This allows us to obtain a series of the actin
concentration dependences for the polymerization rates, Rar,
corresponding to the whole pool of the experimental data
(25), as illustrated in Fig. 4 b. The values of the total formin
energy Ur describing the investigated formin systems are
given in the legend of Fig. 4. Among them, the minimal
formin energy Ug ~ 0 corresponds to the mDia2 (FHIH2)
and the maximal Ug =~ 16 kgT to mDial(FH1FH2) in the
presence of profilin. Estimations show that Ug of Cdc12 in
the absence of profilin should be slightly negative, meaning
that the negative energy of actin-formin interaction Usf has
an absolute value exceeding that of the elastic energy U.,.

DISCUSSION

Polymerization rate is controlled by the effective
rigidity of formin

Formin-capped actin filaments exhibit a variety of elongation
rates depending on the type of formin and the presence of
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profilin (20,25). Polymerization is slowed down by dimers of
FH2 domains of various formins, and is accelerated by FH1-
FH2 domains in the presence of profilin.

We have suggested a model predicting the observed
diversity of polymerizations rates upon processive capping
and explaining this effect by variation of only one system
parameter—the total energy of the formin-barbed end com-
plex, Up, as illustrated in Fig. 4 a. This energy is the sum of the
formin-actin binding energy, U o, and the elastic energy, U,
of the mutual deformation of formin and the filament-barbed
end. Both contributions and, particularly, the elastic energy
U, which is determined by the effective rigidity of the formin-
barbed end complex (24), can vary considerably between dif-
ferent formins. For example, variations in length of the tethers
connecting the two FH2 bridges within the dimer (26) can
influence the formin effective rigidity and, hence, U,,.

Acceleration of polymerization by profilin

The maximal polymerization rate upon processive capping is
predicted by our model to be approximately five times larger
than that of uncapped actin, R 5 (Fig. 4 a). This prediction is
rather close to the maximal elongation rate observed exper-
imentally for FHI1-FH2 dimers of mDialin the presence of
profilin (25), which exceeds R by a factor of 4.5. The more
precise fitting presented in Results shows that the whole pool
of the experimental results, including the 4.5-fold acceler-
ation, can be explained assuming that the energy Uaa of the
actin monomer-barbed end interaction corresponding to the
continuous stage of the monomer attachment process is
Uaa = —3 kgT. This is a relatively small part of the total
energy of actin-actin interaction UYY, which includes, in
addition to Ua,, the energy of the preliminary actin-actin
bond U, and can be estimated based on the value of
the critical concentration c¢* as UY, = kgTIn(c*/cw) =
—20kgT (cw =~ 55 M being the water concentration) (24).
Hence, the largest part of the total actin-actin energy should
correspond to the preliminary bond Uf\rzl ~ —17 kgT.

The fitted values of the total formin energies Ug cor-
responding to the different formin systems are presented
in the legend to Fig. 4. According to the fitting results, the
energy Up, is larger in the presence of profilin. This can be
justified by reasoning that in the absence of profilin, only
FH2 domain interacts with the polymerizing actin monomer
and undergoes the related deformations. Profilin mediates
binding of the new actin monomer to the FH1 domain (7). As
a result, the FH1 domain should also undergo deformation in
the course of the monomer addition to the barbed end.
Consequently, the FH1 domain contributes its rigidity to the
effective rigidity of the formin-barbed end complex and
increases the elastic part of the energy Ukg.

The previously suggested model for the acceleration of
actin polymerization by profilin (21) proposes that profilin
effectively increases the concentration of actin monomers
near the barbed end by using the FH1 domain as a means of
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exploring the space around the barbed end. Further, this
model suggests that profilin assists in the orientation align-
ment of the monomers before their binding with the filament,
which results in a greater on-rate of the monomer binding.
These effects are complementary to those described by our
model, and may be integrated into it by defining the effective
values of the binding rate 5>k, and the actin monomer
concentration ¢ > ¢, thereby accounting for the actin
monomers orientation and accumulation, respectively.

Origin of the acceleration effect and the
optimal rigidity

The increase of the polymerization rate by an elastic formin
cap, which does not require energy input from an external
source such as ATP hydrolysis, may appear counterintuitive.
Yet, it has a rather simple physical origin.

The polymerization rate is determined by the probabilities
of the system to be in the open-empty and the open-loaded
states, which serve as gates for actin monomer attachment to
and detachment from the barbed end (see Egs. 4 and 8). In
the blocked state and all the intermediate states, the system
cannot exchange the monomers with the surrounding solu-
tion. The larger the overall probability of the system to be
within the range of the intermediates states, the lower the
chances to exchange monomers with the solution, and, hence,
the more influenced is the polymerization rate.

For the formin-capped barbed end, the probabilities of
different states are largely determined by the formin energy
Ug. For small U, the system is effectively smeared within the
broad continuous range of intermediate states corresponding
to two subprocesses—attachment of the new monomer and
opening of the formin-barbed end complex (movement of
formin bridge). The probability of the open-empty state in this
case is small and lesser than the corresponding probability for
uncapped filament, where the range of intermediate states is
limited by only one subprocess of the monomer attachment.
Hence, the polymerization rate of formin-capped filament is
lower than that of an uncapped filament. As U increases due
to the growing formin rigidity, the intermediate states become
more and more unfavorable. This increases the chances of the
formin-capped barbed end to be in the open-empty state and
boosts the actin monomer influx. In the parameter range
discussed above, the resulting polymerization can exceeds
that of an uncapped actin filament.

As the formin rigidity, and, hence, U, increases even
further, progress of the system through the polymerization
cycle (Fig. 3 a) requires overcoming of a growing energy
barrier between the open-loaded and blocked states, which
creates an effective bottleneck for the probability fluxes and
reduces the overall polymerization rate. This results in non-
monotonous dependence of the polymerization rate on U at
every fixed Uaa, as illustrated by the ridgelike surface (Fig. 4
a). According to Fig. 4 a, the formin energy corresponding to
the largest polymerization rates is close to Ug =~ 15 kgT. The
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formin-actin binding energy can be estimated as Uag ~ —5
kgT, which takes into account that, while the total binding
energy is ~—20 kgT (24), the cycle of processive capping
includes disruption and reconnection of only one out of
four FH2-actin bonds. Hence, the maximal elongation rate
requires the elastic energy of U,y = Ugr — Uar = 20 kgT. A
similar estimation was obtained in Kozlov and Bershadsky
(24) based on qualitative considerations, and the resulting
rigidity of the formin-barbed end complex was shown to be
comparable with the rigidity of actin filaments.

Model assumptions

Numerical predictions of the model illustrated in Fig. 4 are
based on two assumptions. First, we used specific values of
the effective diffusion coefficients Dy, = Dg =Dy =5 - 107
nm?/s and the ranges of the reaction coordinates x, = y, =
zo = 2.8 nm. The predicted polymerization rates depend only
on the combinations of these parameters having a meaning of
diffusion times, T4 ~ g—OL R g—OE ~ [)—OA ~ 10~ 7s. These char-
acteristic times are much smaller than the time of formation
of the preliminary bond between an actin monomer and the
barbed end, the value of which, resulting from the fitting
procedure, is 74 = k% ~ 10735 for a typical actin concen-
tration of ¢ &~ uM. This hierarchy of the characteristic times
guarantees an apparently linear dependence of the polym-
erization rate on the actin concentration, as required by the
experimental results. At the same time, the results of the model
are insensitive to the exact value of 74 as long as the re-
quirement 7 > Tqf is fulfilled.

Second, we assume that the rate constants for formation
and disruption of the preliminary bond, k., k_, and the
preliminary bond energy, UIPJZI, are unaffected by formin.
This assumption has a partial support based on the exper-
imental evidence that formin does not influence the critical
concentration of actin polymerization c*, which is expressed
as a combination of these three parameters (Eq. 11).

Lastly, the energies associated with the intermediate stages
of the polymerization cycle are assumed to be linear functions
of the reaction coordinates, signifying that the energies are
accumulated or released in a constant gradual fashion. Inves-
tigation of nonlinear energy functions (not shown) indicates that
if they represent high energy barriers, the polymerization rates
of the formin-capped filaments are always lower than those of
uncapped ones. On the other hand, certain nonlinear shapes of
these functions result in even larger acceleration of polymer-
ization than those described above. The polymerization rate can
reach up to 15-20 times the elongation rate on uncapped
filaments. However, it is unclear what physical mechanism
could be associated with such energy profiles.

APPENDIX: ANALYTICAL RESULTS

In the following, the energy functions ug and usa are expressed in units of
kgT.
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Uncapped filaments exp Uaa
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and the probability flux J,, which determines the polymerization rate, J5 = Dg J,
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The corresponding elongation slope defined in the main text is given by
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(A4) where the integration constants p; (0), pg(0) can be found from the nor-
malization condition
For linear energy function usa(z), the expression Eq. A4 for the elongation
slope is reduced to
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Based on the experimentally measured value of the elongation slope of For the linear forms for the potential functions ug({)and usa({), the
uncapped actin, a:XK, the relationship between k. and U, is elongation slope is
. —U,
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Inserting the relationship Eq. A6 for k., we obtain for the elongation

slope
! Al2
OAF = 5 .
AF E (lfeiuAAqu)(lfequ) X 4 Ug + Upap + e Vaa-Ur_ Y%_L* e 2UF_3,UF 4 2—-Up + e’}JF 1—e UF X JETUAA ( )
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