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Abstract

Cofilin/ADF are cytoskeleton remodeling proteins that cooperatively bind and fragment actin
filaments. Bound cofilin molecules do not directly interact with each other, indicating that
cooperative binding of cofilin is mediated by the actin filament lattice. Cofilactin is therefore a
model system for studying allosteric regulation of self-assembly. How cofilin binding changes
structural and mechanical properties of actin filaments is well established. Less is known about
the interaction energies and the thermodynamics of filament fragmentation, which describes the
collective manner in which the cofilin concentration controls mean actin filament length. Here,
we provide a general thermodynamic framework for allosteric regulation of self-assembly, and
use the theory to predict the interaction energies of experimental actin filament length
distributions over a broad range of cofilin binding densities and for multiple cofilactin variants.
We find that bound cofilin induces changes in nearby actin-actin interactions, and that these
allosteric effects are propagated along the filament to affect up to four neighboring cofilin-
binding sites (i.e. beyond nearest-neighbor allostery). The model also predicts that cofilin
differentially stabilizes and destabilizes longitudinal vs lateral actin-actin interactions, and that
the magnitude, range, asymmetry, and even the sign of these interaction energies can be altered
using different actin and cofilin mutational variants. These results demonstrate that the
theoretical framework presented here can provide quantitative thermodynamic information
governing cooperative protein binding and filament length regulation, thus revealing nanometer
length-scale interactions from micron length-scale “wet-lab” measurements.



Introduction

Self-assembly of nano-scale proteins into micron-scale filaments is one of the most common yet
consequential behaviors in molecular biology. Protein filaments are implicated in the majority of
neurodegenerative diseases, most notably the cross-beta amyloid fibril associated with
Alzheimer’s disease [1]. Yet protein self-assembly into one-dimensional filaments is also
necessary for biological function. The most common example is actin, which constitutes the
cytoskeleton of cells, drives cellular motion, and forms the synaptic structures that allow neuronal
communication [2,3]. A suite of auxiliary regulatory proteins further control actin filament length,
localization, cross-linking, and branching [4]. These regulatory molecules bind to actin monomers
in the filament. This binding interaction can alter the conformational preference of actin, thereby
affecting actin-actin (i.e. filament) stability in the vicinity of regulatory binding. This phenomenon,
whereby interactions in one part of a protein affects the behavior of a distant part of the protein
or adjacent proteins, is called allostery, and is a pervasive property allowing for the conditional

activation of protein function and self-assembly.

In the case of actin, allostery extends the effects of regulatory proteins beyond the locality of
their direct binding with the actin filament, giving rise to longer-range coupling. The presence of
such coupling is inferred from experimental measurements of atomistic structural changes as well
as “macroscopic” filament length distributions. However, structural studies are indirect probes of
allostery; it is difficult to infer, based on structure, the magnitude or sign of the changes in
interaction energies, and energetic or entropic effects could propagate in the absence of
discernable structural change [5,6]. How structural perturbations are related to interaction
energies, and how these molecular-scale energetics collectively regulate cell-scale effects, are

open questions.

One-dimensional order-disorder transitions, and reversible filament self-assembly from
monomeric subunits, are both well-established theoretically. Exact transfer matrix-based
calculations of Ising partition functions have led to analytically tractable insights into biological
processes such as the helix-to-coil transition in proteins [7]; recently, this approach has been

extended to multi-component systems, with allosteric effects limited to nearest neighbor (spin-



spin) interactions [8]. Self-assembly in the absence of allosteric regulation has also been
analytically solved in the case of identical monomers [9]. Here, we extend and combine these
approaches to create a framework for predicting the equilibrium length distribution for arbitrary
allosteric self-assembly Hamiltonians, and apply it to study actin assembly and modulation by
regulatory proteins. The framework models an ensemble of linear polymers (e.g. actin filaments)
within which an allosteric interaction Hamiltonian is integrated in a modular fashion via a
generalized Ising model, thereby allowing for exact analytic calculation of the filament length
distribution as a function of any regulatory component interaction. The model is general, and
applicable to any linear polymer with any type of allosteric interactions, both with and without
associated regulatory components. The theory is also analytically solvable, enabling
comprehensive fitting over the entire parameter space for any type of allosteric regulation.
Application of this model to the experimentally measured cofilactin filament length
distribution, measured for three different actin and cofilin variants (isoforms), yields in all cases
a single unique best fit following exhaustive enumeration over the parameter space. The results
show that cofilin binding to an actin filament changes actin-actin interaction energies up to four
repeat units away from the binding site. Depending on the variant, these allosteric effects can
propagate symmetrically or asymmetrically from the binding site. The analysis also shows that
cofilin binding in most variants destabilizes lateral contacts, but either stabilizes or has weak
effect on longitudinal filament interfaces, consistent with molecular dynamics simulations [10]
and structural signatures from experiments carried out with purified protein components [11-
13]. The statistical mechanical framework presented here thus provides quantitative
thermodynamic information governing allosteric length regulation of actin filaments, and shows
how genetic variation can tune allosteric interactions.
Theory
General Model of Linear Polymer Self-Assembly — The theoretical length distribution of one-
dimensional equilibrium self-assembly in the absence of regulation or allostery has been solved
[9]. Here, we extend this framework to allow for allosteric regulation. We consider a system
composed of N >> 1 identical molecules at constant temperature T and in a solution of constant

unit volume V. These molecules polymerize (i.e. self-assemble), forming linear filaments, with



the interactions between the molecules possibly being allosteric in nature, as well as regulated
by other types of molecules at fixed concentration . Polymerization occurs in the dilute limit,
where the total protein and polymer occupied volume (Vocc) is much less than the solvent volume
(Voce << V) and, thus, interactions between filaments are negligible. In this limit the free energy
of each polymer becomes extensive in its length. The concentration of filaments of length L is

then given by

cL = e—'y—nL

(Eq. 1)
Here y is the free energy of creating a new filament (i.e. the filament scission energy) and K is

the free energy change associated with adding one more monomer to a filament [14]. By
minimizing the free energy corresponding to the dilute limit partition function subject to the
constraint of fixed total monomer concentration, the change in free energy associated with adding

a monomer to a filament may be related to the filament scission energy by:

1—+v1+ 4ceY
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2ceY

(Eq. 2)
The distribution specified by equations (1,2) may be used to extract any moment of interest. A

readily experimentally accessible moment is the mean filament length
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(Eq. 3)
This only depends on «; which in turn only depends only on the effective filament nucleation term
y. Note that Egs.2-3 hold regardless of the type of (possibly allosteric) interactions, with y
computed from the interaction Hamiltonian (e.g. see below for actin self-assembly regulated by
cofilin). In the special case of non-regulated and non-allosteric self-assembly with monomer-

monomer binding free energy J, y=J. Inserting equation (2) into (3) then yields
1
(L) =3 [1 +/1+ 4ceﬁj} . o
g.

which is the known result for simple self-assembly [9]. In the low concentration limit such that
most monomers are unbound, in setting the critical nucleation size n = 2 and assuming the
nucleation rate constant is equal to that of monomer addition (i.e. k» = k+), equation (1) simplifies

to:



(Eq. 5),

the classic result [15, 16] for the case in which filament fragmentation and annealing can be
ignored [17], which is simply modified if the critical nucleus is a trimer [18,19]. Incorporating
higher-order corrections due to intra-chain interactions and nucleation effects in the very long (L
>> Lp) and very short (L << Lp), regimes, respectively, is straightforward. The conformational
entropy has a power-law scaling with length, which may be inserted into equation (1) as a
modification to k. Similarly, nucleation effects can be incorporated by treating the case of L = 1,
2 separately and then only using equation (1) for longer filaments.

The model in equations (1,2) applies more generally to self-assembly regulated by
additional molecules in the presence of allosteric interactions. In that case, we need to introduce
a Hamiltonian to capture such interactions. With such a Hamiltonian we can compute the
associated partition function from k and y. This results in a new length distribution following

equation (1) but with energies determined by the physics of the additional degrees of freedom.

Actin Assembly Regulated by Cofilin
Cofilin molecules bound to actin filaments do not directly interact [20], indicating that the
cooperative interactions between cofilin propagate allosterically from occupied sites to vacant
sites in the filament. Long-range destabilizing effects of bound cofilin have been implicated in
filament depolymerization and fragmentation (see e.g. [11, 21]). The reported length over which
cofilin-linked conformational changes propagate along actin filaments varies dramatically,
ranging from 1-3 [22, 23] up to ~100 filament subunits [11, 21], and may be directionally
asymmetric [24, 25]. A recent electron cryo-microscopy study [23] suggests that changes in
filament twist are effectively local and propagate allosterically only over 1-3 subunits, but with
one side (pointed end directed) appearing to be slightly longer-range (2-3 subunits) than the other
(barbed end directed).
We used a grand canonical ensemble to build a Hamiltonian for cofilin regulation of actin
filament, accounting for the energetic contributions from actin filament extension, direct cofilin
binding, and local conformational changes of actin filament induced allosterically by cofilin

binding. The model is essentially a grand canonical ensemble for a filament of length L and fixed



cofilin binding saturation, which we match to experimental conditions using a chemical potential
P (see below and Materials and Methods). We map double strand actin filament with allosteric
regulation to a generalized Ising model for the binding occupancy of the regulatory protein (Figure
1). We use i to index actin (“bricks” in Figure 1) as well as its associated cofilin-binding sites
(positioned at interface between longitudinal filament actin subunits i and i—2). We use the
variable sito track whether or not cofilin is bound at each site: s; = 1 if bound to cofilin, and si=0
otherwise.
When no cofilin is bound to the polymer, its energy is just set by the unmodified actin-
actin binding energy J. So
Hy=—-J(1—-1L)
(Eq. 6)

The direct actin-cofilin binding interaction energy is given by -1 and the free energy drops A for
each bound cofilin. On the other hand, cofilin binding has a chemical potential x, and the free
energy decreases by u when a cofilin molecule binds to an actin filament. We may combine these

into an effective binding energy P given by

P=—-u+21
(Eq 7).
This produces a term in the Hamiltonian of the form
Hyirect = _sti
i
(Eq. 8)

When cofilin binds to an actin filament it also induces conformational changes at the
neighboring actin subunits (j, i-2). This is shown in Figure 1, where a bound cofilin molecule is
denoted by a blue oval. These conformational changes in turn modulate the binding energy of
those actin subunits to their neighbors. To account for these effects we introduce two
interaction energies Q and W. The former accounts for changes in the in-plane actin-actin

binding energy (e.g. i-i+2), and is of the form



Hinprane = =0 Y [1= [ [0 =512))],

i JEM
(Eq. 9)
The set
M ={i|L<i<R,i=0(mod2)}

(Eq. 10)
constrains the longitudinal coupling (Q) to neighbors in the same plane with separations
between £ and R. When Q > 0 the net impact of this term is to enforce the energy of all in-
plane actin-actin bonds within the specified range of a bound cofilin molecule, i.e. to
stabilize/favor longitudinal actin assembly. When Q < 0 this term has the opposite effect,
indicating that bound cofilin destabilizes or is unfavorable to longitudinal actin assembly.

The remaining interaction W behaves similarly to Q, and accounts for changes in the out-

of-plane actin-actin binding energy (e.g. i-i+1). Its contribution is given by

R

Hout—of—plane = _Wz 1- 1_[(1 - si—j) :
i

j=L

(Eq. 11)
When W > 0 the net impact of this term is to strength the energy of all out-of-plane actin-actin
bonds within the specified range of a bound cofilin molecule and to stabilize lateral actin
assembly. When W < 0 this term has the opposite effect for actin assembly laterally.

Putting together the various different energy terms, we arrive at a Hamiltonian of the

form
i i jEM ‘ j=t

(Eq. 12)
where now we may work just in the canonical ensemble for a given filament length L because
the effects of cofilin concentration are incorporated into P due to the one-to-one mapping

between binding and cofilin-actin interactions. This form is useful because the experimentally



available parameter is the cofilin binding fraction on the polymers, which we may use to directly
compute P but not i or A [26, 27].

The range and asymmetry of change in actin-actin interaction energy induced by cofilin
binding correspond to different values of the ranges between L and R. These introduce different
effective coupling functions between actin subunits and bound cofilins, and generate different
equilibrium filament length distributions. The range and asymmetry of the allosteric interactions

are given by

Range=R — L
(Eqg. 13)

and

Asymmetry =R + L.
(Eq. 14)

Note that the Range refers to the distance between two cofilin binding sites (i + £ and i + R),
not the number of cofilin binding sites in the Range. Within the Range, all the lateral actin-actin
interfaces and those longitudinal actin-actin interfaces on the same protofilament strand are
affected by a cofilin binding. Therefore, the Range and Asymmetry depict how induced changes
at actin-actin interface spread. For example, (£, R) = (-1, 2], the second case in Figure 1, has Range
= 3 and within the distance between cofilin binding sites i — 1 and i + 2, 3 lateral (actin i-2 - i-1, i-
1-iandj—i+1) and 2 longitudinal actin-actin interfaces (actin j-2 - i and j - i+2; total 5) are modified
by a cofilin binding at site i, as shown in blue in Figure 1. This case has an Asymmetry =1, indicating
one more lateral actin-actin interface changed on the right side than on the left side of the bound
cofilin.

Because the Hamiltonians of candidate interactions (equation 12) is symmetric with
respect to left and right, our model is fully characterized by the Range and Asymmetry. We also
explore permutations of equation (10) in which one or both of the inequalities are non-inclusive;
the former case breaks the directional symmetry. The difference between an inclusive (denoted
by a square bracket) and non-inclusive (denoted by a parenthesis) is including or not including a
possible longitudinal Q term on the edge of the range spanned by the lateral interactions W
(dashed blue line in Figure 1). For example, for L, R =-1, 2, (-1, 2] means to include the Q term at

the edge i +2, whereas (-1,2) excludes the Q term at that edge. However, because there is no Q



term at that edge at the edge i —1, there is no difference between inclusive and non-inclusive
notations (-1,2) and [-1,2). As we shall see, the models in which one side of the Q term is non-
inclusive fit as well or better than the fully inclusive model, so we focus on the former in the
remainder of this work (Figures 2-5 and Supplementary Table S1) . Fits that focus on the latter are
presented in the Supplementary Information (Supplementary Figure S1) and agree with the

conclusions derived from the former.

Materials and Methods

Chemicals and protein purification - All buffer chemical reagents were the highest purity
commercially available and purchased from American Bioanalytical or Sigma-Aldrich. Rabbit
skeletal muscle actin (RSKactin) and Yeast actin A167E was purified and labelled with Alexa 488-
succimidyl ester (Molecular Probes, Eugene, OR) [27]. Actin monomers with bound Ca?* were
converted to Mg?*-actin by addition of 200 uM EGTA and MgCl; at a concentration equal to the
total actin concentration plus 40 uM immediately before polymerization. Actin was polymerized
by addition of 0.1 volume of 10X polymerizing salt solution yielding actin filaments in
“polymerization buffer” (50 mM KCI, 2 mM MgCl2, 0.2 mM ATP and 10 mM imidazole, pH 6.8)
supplemented with freshly dissolved DTT (2 mM) and equilibrated at room temperature for ~ 1
hour. Human cofilin 1 (hCof) and S. cerevisiae D34C mutant cofilin (D34CyCof) were purified as

described [28].

Actin filament lengths - Actin filaments equilibrated with various concentrations of cofilin for at
least one hour were imaged under a total-internal-reflection-fluorescence (TIRF) microscopy
system equipped with a 100X objective (Olympus) and Andor iXon897 EMCCD camera. The
recorded analog actin filament images were enhanced by Imagel software (NIH, USA) and then
digitally reconstructed and analyzed with custom-written Persistence software ([29] available as

a free download at delacruzlab.yale.edu). Average filament (contour) lengths were determined

from the population mean, determined from >20 images with n = 200 - 500 filaments. Cofilin

binding densities were determined from the binding affinities and protein concentrations [22,26].



Model fitting - All of the models considered here have cofilin partition function (2) of the form:

7 = e~ AIIL-1) Z{Si}e—ﬂH({Si})_ (Eq. 15)

This sum involves 2L terms and is difficult to solve at large L. Fortunately, the partition function
can be efficiently processed even at large L when written in the transfer matrix formalism:
Z =e /D Z M, GL/P~1 Mg
{si}

; (Eq. 16)
where M, and My define the boundary conditions, G is the transfer matrix, and b is the number
of sites blocked into the transfer matrix. Note that when b # 1, M, and Mg depend on L, as the
system may not evenly divide into blocks of size b. We have written a software package for
numerically evaluating equation (16) on large systems. This is available with a GPLv3 license at

github.com/adamjermyn/TransferMatrix.

The cofilin binding density-dependence of the mean filament length was fitted to
equation (12) using a Markov Chain Monte Carlo method [30] with Q, W, and J as unconstrained
(i.e. floating) fitting parameters. The term P captures contributions from both the cofilin-actin
binding energy and the chemical potential of free cofilin in solution, and thus varies with the
cofilin concentration. By numerically solving the equation for the binding fraction, 6, as a

function of P:
1 1 dlnZ
7 L LLC B —5p

states i

, (Eq. 17)

we determined P independently for each data and (Q,W,J) set using the BrentQ method [31].

To fit the experimental data, we calculated cofilin binding density dependence of the
average actin filament length from the model evaluated here (Figure 1 and equation (12)) using

3 adjustable parameters J, Q and W. According to Equations (1)-(3), the average actin filament

10



length depends only on scission energy 7. The procedure to calculate y from the model followed
the following steps. First, we choose random initial values of J, Q and W. We then calculated the
individual cofilin binding energy parameter P for every cofilin binding density using equation (17).
Secondly, we computed the L-dependence of the free energy (F) directly from the dominant
eigenvalue of the transfer matrix (G; equation (16)) with these calculated P values for the different
cofilin binding densities. Third, the free energy was computed directly with equation (16) for a
system with L =50. Combining this with the L-dependence of the free energy we obtained the
intercept of the linear relation F = aL + y, which yielded the scission energy yfrom the intercept
of line fit. Forth, the average actin filament length can be evaluated by equations (2) and (3)

fromy. Last, the Markov Chain Monte Carlo search was used to optimize the fit over J, Q and W.

Results and Discussion

We measured the mean actin filament length as a function of cofilin binding density for three
actin-cofilin isoforms, corresponding to different mutational variants of these proteins from
different organisms. They are (See Figure 2 bottom inset): yeast cofilin (D34CyCof) with
vertebrate actin (rabbit skeletal, RSKactin), vertebrate cofilin (human cofilin-1, hCof) with yeast
actin (A167E), and vertebrate cofilin (hCof) with vertebrate actin (RSKactin). Note that for all
mutational variants (Figure 2 bottom inset), the actin filament length is a non-monotonic function of
cofilin binding density. This suggests a fundamental set of allosteric interactions common across
actin and cofilin, with mutational variants changing the depth and shape of the cofilin-binding
response curve. Plots of the best fits to the candidate forms of the Hamiltonian are shown for
yeast cofilin bound to vertebrate actin (Figure 2, bottom), with the results of the fits for all
isoforms shown in subsequent figures.

Cofilin binding promotes filament fragmentation, reducing the mean filament length.
Maximum severing activity occurs when filaments are half-saturated with cofilin (Figure 2,
bottom). As a result, the mean actin filament length shortens with cofilin occupancy up to a
binding density of 0.5, above which the filament length increases with cofilin occupancy (Figure

2, bottom), consistent with previous findings [27, 32-37].
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To evaluate the thermodynamic origins of actin filament length regulation by cofilin, we fit the
theory to the measured data as described in the methods section. We evaluate the ability of
various ranges (i.e. number of subunits affected; Range from 0 to 4) and directional asymmetry
(0 to Range in both directions) of cofilin binding on filament subunit interfaces to account for the
equilibrium filament length over a broad range of cofilin binding densities (Figure 2, lower). As
discussed in the theory section, although the fully-inclusive models have comparable fits in some
cases, we focus on models which are inclusive of Q on one side and exclusive on the other. For
each variant, Range, and Asymmetry, the mean length as a function of cofilin binding was
calculated over the entire parameter space. For each isoform, there is a minimum range required
to capture the qualitative shape of the data (i.e. the non-monotonic cofilin dependence) and a
higher threshold range required to fit the data quantitatively. In all cases, the fits show a clear
preference for range of at least this higher threshold; in most cases, the maximal asymmetry
model was also the best fit (See Figures 4 and 5 for full set of one-sided exclusive model fits).

For yeast cofilin severing of vertebrate actin filaments (Figure 2, bottom), an allosteric
modulation range of >3 is needed to qualitatively produce the non-monotonic (i.e. reduction
followed by recovery) cofilin binding density-dependence of the filament length. Ranges less than
3 yield monotonic dependencies (Figure 2, bottom). A minimal range of 4 and asymmetry of 4 is
needed for a good quantitative fit of the experimental data, as indicated by the reduced y? value
near unity and the narrowest and most symmetric 1 — o confidence intervals for each parameter
(see Supplementary Table 1). The global fit for the Range 4 model (with one side being inclusive),
like all ranges investigated, yields a unique solution (Figures 3 and 4). The model of the best fit is
(0, 4].

For vertebrate cofilin severing yeast actin, the best fit with one side exclusive requires a range
of 3 and asymmetry of either -4 or 1 ( (-3, 0] and (-1, 2], Figure 5, top), however several other
options are present with comparable reduced y? values, which makes specific conclusions about
the Range and Asymmetry of this mutational isoform difficult to draw. In general, the well-fit
models favor shorter-ranged and less-asymmetric interactions than for yeast cofilin severing
vertebrate actin. Likewise vertebrate cofilin severing vertebrate actin has a range of 2 and

asymmetry of 0 ([-1, 1]), though again several other options are present with comparable reduced
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x? values. Nevertheless, all systems studied require beyond-nearest-neighbor allostery (range =
2; Figure 5, bottom).

The fits of the data to the theory show that cofilin binding induces long-range changes in actin-
actin interaction energies, and that these allosteric changes can propagate either symmetrically
or asymmetrically along the filament, depending on the mutational isoform. For yeast cofilin
severing vertebrate actin, these changes affect 4 vacant neighboring binding sites at i+1, ..., i+4,
equivalent to six interfaces (4 lateral W and 2 longitudinal Q interactions, in which the latter is
inclusive on one side only). For vertebrate cofilin severing yeast actin, the changes affect 3 empty
neighboring binding sites at j, ..., i+2 or i-3, ..., i—1, equivalent to 5 interfaces (3 lateral W and 2
longitudinal Q). Finally, vertebrate cofilin binding to vertebrate actin affects 2 empty neighboring
binding sites ati—1 and i+1, one at each side of a bound coflin, equivalent to 3 interfaces (2 lateral
W and 1 longitudinal Q). In this case, the affected empty neighboring cofilin sites are nearest
neighbors and symmetric, consistent with an Ising lattice model with nearest neighbor ligand
binding cooperativity used for experimental data analysis [22, 26]. All these predicted allosteric
ranges coincide well with the observed, cofilin-linked changes in filament twist [34], suggesting
that alterations in filament twist are a consequence of these cooperative binding interactions.

The terms in our model have a clear physical interpretation. J represents the actin-actin
binding energy. Therefore, it directly influences the overall (mean) actin filament length. P
corresponds to the cofilin chemical potential and binding energy, which serves to set the cofilin
binding fraction. W and Q terms account for perturbations in the lateral and longitudinal actin-
actin binding energies, respectively, linked to cofilin occupancy. Positive W and Q values stabilize
their respective actin-actin interactions and negative W and Q values destabilize them. In general,
a given Range for a single bound cofilin produces more W terms than Q terms, and thus at low
cofilin occupancy, the number of contributing W terms exceeds the number of Q terms. However,
the addition of a cofilin unit to an adjacent site adds an equivalent number of additional Wand Q
terms. For yeast cofilin severing vertebrate actin, the best fit is (0, 4] and a singly bound cofilin
generates 4 W and only 2Q, and addition of a cofilin at an adjacent site adds 1 more W and 2
more Q. Therefore, at high cofilin occupancies, the number of Q terms compares to that of W,

and when cofilin binding achieves filament saturation, the total number of contributing Q and W
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terms are equal. In fitting the experimentally observed non-monotonic cofilin binding density-
dependence of the average actin filament length, competition of the W and Q terms allows the
fit to capture the minimum in filament length at intermediate cofilin binding fractions and to
recover the plateau at high cofilin occupancies.

The best fits of our model to experimental data reveal different severing mechanism for
different mutational isoforms of cofilin-actin pairs. The best fits from all three mutational
isoforms yielded similar J value ~ 9 kgT that is due to the similar average actin filament length ~ 5
pum for yeast actin A167EyActin and vertebrate actin (RSKactin) in the absence of cofilin (Figure 2
bottom inset and Supplementary Table S1). For yeast cofilin severing vertebrate actin (Figure 4),
the best fit indicates that bound cofilin destabilizes lateral filament subunit interactions (negative
W = -1.5; Supplementary Table S1) and stabilizes overall longitudinal actin-actin interactions
(positive Q = 1.1). Since the W term dominates at low cofilin binding densities, the average
filament length decreases due to the destructive contribution of W terms, while at the high cofilin
binding densities, stabilization of filament by Q terms gradually counteracts de-stabilization by W
terms because the number of Q increases more readily than that of W as the cofilin occupancy
increases. The fact that the absolute values of W and Q are similar suggests that W and Q terms
play major roles in the U-shaped response of average filament length to different cofilin binding
saturation for this cofilin-actin pair.

In contrast, for vertebrate cofilin severing yeast actin (Figure 5, top) both the best-fit and the
several next-best models show that it is the longitudinal actin-actin interfaces that are
destabilized (negative Q ~ -1.6 to -2.0), while lateral actin-actin interfaces are weakly destabilized
(negative W ~ -0.2 to -0.3). For vertebrate cofilin severing vertebrate actin (Figure 5, bottom),
both the best-fit and the several next-best models show that the changes in longitudinal
interfaces are minor (term Q ~ 0), but the lateral actin-actin interfaces are destabilized (negative
W~ -1.5). The regulation of actin filament by Q and W terms in those two cofilin-actin mutational
isoforms are similar, i.e. one of them is de-stabilizing and the other has a weak or negligible effect.
The appearance of these features above across several different well-fitting models indicates that

they are robust and not strongly influenced by the precise choice of interaction range and form.
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In addition to the distance or magnitude of allostery, which determines the numbers of Q and
W terms generated by a single bound cofilin, how the sign of allosteric interactions, i.e. stabilizing
or destabilizing, can be uniquely determined by fitting of experimental data may be further
understood by examining the different curves in Figure 3, which show all combinations of signs
of W and Q. In the regime of negative destabilizing W, a positive stabilizing Q produces a rise at
cofilin binding fraction (orange line in Figure 3), as experimentally observed for one of mutational
isoforms. This is because at low binding fraction, the dominating number of destabilizing W terms
are proportional to the density of bound cofilin. At intermediate cofilin binding densities, the
different number of W and Q reaches the maximum, so that the average actin filament length
falls to a minimum. Above a high enough cofilin binding density, the number of stabilizing Q
gradually catches up with the number of destabilizing W and balances it out. For a positive
stabilizing W and a negative destabilizing Q, the effect is the opposite and they produce a bell
shaped cofilin binding density dependence of average filament length (green line in Figure 3).
When both W and Q are positive stabilizing (blue line) or negative destabilizing (red line in Figure
3), the response of average filament length to increasing cofilin binding density is monotonically
increasing or decreasing with cofilin binding before saturation.

The conclusion from this work will help understanding the different mechanism in regulation
of actin filaments by cofilin in different organisms. An interesting observation is that W~ -1.5 in
both yeast (D34CyCof) and vertebrate (hCof) severing vertebrate actin (RSKactin), but the Q
values differ. This suggests that the lateral interaction between actin subunits in RSKactin actin
are weak compared to longitudinal interaction, and that yeast cofilin stabilizes longitudinal actin-
actin interaction to a greater extent than human cofilin. The latter behavior is consistent with the
30-fold higher affinity of yeast cofilin for vertebrate actin compared to vertebrate cofilin [35].
Moreover, comparison of yeast actin (A167EyActin) to vertebrate RSKactin severing by human
cofilin suggests that longitudinal actin-actin interaction in yeast actin filaments, as opposed to
lateral contacts, are destabilized by cofilin, contributing to different severing pathway
mechanisms [27].

These predictions of the energetics and the cooperative nature of actin filament length

regulation complement previous structure-based studies carried out with purified protein
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components. Filament structures obtained by electron microscopy [11,20,23,38,39], molecular
dynamics simulations [10,40] and biochemical solution studies [12,13,21,41] indicate that cofilin
binds between two longitudinally adjacent actin subunits and alters longitudinal (e.g. in-plane; i-
i+2) and lateral (e.g. out-of-plane; i-i+1) interfacial structure, including interfaces adjacent to the
site of cofilin binding (i.e. nearest neighbors) as well as interfaces that are farther away (i.e. non-
nearest neighbors). Therefore, the theoretical framework presented here, in conjunction with
micron-scale measurements of filament length, has allowed a quantitative thermodynamic
characterization of the range, directionality, and sign of allosteric regulation of actin filaments by
cofilin. Because the formalism is general, it is readily applicable to other polymerization

processes, both with and without associated regulatory components.
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Figure 1. Potential effects of cofilin occupancy on actin filament interfaces. Actin filament
subunits, shown in different shades of yellow in structure image at left and represented by bricks
in the model at right, are held together by longitudinal and lateral intermolecular interactions J,
represented by grey interfaces. Cofilin (blue) binding within a longitudinal subunit interface is
associated with a binding free energy (chemical potential P) and modulation of neighboring,
longitudinal (Q) and lateral (W) actin subunit interfaces (represented by solid and dashed blue,
respectively). Note the use of square brackets versus parentheses to denote whether an edge Q-
interaction is included.
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Figure 2. Cofilin modulates non-nearest neighbor actin filament interfaces. Top: representative
TIRF microscopic images of actin filaments at a cofilin binding density of 0 (left, long filaments)
and 0.5 (right, short filaments). Bottom inset: raw experimental data for all three mutational
isoforms. Bottom: the measured mean filament length (blue circles)-dependence on the cofilin
binding density for RSKactin (vertebrate) actin at 2 uM with varying saturation of yeast cofilin
D34CyCof. The best fits for different ranges (Range =0, 1, 2, 3 or 4) and maximum asymmetry of
allostery are indicated by the continuous lines through the data. The best fit at each range is over
all possible asymmetries as well as all possible parameters for each asymmetry. The best Range
3 ([0, 3]; qualitative matching; purple dotted line) fit allosteric parameters are (in units of kT): J =
-9.9, Q =-0.8, W =1.0. The best Range 4 ([0, 4) or (0, 4]; quantitative matching; green sold line)
fit values are: J = -10.1, Q = -1.1, W = 1.5. Note that these curves are independent of actin
concentration and can be rescaled with a scaling factor.
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Figure 3. Uniqueness of best fit parameters. Top left: The posterior distribution produced by the
Markov Chain Monte Carlo fit (Figure 2 Bottom panel solid green line) of the long-range
maximally-asymmetric model (0,4] to the D34CyCof severing RSKactin data is shown in greyscale
and with contours denoting the regions corresponding to confidence levels of 15, 26 and 36. Top
right: The same distribution is shown in a wider view of the parameter space. The extent of the
top-left portion is shown in a dashed box. The marginal distributions of Q and W are displayed
outside the axes, showing that the parameter region within the dashed box is a unique best fit.
Q and W terms are in units of ksT. To show the behavior range accessible to the Hamiltonian, five
colored points are marked which correspond to the curves shown in the bottom half. Bottom:
The predicted filament length is shown as a function of cofilin binding fraction for the five
different points in parameter space marked on the top-right panel (colors correspond between
the panels). While very different behaviors are exhibited by different parts of parameter space,
the correct model converges and is quite fundamentally constrained within a narrow parameter
space, consistent with a unique solution.
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Figure 4. Best fits of experimental data to all ranges and asymmetries. For each candidate (£, R),
the best fit to D34CyCof severing RSKactin data is chosen from exhaustive analytical computation
of the partition function in parameter space (Figure 3). Q, W, and J are given in units of kg7. We
note that in some models Q decouples from the model because, when only a single out-of-plane
interaction is included, Q just serves to shift P and so does not actually enter the Hamiltonian.
The reduced #? values for these models have been corrected to account for this omission. The
best-fitting model by a significant margin is (£, R)=(0,4], as can be seen by the low reduced »?
value for this model in the top-left panel.
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Figure 5. Mutational variation can significantly alter the allosteric pattern. The same as Figure 4
for two other cofilactin mutational variants, showing that different mutants can alter the range,
asymmetry, and sign of the allosteric interactions.
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Actin Cofilin L |R|Both Q dQ- |dQ+ | W dwW- (dW+|J dJ- | dJ+ | Reduced
Inclusive? Chir2

RSKactin D34C_yCof |0 4 | FALSE 1.09 |03 |03 |-1.46 |0.3 |0.26 |10.07 |0.2 |0.18|1.63
RSKactin D34C_yCof |-4 |0 | TRUE -0.67 | 0.19|0.18 | -0.44 | 0.25 | 0.23 | 9.98 0.18(0.18 | 2.28
RSKactin D34C_yCof |0 4 ( TRUE -0.67 |0.22 |1 0.19 | -0.23 | 0.13 | 0.12 | 9.99 0.19(0.19 | 2.32
RSKactin D34C_yCof | -1 |3 | FALSE 0.1 0.67 | 0.67 | -0.85 | 0.29 | 0.28 | 10.15 |0.18|0.17|2.79
RSKactin D34C_yCof | -1 |3 | TRUE 0.07 |0.73|0.68 (-0.86 |0.31 (0.29 | 10.15 (0.18|0.19|2.81
RSKactin D34C_yCof |0 3 | FALSE 0.84 |0.16(0.16 | -0.97 | 0.13 (0.13 | 9.89 0.19(0.18 | 3.47
RSKactin D34C_yCof |-2 |2 | TRUE -1.33|0.49|0.5 |-0.36 |0.33 |0.25 | 9.76 0.16(0.19 | 3.58
RSKactin D34C_yCof | -4 |0 | FALSE -1.12 | 0.44 |1 0.42 | -0.52 | 0.25 | 0.25 | 10.01 0.17(0.16 | 3.73
RSKactin D34C_yCof |-2 |2 | FALSE -1.17 |0.51|0.44 | -0.54 | 0.3 |0.26 |10.02 |0.17|0.19|3.77
RSKactin D34C_yCof | -1 |2 | TRUE -1.18 | 0.56 | 0.51 | -0.38 | 0.26 | 0.26 | 9.96 0.18(0.17 [ 4.16
RSKactin D34C_yCof | -1 |2 | FALSE -1.16 |0.56 | 0.5 |-0.39 |0.26 | 0.26 | 9.97 0.18(0.17 [ 4.16
RSKactin D34C_yCof | -3 |1 | TRUE -1.7510.350.35 | -0.2 0.23 | 0.24 | 9.89 0.18(0.17 | 4.47
RSKactin D34C_yCof | -3 |1 | FALSE -1.75 1 0.36 | 0.35 | -0.2 0.23 | 0.24 | 9.89 0.18(0.17 | 4.47
RSKactin D34C_yCof |0 3 | TRUE -1.64 | 0.46 | 0.42 | -0.11 | 0.13 | 0.14 | 9.91 0.18(0.17 | 4.48
RSKactin D34C_yCof | -3 |0 | TRUE -1.71 |04 |0.35|-0.2 0.25 | 0.26 | 9.89 0.18(0.17 (4.5
RSKactin D34C_yCof | -3 |0 | FALSE -1.74 | 0.49 |1 0.38 | -0.23 | 0.3 |0.27 | 9.91 0.19(0.2 (4.51
RSKactin D34C_yCof |-2 |0 | TRUE -2.01 |0.37 |1 0.32|0.08 |0.24 |0.22 | 9.79 0.19(0.18 | 4.65
RSKactin D34C_yCof |0 2 | TRUE -1.93 | 0.42|0.36 | -0.01 |0.12 | 0.13 | 9.82 0.19(0.18 | 4.66
RSKactin D34C_yCof |-2 |1 | TRUE -1.92 10.39|0.79 | -0.01 |1.43 | 0.26 | 9.84 0.22(0.29 ( 4.74
RSKactin D34C_yCof |-2 |1 | FALSE 0.08 |4.11(4.04 ( -0.88 | 0.23 | 0.24 | 9.69 0.21(0.2 (7.78
RSKactin D34C_yCof | -1 |1 | FALSE 0.03 |4.05(4.02(-0.92 |0.22 (0.26 | 9.78 0.25(0.23 | 8.03
RSKactin D34C_yCof |-1 |1 | TRUE -0.02 | 4.04 | 4.1 |-0.92 |0.23 | 0.25 | 9.78 0.25(0.23 | 8.03
RSKactin D34C_yCof |0 2 | FALSE 0.03 |3.96(4.02(0.13 |4.03 (3.97 | 8.78 0.16(0.16 | 8.31
RSKactin D34C_yCof |0 0 | TRUE -0.1 |4.05|4.16|0.05 |4.1 |4.02 |8.95 0.07 ( 0.06 | 8.51
RSKactin D34C_yCof |0 0 | FALSE -0.01 | 4.06 | 4.07 | -0.07 | 4.07 | 4.13 | 8.95 0.07 ( 0.07 | 8.51
RSKactin D34C_yCof |-1 |0 | TRUE 0.05 |4.13(4.07 | 0.41 0.31 |0.3 (8.74 0.16( 0.17 | 9.62
RSKactin D34C_yCof | -1 |0 | FALSE 0.02 |4.08(4.06 (042 |0.32 (0.3 |8.74 0.16(0.17 | 9.62
RSKactin D34C_yCof |0 1 | TRUE 0.12 |4.16 (4.02(0.16 |0.14 (0.14 | 8.78 0.16(0.16 (9.7
RSKactin D34C_yCof |0 1 | FALSE 0.01 |4.07(4.08 (0.16 |0.14 (0.14 | 8.78 0.16(0.16 (9.7
RSKactin D34C_yCof |-2 |0 | FALSE -0.05 | 4.04 | 4.13 | -0.25 | 0.28 | 0.27 | 9.12 0.2 (0.19(9.79
RSKactin hCof -1 |1 | FALSE 0.01 |4.1 [4.09(-1.46 |0.12 (0.11 |9 0.03 (0.03 | 1.51
RSKactin hCof -1 (1| TRUE 0.03 |4.11(4.06 (-1.47 |0.11 [0.11 |9 0.03 (0.03 | 1.51
RSKactin hCof -2 |1 | FALSE -0.27 | 3.83 |14.28 | -1.74 | 0.2 |0.15 |9.02 0.04 ( 0.04 | 1.57
RSKactin hCof -2 |0 | FALSE -0.03 | 4.05 | 4.12 | -2.1 0.18 | 0.17 | 8.99 0.03(0.03 | 1.64
RSKactin hCof -1 |3 | FALSE -3.34 |1.2 |2.29|0.17 |0.73 |0.23 | 9.02 0.04 (0.04 | 1.64
RSKactin hCof -1 (3 | TRUE -3.28 |1.2312.43|0.16 |0.8 |0.24 |9.02 0.04 ( 0.04 | 1.66
RSKactin hCof 0 2 | FALSE -0.66 | 3.65 | 3.65 | -0.67 | 3.65 | 3.64 | 8.98 0.03(0.03 (1.7
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RSKactin hCof -1 |0 | TRUE 0.08 [4.12|4.02|-2.32 | 0.17 | 0.16 | 8.99 0.03]0.03 | 1.72
RSKactin hCof -1 [0 | FALSE 0.1 4.17 | 4.04 ( -2.32 | 0.17 (0.16 | 8.99 0.03]0.03 | 1.72
RSKactin hCof 0 2 | TRUE -1.31 |1.79 (1.3 |-0.47 |0.47 |0.51 |9 0.04]0.04 | 1.75
RSKactin hCof 0 4 | FALSE -0.74 10.52 (0.7 |-0.08 |0.63 |0.39 |9 0.040.04 | 1.77
RSKactin hCof -2 |0 | TRUE -1.26 |1.22(1.94|-1.28 |11 |1.11 |9 0.03]0.03 | 1.79
RSKactin hCof -3 |1 | TRUE -1.24 119 (1.67|-1.15 [ 0.77 | 1.38 | 9.03 0.04]0.04 | 1.84
RSKactin hCof -2 |2 | TRUE 1.12 |2.09(1.43|-1.72 {0.32 | 0.39 | 9.04 0.05)|0.11|1.87
RSKactin hCof -1 (2 | FALSE -0.56 | 2.68 [ 2.98 | -0.88 | 1.24 | 1.04 | 9.02 0.04]0.04 | 1.89
RSKactin hCof -2 |1 | TRUE -1.17 |1.4 (3.05]-1.51 {0.27 | 1.25 | 9.02 0.04]0.04 | 1.89
RSKactin hCof -1 |2 | TRUE -0.36 | 2.88 (2.93 | -0.98 | 1.38 | 1.15 | 9.02 0.04]0.04 | 1.9
RSKactin hCof -3 |1 | FALSE -1.26 | 2.03 (1.67 | -1.24 | 0.68 | 1.43 | 9.03 0.04]0.05|1.94
RSKactin hCof -2 (2 | FALSE -1.7512.21 (29 |-0.45 |1.52 |0.86 | 9.03 0.04]0.05|1.95
RSKactin hCof -4 (0 | FALSE -1.46 | 2.43(2.65|-0.61 (1.5 |1 9.03 0.04]0.05|1.96
RSKactin hCof 0 1 [ TRUE -0.09 |3.98 (4.11|-1.33 (0.1 |0.1 |8.98 0.03]0.03 |1.99
RSKactin hCof 0 1 | FALSE -0.03 | 4.04 (4.05]|-1.33 (0.1 |0.1 |8.98 0.03]0.03 | 1.99
RSKactin hCof -3 |0 | TRUE -0.95 1.9 (2.25]|-1.24 (1.19 |1.31 |9.01 0.04]0.04 |2
RSKactin hCof 0 3 | FALSE 123 |1.48(3.52|-1.38 (1.2 |0.78 | 9.04 0.06|0.12 | 2.02
RSKactin hCof -4 |0 | TRUE -0.38 | 2.07 (1.95|-0.98 | 1.56 | 1.57 | 9.04 0.05]0.05 | 2.02
RSKactin hCof -3 [0 | FALSE -1.11 1212 (234 |-1.4 (1.09 | 1.44 | 9.02 0.04]0.05|3.13
RSKactin hCof 0 3 | TRUE -1.47 | 2.42 (2.42 | -0.57 (0.64 |0.68 | 9.01 0.040.06 | 4.79
RSKactin hCof 0 4 | TRUE -1.34 |1.45(2.25|-0.42 (0.81 |0.78 | 9.03 0.05]0.06 | 12.92
RSKactin hCof 0 0 | FALSE 0.01 [4.09|4.07|0.15 |4.14 |4.01 |8.73 0.03]0.03 | 32.79
RSKactin hCof 0 0 | TRUE -0.03 |4.12(4.14|-0.2 (3.99 |4.23 |8.73 0.03]0.03 | 32.79
A167EyActin hCof 0 2 | TRUE -2.14 1119 (1.1 |-0.06 |0.35 |0.29 | 9.29 0.24]0.22 | 0.64
A167EyActin hCof 0 3 | TRUE -1.9511.47 (1.49 | -0.1 0.4 |0.33 |9.29 0.24]0.22 | 0.65
A167EyActin hCof -2 |0 | TRUE -2.06 |0.83(0.85|-0.2 (0.73 |0.5 |9.29 0.24]0.22 | 0.66
A167EyActin hCof -3 |0 | TRUE -1.95|11 (1.24]-0.2 (0.79 |0.53 | 9.29 0.24]0.22 | 0.68
A167EyActin hCof -3 [0 | FALSE -1.97 |1.15(1.19|-0.24 (0.94 | 0.55 | 9.31 0.25]0.26 | 0.69
A167EyActin hCof -1 |2 | TRUE -1.58 |1.52(1.83|-0.28 | 0.79 |0.51 | 9.3 0.24]0.22 0.7
A167EyActin hCof -1 (2 | FALSE -1.5511.51(1.78 | -0.28 | 0.77 | 0.51 | 9.29 0.24]0.22 0.7
A167EyActin hCof -4 (0 | FALSE -1.74 |14 (1.75]-0.25 [ 0.93 | 0.56 | 9.3 0.25]0.23 | 0.72
A167EyActin hCof -1 (3 | FALSE -1.45|1.68 (2.26 | -0.27 (0.8 |0.49 | 9.3 0.24]0.23 | 0.74
A167EyActin hCof -1 |3 | TRUE -1.4211.69(2.23|-0.28 (0.8 |0.5 |93 0.24]0.23 | 0.75
A167EyActin hCof -2 (2 | FALSE -1.71 | 1.45(1.76 | -0.34 | 1.08 | 0.63 | 9.32 0.25|0.27 | 0.77
A167EyActin hCof -3 |1 | TRUE -2.03 |1.24 (1.7 |-0.32 (1.16 |0.71 | 9.31 0.25]0.26 | 0.83
A167EyActin hCof -4 |0 | TRUE -0.8 |0.95(0.77|-0.38 (0.88 |0.71 | 9.3 0.25]0.24 | 0.85
A167EyActin hCof -3 |1 | FALSE -1.96 11.29 (1.76 | -0.4 [ 1.29 | 0.78 | 9.32 0.26 | 0.33 | 0.89
A167EyActin hCof -1 |1 | TRUE 0.22 [4.22|3.95|-1.24 | 0.23 | 0.25 | 9.26 0.25]0.22 | 1.03
A167EyActin hCof -1 (1 | FALSE 0.29 (4.29|3.8 |-1.24 | 0.25 | 0.25 | 9.26 0.25]0.24 | 1.03
A167EyActin hCof -2 |2 | TRUE -1.1 |1.44(1.44|-0.93 (0.62 |0.74 | 9.29 0.25]0.36 | 1.06
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A167EyActin hCof 0 4 | TRUE -0.92 11.17 (0.85|-0.18 | 0.43 | 0.42 | 9.28 0.27 | 0.24 | 1.07
A167EyActin hCof 0 3 | FALSE 1.74 |1.25(3.45|-1.52 | 1.06 | 0.67 | 9.4 0.2710.29 | 1.09
A167EyActin hCof -2 (1 |FALSE -0.07 | 4.08 (4.12|-1.38 (0.3 |0.31 |9.25 0.25]0.23 | 1.11
A167EyActin hCof 0 4 | FALSE 0.34 |0.69|0.76 | -0.89 | 0.81 | 0.56 | 9.32 0.3 |0.24|1.26
A167EyActin hCof -2 |1 | TRUE -1.2511.6 (55 |-1.32 (0.43 |1.37 |9.35 0.26 | 0.31 | 1.52
A167EyActin hCof -2 (0 | FALSE 0.04 |4.05|4.04|-1.63 |0.38 (0.4 |9.16 0.26 | 0.23 | 1.58
A167EyActin hCof -1 |0 | TRUE -0.02 | 4.08 ( 4.08 | -1.83 [ 0.41 | 0.46 | 9.11 0.2710.24 | 1.93
A167EyActin hCof -1 [0 | FALSE 0.03 [4.12|4.06 |-1.83 | 0.4 |0.46 |9.11 0.2710.24 | 1.94
A167EyActin hCof 0 2 | FALSE -0.5 |3.76 (3.78|-0.36 |3.79 |3.75 | 8.95 0.27 1 0.24 | 2.04
A167EyActin hCof 0 1 [ TRUE 0.1 4.11|3.98 ( -0.88 | 0.27 (0.28 | 8.95 0.27 1 0.24 | 2.38
A167EyActin hCof 0 1 | FALSE 0 4.09 | 4.07 ( -0.88 | 0.26 | 0.28 | 8.95 0.26 | 0.24 | 2.38
A167EyActin hCof 0 0 | FALSE 0.04 (4.1 |4.06|0.15 |4.18 |4 8.2 0.14]0.13 | 3.32
A167EyActin hCof 0 0 | TRUE -0.16 | 3.97 (4.15]|0.13 [4.17 |4.05 | 8.2 0.13]0.13 | 3.32

Table 1. The fit parameters for each model run are shown along with 1- o uncertainties,
denoted by the prefix ‘d’ in each of the positive (+) and negative (-) directions.
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