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ABSTRACT: Profilin binds not only to actin monomers but also to the barbed
end of the actin filament, where it inhibits association of subunits. To address open
questions about the interactions of profilin with barbed ends, we measured the
effects of a wide range of concentrations of Homo sapiens profilin 1 on the rate of
elongation of individual skeletal muscle actin filaments by total internal reflection
fluorescence microscopy. Much higher concentrations of profilin were required to
stop elongation by AMP-PNP-actin monomers than ADP-actin monomers. High
concentrations of profilin depolymerized barbed ends at a rate much faster than the
spontaneous dissociation rates of Mg-ATP-, Mg-AMP-PNP-, Mg-ADP-P;-, and Mg-ADP-actin subunits. Fitting a thermodynamic
model to these data allowed us to determine the affinities of profilin and profilin-actin for barbed ends and the influence of
the nucleotide bound to actin on these interactions. Profilin has a much higher affinity for ADP-actin filament barbed ends
(Kg = 1 uM) than AMP-PNP-actin filament barbed ends (Ky = 226 yM). ADP-actin monomers associated with profilin bind
to ADP-actin filament barbed ends 10% as fast as free ADP-actin monomers, but bound profilin does not affect the rate of
association of AMP-PNP-actin monomers with barbed ends. The differences in the affinities of AMP-PNP- and ADP-bound
barbed ends for profilin and profilin-actin suggest that conformations of barbed end subunits differ from those of monomers and
change upon nucleotide hydrolysis and phosphate release. A structural model revealed minor steric clashes between profilin and
actin subunits at the barbed end that explain the biochemical results.

A =~ paA

“ g

3
BE+F =—=— BE-P+F
7_,

P

he small protein profilin performs many roles in cyto- Recent elegant experiments confirmed that profilin depoly-
skeletal dynamics through interactions with actin monomers, merizes individual aged actin filaments in a concentration-
poly-L-proline ligands including formins, and the barbed ends dependent manner.”” However, these experiments did not
of actin filaments." Understanding the mechanism of action of include actin monomers, so the rates of profilin binding and
profilin has proven to be remarkably challenging for such a small dissociation at barbed ends, the rate of dissociation of profilin-
protein (125—137 amino acids). Profilin binds actin monomers actin from barbed ends, and the overall thermodynamics of the
and inhibits spontaneous assembly of actin polymers,”™> so the system remained to be determined.’
initial hypothesis was that profilin sequesters actin monomers Here we used fluorescence microscopy to test the effects
so they cannot polymerize. Low concentrations of profilin strongly of a wide range of concentrations of human profilin 1 on the
inhibit actin filament nucleation®™* and elongation of actin elongation of skeletal muscle actin filaments by Mg-ATP-,
filament pointed ends.® Both effects are due to binding of profilin Mg-AMP-PNP-, Mg-ADP-P;-, and Mg-ADP-actin subunits. Low
to the barbed end of the actin monomer with micromolar affinity concentrations of profilin inhibited elongation of actin filament
and physically blocking association of the complex with pointed barbed ends, and high concentrations of profilin caused barbed
ends during nucleation and elongation.7’8 ends to depolymerize at rates much faster than spontaneous
On the other hand, events at the barbed end of actin filaments dissociation rates. A thermodynamic analysis of the dependence
are less clear’ Saturating ATP-actin monomers with profilin of elongation rates on profilin concentration yielded the affinities
has little effect on the elongation of actin filament barbed ends, of profilin for barbed ends and the influence of the nucleotide

but because high concentrations of profilin slow elongation,**° bound to actin on its interactions with profilin. Profilin has a

profilin was proposed to bind weakly to barbed ends, thereby relatively high affinity (K4 = 1 uM) for ADP-actin filament
blocking association of subunits on the barbed end. If this barbed ends and a low affinity (K = 226 uM) for AMP-PNP-

filament capping mechanism is correct, theory predicts that actin filament barbed ends, opposite to the relative affinities of
high concentrations of profilin will stop and reverse barbed end profilin for actin monomers with these bound nucleotides.
elongation.'! Although this was not achieved with the highest Association of profilin with actin monomers slows the association
profilin concentrations used in initial studies conducted in the of ADP-actin monomers with barbed ends but has no effect
presence of actin monomers,”'>™*® high concentrations of profilin on the rate of association of AMP-PNP-actin monomers with
depolymerized aged filaments assembled from ATP-actin and

observed with DNase-I bound to actin monomers in solution'® Received: May 29, 2013
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barbed ends. Profilin bound to a barbed end increases the
dissociation rate of the terminal subunit.

B MATERIALS AND METHODS

Actin Purification and Labeling. Muscle actin was
purified from an acetone powder of frozen chicken skeletal
muscle (Trader Joe’s) using one cycle of polymerization and
depolymerization followed by gel filtration on Sephacryl S-300
and storage in Ca-Buffer-G [2 mM Tris-HCI (pH 8.0), 2 mM
ATP, 0.1 mM CaCl,, 1 mM NaNj,, and 0.5 mM DTT].*! The
concentration of actin was measured by absorbance at 290 nm
with an extinction coefficient of 26600 M~ cm™.** Muscle
actin filaments in 50 mM PIPES (pH 6.8), S0 mM KCI,
0.2 mM CaCl,, and 0.2 mM ATP were labeled on lysines by
being incubated overnight at 4 °C with a 1:13 molar ratio of
actin to Alexa Fluor 488 carboxylic acid succinimidyl ester
(A-20000, Invitrogen, Carlsbad, CA).** After depolymerization,
clarification, and gel filtration on Sephacryl S-300, purified actin
monomers were typically ~30—50% labeled. Ca-ATP-actin was
converted to Mg-ATP-actin by addition of 0.1 volume of 2 mM
EGTA and 500 yuM MgCl, and incubation of the sample for
S min at room temperature. Ca-ATP-actin monomers in Ca-
Buffer-G were converted to Mg-ADP-actin monomers by being
incubated with 50 uM MgCl,, 250 uM EGTA, 1 mM glucose,
and 0.25 unit/mL hexokinase (catalog no. H-200S, Sigma, St.
Louis, MO) for 3 h on ice followed by clarification for 1 h at
125000g.24 Mg-ADP-P;-actin solutions were generated during
total internal reflection microscopy experiments by mixing
Mg-ADP-actin monomers with ADP-P;-TIRF buffer containing
12.5 mM potassium phosphate. Mg-AMP-PNP-actin mono-
mers were generated by two rounds nucleotide exchange with
AG 1-X4 resin (Bio-Rad, Hercules, CA) followed by incubation
with 1 mM AMP-PNP (catalog no. A-2647, Sigma) for 30 min
at room temperature.

Profilin Purification. Homo sapiens profilin 1 was expressed
in Escherichia coli BL21(pLysS) using a pMW172 plasmid> and
purified by affinity chromatography on poly-L-proline coupled
to Sepharose 4 Fast Flow (catalog no. 17-0981-01, Amersham
Pharmacia, Piscataway, N]).26’27 We used an extinction co-
efficient of 15000 M~ cm™ at a 4 of 280 nm to measure the
concentration of profilin.

Microscopy and Data Analysis. Open-ended glass flow
chambers were prepared as described previously.”® Before the
introduction of actin, each chamber was incubated for 1 min
with two washes of 8 L of 0.5% Tween 80 in high-salt TBS
(HS-TBS) [50 mM Tris-HCI (pH 7.5) and 600 mM KCI],
followed by two washes with 10 uL of HS-TBS, two 30 s
incubations with 8 uL of 250 nM NEM-inactivated skeletal
muscle myosin, two washes with 10 uL of HS-TBS, and two
30 s incubations with 8 uL of 10% (w/v) BSA in HS-TBS.

The standard microscopy buffer consisted of 10 mM imidazole
(pH 7.0), 50 mM KCl, 1 mM MgCL, 1 mM EGTA, 15 mM
glucose, 50 mM DTT, 0.02 uM CaCl,, 20 pug/mL catalase,
100 pug/mL glucose oxidase, 0.5% methylcellulose [4000 cP at
2% (w/v)], and an appropriate nucleotide (0.3 mM ATP for
ATP-actin, 0.37 mM AMP-PNP for AMP-PNP-actin, 0.3 mM
ADP and 10 units/mL hexokinase for ADP-actin, or 0.4 mM
ADP, 12.5 mM potassium phosphate, and 20 units/mL hexokinase
for ADP-P;-actin).

Polymerization was initiated by introducing actin in micro-
scopy buffer into the chamber. Once short filaments had appeared,
the solution in the chamber was replaced with a fresh sample of
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proteins (actin, actin with profilin, or profilin alone) in microscopy
buffer and imaging was continued.

We generated time-lapse movies of growing or shortening
actin filaments using prism-style total internal reflection
fluorescence microscopy on an Olympus IX70 inverted micro-
scope and a Hamamatsu C4742-95 CCD camera controlled by
MetaMorph (Molecular Devices, Downingtown, PA).*® Speci-
mens were illuminated for 0.5—1 s at intervals of 5, 10, or 20 s
depending on the rates of growth or shortening. Images were
processed with Image] (http://rsbweb.nih.gov/ij/). For each
sample, we measured the rates of barbed end elongation of
10—15 filaments, typically over a span of at least 300 s.

Molecular Models of Binding of Profilin to Actin
Filament Barbed Ends. The structure of human profilin 1
[Protein Data Bank (PDB) entry 1FIK] was superimposed and
compared to that of bovine profilin bound to bovine S-actin
(PDB entry 1HLU). The secondary structures were then used
to superimpose the actin in this model onto the two terminal
subunits of an actin filament®° to look for steric clashes between
profilin and subunits within the filament. Molecular models
were constructed using the program superpose®' and other tools
from the CCP4 software suite.”* Solvent-excluded surfaces were
constructed using MSMS with a probe radius of 1.4 A.*® Figures
were made using Molscript®® and Raster3D.”®

Theory. In a system with actin monomers, profilin, and actin
filaments, one must consider four reactions (Figure 1), identical
to those used by Kinosian et al. in their analysis."®

P
A == PA
BEW{ }rBE
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3
BE +F BEP+F
T

P

Figure 1. Thermodynamic scheme of actin filament elongation in the
presence of profilin. Four reactions are depicted and labeled as follows:
(1) reaction of profilin (P) with an actin monomer (A), (2) reaction of
an actin monomer with the barbed end of a filament (BE), (3)
reaction of profilin with the barbed end of a filament, and (4) reaction
of the profilin-actin complex (PA) with the barbed end of a filament. F
represents the newly incorporated filamentous subunit upon binding
of actin or profilin-actin to the barbed end. BE-P represents the
profilin-bound barbed end. To satisfy a detailed balance, the sum of
the free energies of reactions 1 and 4 must be equal to the sum of the
free energies of reactions 2 and 3. Table 2 lists the thermodynamic and
kinetic parameters for AMP-PNP-actin, ADP-P;-actin, and ADP-actin.

Reaction of Profilin with Actin Monomers. The interaction
of profilin (P) with an actin monomer (A) is a simple bimolecular
reaction of profilin with the barbed end of an actin monomer,
creating a 1:1 profilin-actin (PA) complex.

A+PSPA

(reaction 1)

The rate and equilibrium constants (Kj;) are known for each
actin-nucleotide species (Table 2). The affinity of profilin for
ATP-actin in polymerization buffer is reasonably high (K =
0.1 uM), and the exchange rate is fast (1.3 s71).3 The affinity of
profilin for ADP-actin is ~6-fold lower.

Reaction of Actin Monomers with the Barbed Ends of
Actin Filaments. Free actin monomers can bind and dissociate
at both the barbed end (BE) and pointed end (PE), although
the rates of the reactions differ. The association reaction converts
an actin monomer (A) into a filamentous actin subunit (F), and
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the dissociation reaction converts a filamentous subunit (F) into
a monomer (A). These reactions only occur at the ends of
filaments, which act as catalysts and are not consumed. For the
purposes of this study, we consider only subunit addition at the
barbed end.

(reaction 2)

A+ BE S F + BE

The rate and equilibrium constants (K, = critical concentration)
are known for ATP-, ADP-P;-, and ADP-actin (Table 2). We
measured these constants for AMP-PNP-actin in this study.
Reaction of Profilin with Actin Filaments. Profilin does not
bind along the length of actin filaments in pelleting'” or fluore-
scence anisotropy assays,37 but polymerization experimentsé’w’ls’18
suggested that profilin binds to the barbed ends but not the
pointed ends of actin filaments. These results, combined with our
structural analysis (see Figure S), indicate that each filament has
a single profilin binding site, located at the barbed end of the

terminal subunit.

P + BE & BE-P (reaction 3)
Neither the rate nor equilibrium constants (Kg;) are known for
any actin-nucleotide species. Note that our structural analysis
shows that a barbed end associated with profilin (BE-P) is capped,
so it cannot bind an actin monomer or profilin-actin complex.
Profilin can dissociate from the barbed end alone (reaction 3) or
in association with an actin subunit (reaction 4).

Reaction of the Profilin-Actin Complex with the Barbed
Ends of Filaments. Profilin-actin (PA) cannot bind to the
pointed end but associates with barbed ends.

(reaction 4)

PA + BE & BE-PA & F + BE-P

This association reaction consumes a barbed end and adds a
subunit (F) to the filament. Note that profilin can also dis-
sociate on its own from BE-P, yielding P and BE (reaction 3).
We measured the rate constants for the dissociation of profilin-
actin (PA) from barbed ends for four actin-nucleotide species
(Table 1), but none of the association rate constants or
equilibrium constants (Kg,) were known.

Table 1. Initial Rates of Barbed End Depolymerization
(subunits per second) with 0 or 750 M Profilin

AMP-PNP- ADP-P-
ATP-actin actin actin ADP-actin
no proﬁlin 14 + 0.8° 2.0+ 03 02+0.1° S4 + 0.14°
750 uM profilin 303 + 3.3 524 + 49% 8.6 + 1.1 122 + 287

“Rates measured in this study. The ATP-actin rate is the initial
depolymerization rate. ”See ref 40. “See ref 39.

We used the dependence of the filament elongation rates
on profilin concentration to estimate the missing equilibrium
constants for the affinities of profilin (Ky;) and profilin-actin
(Kg4) for the barbed ends of filaments composed of subunits
with different bound nucleotides. Equations 1—3 describe the
evolution of the concentrations of filamentous actin (F),
filament barbed ends (BE), and profilin (P) over time. These
equations are based on reactions 1—4 and use the association
(k) and dissociation rate constants (k;) for reaction :

dE]

v k;[BE][A] + k{[BE][PA] — k;[BE] — k;[BE-P]

(1)
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d[ftE] = k3 [BE-P] + k;[BE-P] — k;[BE][P] — k;[BE][PA]
(2)
% = ki [PA] + k;BE-P] - kTAI[P] — KI[BEI[P] o

Our experimental conditions allowed us to use four
simplifying assumptions. (i) The change in the concentration
of polymerized actin over time is much smaller than the initial
concentration of actin monomers, so the concentrations of actin
([A]), profilin ([P]), and profilin-actin ([PA]) were constant.
(ii) The total concentration of profilin does not change over
time, so the initial concentration of profilin, [P],, is equal to the
sum of the concentrations of free, actin-bound, and barbed
end-bound profilin ([P] + [PA] + [BE-P]) at any given time.
(iii) The number of barbed ends does not change over time, so
the initial concentration of barbed ends, [BE],, is equal to the
sum of the concentrations of free and profilin-bound barbed
ends, [BE] + [BE-P], at any time. This assumption is reasonable
given that our measurements were made on individual filament
barbed ends. (iv) The initial concentration of actin, [A],, is
equal at any time to the sum of the concentrations of free actin
([A]), profilin-bound actin ([PA]), and actin that becomes
filamentous ([F]) after the start of the experiment (not
including preformed filaments).

Using eqs 1—3 and our simplifying assumptions, we modified
eq 1 to describe the filament elongation rate in terms of the
initial concentrations of actin, profilin, and barbed ends, dis-
sociation equilibrium constants for reactions 2—4 (Kg,, defined
as k;/k! for reaction n), and the association rate constant for
reaction 2 (k):

d[F] [A]y(Kgs + Kyy) + [P]y(Ky, — Kyy)

—— = k;[BE]
dt ’ ’ [Ply + Ky + Kyy (4)
The only unknowns are Kg; and Kg,.
B RESULTS
29,38,39

We used total internal reflection fluorescence microscopy
to investigate the effects of a wide range of concentrations of
human profilin 1 on actin monomer association and dissocia-
tion rates at barbed ends of actin filaments with ATP, AMP-
PNP, ADP-P, or ADP bound to the actin monomers (Figure 2).
Analysis of these polymerization data and structural models
showed that profilin inhibits elongation of barbed ends by binding
the terminal subunit of the filament and blocking subunit addition.

Effect of the Bound Nucleotide on Barbed End Elonga-
tion and Shortening Rates in the Absence of Profilin. To
analyze our experiments with profilin, we used published
barbed end association and dissociation rate constants for
ATP-, ADP-P,-, and ADP-actin monomers.*”*’ To determine
association and dissociation rates for AMP-PNP-actin mono-
mers, we visualized barbed end elongation rates over a range of
monomer concentrations by total internal reflection fluores-
cence microscopy (Figure 3). Elongation rates were linearly
proportional to the concentration of actin monomers up to
1.75 uM actin. The slope and intercept gave association and
dissociation rate constants of 12.6 yM™' s™! and 0.09 s7!,
respectively, and a Ky of 0.01 uM™". The elongation rate was
higher than expected at 2.5 yM actin. However, in addition to
elongating existing filaments, AMP-PNP-actin monomers
spontaneously formed many more short filaments than ATP-
actin monomers (not shown), indicating that nucleation is
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Figure 2. Effect of profilin on barbed end elongation of Mg-AMP-
PNP-actin filaments. Polymerization conditions: 10 mM imidazole
(pH 7.0), 50 mM KCl, 1 mM MgCl,, 1 mM EGTA, 50 mM DTT,
0.37 mM AMP-PNP, 0.02 mM CaCl,, 15 mM glucose, 0.02 mg/mL
catalase, 0.1 mg/mL glucose oxidase, and 0.5% methylcellulose [4000 cP
at 2% (w/v)]. Data were collected with total internal reflection fluo-
rescence microscopy. (A) Time series of images of 1.5 uM AMP-PNP-
actin (20% Alexa 488-labeled) filaments growing in the presence of a
range of concentrations of human profilin 1. Yellow arrowheads denote
barbed ends. (B) Time courses of the growth of six representative
filament barbed ends in the presence of 1.5 uM AMP-PNP-actin (20%
Alexa 488-labeled) and profilin concentrations of 0 (black), 10 (red), or
225 uM (blue).

much more favorable with AMP-PNP-actin than with ATP-
actin. Annealing of the high concentration of short filaments
with barbed ends may have contributed to the high elongation
rate with 2.5 yM AMP-PNP-actin.

The rates of dissociation of actin subunits from filament ends
in the absence of profilin were known for filaments polzmerized
from ATP-, ADP-P-, and ADP-actin monomers.””** We
determined the dissociation rate for AMP-PNP-actin by
measuring the shortening of AMP-PNP-actin filaments after
washing out the actin monomers with polymerization buffer
alone (Table 1).

Effect of Profilin on Actin Filament Depolymerization
in the Absence of Monomeric Actin. To obtain the rates of
dissociation of profilin-actin from filament ends uncomplicated
by association of profilin-actin with the ends, we measured
shortening of filaments polymerized from ATP-, AMP-PNP-,
ADP-P;-, or ADP-actin monomers after washing out the actin
monomers with polymerization buffer containing 750 pM
human profilin but without free actin monomers (Table 1).
Under these conditions, profilin should saturate the barbed
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Figure 3. Dependence of the elongation rates of AMP-PNP-actin
filaments on the concentration of AMP-PNP-actin monomers. Growth
of filaments was observed by total internal reflection fluorescence
microscopy with concentrations of AMP-PNP-actin (20% Alexa 488-
labeled) from S0 nM to 2.5 uM in microscopy buffer with 0.37 mM
AMP-PNP. Filament seeds were grown from 1.5 yM AMP-PNP-actin
monomers in the observation chamber, followed by a wash and
replacement with AMP-PNP-actin monomers. Error bars are one
standard error of the mean elongation rate of at least 10 filaments.

ends, making profilin-actin the major species dissociating from
the ends. As reported previously for ADP-actin,"” a saturating
level of profilin increased the rates that barbed ends shortened,
with the most dramatic effect on Mg-AMP-PNP-actin filaments
and the weakest effect on Mg-ADP-actin filaments (Table 1).
Although the depolymerization rate we measured in saturating
profilin for Mg-ADP-P;-actin filaments (—8.6 subunits/s) was similar
to that reported by Jegou and co-workers (—4.7 subunits/s),” the
rate we observed using Mg-ADP-actin filaments (—12.2 subunits/s)
was only 30% of that observed by Jegou and co-workers
(—41 subunits/s). However, as discussed below, this range
of depolymerization rates for Mg-ADP-actin does not affect
our main conclusions.

Effect of Profilin on the Elongation and Shortening of
Actin Filament Barbed Ends. To characterize the inter-
actions of profilin with the barbed ends of filaments, we observed
actin filament elongation or shortening at profilin concentrations
ranging from 10 to 150 uM for 1.5 uM Mg-ATP-actin, from 5 to
225 uM for 1.5 uM AMP-PNP-actin, from 2.5 to 300 uM for
4 uM ADP-Pyactin, and from 0.5 to 25 yM for 5 uM Mg-
ADP-actin (Figure 4). Most filaments grew at steady rates
throughout the observation times, interrupted in some cases by
short, obvious pauses.

Profilin inhibited elongation of actin filament barbed ends in a
concentration-dependent fashion. Stoichiometric concentrations
of profilin stopped barbed end elongation with 5 uM ADP-actin
(Figure 4D), whereas ~60 uM profilin was required to stop
elongation in the presence of 1.5 yuM ATP-actin (Figure 4A).
Profilin concentrations higher than those required to stop
elongation caused barbed ends to shorten, and short filaments
eventually depolymerized and disappeared. A few barbed ends
did not shorten immediately or paused for 45—60 s as they
depolymerized. Encounters of depolymerizing barbed ends with
myosin attachment points may have contributed to these pauses,
because barbed ends fluctuated laterally much less during pauses
than before and after these delays. Alternatively, laser-induced
subunit cross-linking may also have contributed to some pauses.*!
Elongation rates fell on smooth curves at low and high profilin

dx.doi.org/10.1021/bi400682n | Biochemistry 2013, 52, 6456—6466
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Figure 4. Dependence of barbed end elongation rates of Mg-ATP-, Mg-AMP-PNP-, Mg-ADP-P-, and Mg-ADP-actin monomers on the
concentration of profilin 1. Data were collected by total internal reflection fluorescence microscopy. Error bars are standard errors of the mean
elongation rates of at least 10 filaments. The smooth curves are fits to the filled data points with the model described in the text. Data shown as
empty circles were masked in these fits. (A) Conditions for Mg-ATP-actin monomers: 1.5 gM ATP-actin (20% Alexa 488-labeled), 0.2 mM ATP,
and a range of concentrations of profilin in microscopy buffer. (B) Conditions for Mg-AMP-PNP-actin monomers: 1.5 uM AMP-PNP-actin (20%
Alexa 488-labeled), 0.37 mM AMP-PNP, and a range of concentrations of profilin in microscopy buffer. (C) Conditions for Mg-ADP-P;-actin
monomers: 4 M Mg-ADP-P-actin (20% Alexa 488-labeled), 0.3 mM ADP, 20 units/mL hexokinase, 12.5 mM potassium phosphate, and a range of
concentrations of profilin in microscopy buffer. The polymerization buffer contained 25 mM KClI instead of S0 mM KCI to compensate for the
additional K* ions. (D) Conditions for Mg-ADP-actin monomers: 5.0 uM Mg-ADP-actin (20% Alexa 488-labeled), 0.3 mM ADP, 20 units/mL
hexokinase, and a range of concentrations of profilin in microscopy buffer.

concentrations but not at intermediate profilin concentrations
(40—60 M profilin for ATP-actin, 75—125 uM profilin for
AMP-PNP-actin, and S0—75 uM profilin for ADP-P;-actin) where
elongation rates were near zero [Figure 4A—C (0)]. Long time
scales were required to visualize these low rates of polymerization
and depolymerization, so photo-cross-linking events may have
compromised the measurements. For this reason, we did not
include these intermediate data points in our analysis (see below).

Effect of Profilin on the Elongation of Actin Filament
Barbed Ends by AMP-PNP-Actin. Barbed end elongation
rates with 1.5 yuM Mg-AMP-PNP-actin monomers were close
to zero with ~100 uM profilin (Figure 4B), 20-fold higher than
the concentration required to stop elongation of barbed ends
by Mg-ADP-actin monomers (Figure 4D). Profilin concen-
trations of >125 uM caused barbed ends to shorten. Given the
low concentration of total AMP-PNP-actin monomers (1.5 M)
and their high affinity for profilin (Ky = 0.1 M), most AMP-
PNP-actin monomers were bound to profilin at all profilin
concentrations (5—225 uM) tested, so the main species that varied
with total profilin concentration was the free profilin concentration.
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The experimental data in Figure 4B revealed that this free profilin
was titrating a species with a very low affinity for barbed ends.
We fit our polymerization data using eq 4 and extracted the
affinities of profilin and profilin-AMP-PNP-actin for AMP-PNP-
actin filament barbed ends using the association and dissociation
rates summarized in Table 2. The results of our fitting indicate
that the affinity of AMP-PNP-actin filament barbed ends for the
profilin-AMP-PNP-actin complex (Ky = 4.6 uM) is 49-fold higher
than for free profilin (K = 226 uM). The data strongly constrain
the ratio of these two equilibrium constants, as demonstrated by
a plot of the R? value of fits performed by fixing Ky; at 226 uM
and varying the value of Ky, (Figure S1A of the Supporting
Information). Although a range of values of Ky; and Ky, fit the
data reasonably well as long as their ratio remains the same, the
particular combination of 226 and 4.6 M provides the best fit to
our data (not shown). Thus, association of the profilin-AMP-
PNP-actin complex is the main pathway capping barbed ends and
inhibiting elongation. Second, because profilin-AMP-PNP-actin
and monomeric AMP-PNP-actin bind to barbed ends at similar
rates, the large difference in their affinities arises from much faster

dx.doi.org/10.1021/bi400682n | Biochemistry 2013, 52, 6456—6466



Biochemistry

Table 2. Summary of Reaction Rates and Affinities for AMP-PNP-, ADP-P;-, and ADP-Actin and Profilin
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dissociation of profilin-AMP-PNP-actin from barbed ends (which
we measured directly). Free energy calculations for each of the
binding reactions reveal that the thermodynamic parameters pro-
duced by our fitting are balanced [within 0.9 kcal/mol (Figure 1)],
and therefore, these four reactions are sufficient to describe the
polymerization of AMP-PNP-actin in the presence of profilin.

Effect of Profilin on the Elongation of Actin Filament
Barbed Ends by ADP-P;-Actin. Barbed end elongation rates
with 4 uM Mg-ADP-P;-actin monomers were zero with ~40 yuM
profilin (Figure 4C), ~2.5-fold lower than the profilin con-
centration required to stop elongation of barbed ends by Mg-
AMP-PNP-actin monomers. Profilin concentrations ranging
from 40 to 200 uM appeared to stall polymerization, perhaps
because of photo-cross-linking events that accumulate during the
long times required to visualize and measure small depolyme-
rization rates. However, profilin concentrations of >225 uM
caused barbed ends to shorten. Given the high affinity of ADP-
P;-actin for profilin (Ky; = 0.1 uM), most of the ADP-P;-actin
monomers were bound to profilin at all profilin concentrations
(2.5-300 M) tested, so the main species that varied with total
profilin concentration was the free profilin concentration.

Using eq 4 to fit the ADP-Pj-actin polymerization data, we
determined that the affinity of ADP-P;-actin filament barbed
ends is S5-fold higher for the profilin-ADP-P;-actin complex than
for free profilin. As with our AMP-PNP-actin data, the ADP-P-
actin polymerization data strongly constrain the ratio of these
two equilibrium constants, as demonstrated by a plot of the R
value of fits performed by fixing K5 at 10.2 yM and varying the
value of Ky, (Figure S1B of the Supporting Information).
Although a range of values of Ky; and Ky, fit the data reasonably
well as long as their ratio remains the same, the particular
combination of 10.2 and 2.1 uM provides the best fit to our
data (not shown). Thus, both direct binding of profilin and
association of profilin-ADP-P;-actin contribute to capping
barbed ends. Second, as we observed for AMP-PNP-actin, the
association rate constants for monomeric ADP-Practin and
profilin-bound ADP-P;-actin with barbed ends are similar, so the
dissociation rate constants determine the affinities. Free energy
calculations show that our thermodynamic parameters are
balanced (within 0.6 kcal/mol) for the reactions involving ADP-
Pj-actin (Figure 1).

Effect of Profilin on the Elongation of Actin Filament
Barbed Ends by ADP-Actin. Low micromolar profilin con-
centrations inhibited elongation of barbed ends by 5 uM Mg-
ADP-actin monomers, whereas profilin concentrations exceeding
S uM depolymerized barbed ends (Figure 4C). Unconstrained
fits to our elongation data produced negative dissociation equilib-
rium constants for reaction 3 (Kg;). To correct this problem, we
varied the difference between Ky, and Ky, over a range of larger
values until fitting yielded positive dissociation equilibrium
constants for all reactions. The goodness of the fit decreased as
the difference between Ky, and Ky, increased, so our final fit
represents both the best fit to the data with positive dissociation
equilibrium constants for all reactions and a lower limit for
the value of Ky. The low affinity of profilin-ADP-actin for
barbed ends results from slow association of profilin-ADP-actin
with barbed ends. The upper limit of the association rate
constant is 10-fold lower than that for binding of free ADP-actin
to barbed ends.

The interactions of ADP-actin with profilin differ qualita-
tively from those of AMP-PNP-actin and ADP-Pj-actin. The
affinity of free profilin for ADP-actin barbed ends is 40-fold
greater than the affinity of profilin-ADP-actin for barbed ends,
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A

Figure S. Molecular models showing steric clashes produced by binding of profilin to the terminal subunits of both long-pitch helices (subunits n and
n — 1) of an actin filament. A solvent-excluded surface model of actin and ribbon diagrams of profilin are shown. (A) Superposition of human
profilin (purple, PDB entry 1FIK) onto the structure of bovine f-actin (green) bound with bovine profilin (blue, PDBD entry 1HLU). (B)
Stereoview (top) of an Oda actin filament model*® with human profilin 1 (dark purple and light purple) bound to the terminal subunits of each long-
pitch helix (subunits n and n — 1) as in panel A. Additional views (bottom) of the filament and bound profilin molecules. (C) Detail of the clashes
formed between profilin (dark purple) and subdomain 1 of actin subunit n (yellow) when profilin is bound to actin subunit n — 1. Solvent-excluded
surfaces are shown.® (D) Detail of the profilin-actin interface at the terminal barbed end subunit (profilin, light purple; actin subunit n, yellow).

Solvent-excluded surfaces are shown.>?

while the opposite is true for the interaction of profilin with
AMP-PNP-actin or ADP-P;-actin monomers and barbed ends.
This is reflected in the lower limit for the dissociation equili-
brium constant of profilin-ADP-actin on barbed ends (K,),
which represents an affinity approximately 8-fold lower than
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that for profilin-AMP-PNP-actin and 20-fold lower than that for
ADP-P;-actin binding to barbed ends.

Our analysis yielded an affinity of profilin for ADP-actin
barbed ends (Kg; = 0.9 #M) higher than that reported by Jegou
and co-workers™ (Kg; = 28.1 uM). This group obtained their
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binding constant by fitting a hyperbolic curve to the dependence
of the rates of depolymerization of filaments assembled from
Mg-ADP-actin on the concentrations of profilin without actin
monomers. However, profilin-stimulated filament depolymeriza-
tion involves two sequential reactions: binding of profilin to the
barbed end followed by dissociation of profilin-actin from the
barbed end. Thus, the binding constant obtained from their
fitting does not correspond to one reaction. Instead, their fitting
parameter is a combination of binding constants for profilin
on barbed ends (Kg = 0.9 uM in our work) and profilin-actin
on barbed ends (Ky, = 36.7 uM in our work). In a separate
study, Kinosian et al.'> assumed that profilin binds ADP-actin
monomers and barbed ends with the same association rate
constant of 15 uM ™" s7!. Although our data analysis does not
produce an association rate constant for binding of profilin to
barbed ends, their assumption led them to estimate a Ky of
20 uM for binding of profilin-actin to barbed ends, which is
similar to our measurement.

We observed a slower depolymerization rate for ADP-actin
with saturating profilin than Jegou and co-workers did.*’
However, we agree with them that the rate of depolymerization
of filaments assembled from ATP-actin increases over time in
the presence of high concentrations of profilin (Figure S2 of the
Supporting Information). The fastest dissociation rate in our
experiment (—32 subunits/s in 125 M profilin) approached
the rate of —41 subunits/s observed by Jegou and co-workers
for ADP-actin depolymerization in 80 uM profilin. As they
suggested, this rate might correspond to the depolymerization
of ADP-actin subunits that had hydrolyzed and dissociated
phosphate. The differing affinities of profilin for barbed ends
polymerized from AMP-PNP-, ADP-P;-, and ADP-actin suggest
that filaments with each type of bound nucleotide have novel
conformations (see below). It is also possible that nucleotide
heterogeneity of the ends of aging filaments polymerized from
ATP-actin might make them less stable than homogeneous
ADP-P;- or ADP-actin filament ends.

We draw the same conclusions from our thermodynamic
analysis about the affinities of profilin and profilin-actin for
barbed ends if we use our value of —12 subunits/s or Jegou’s
value of —41 subunits/s for the rate of dissociation of profilin-
ADP-actin from barbed ends. If we use an actin dissociation
rate in 750 yM profilin of —41 subunits/s with our other data
on ADP-actin (Figure 3C), the best fit gives a Kg; of 14.4 uM
and a Ky, of 68.5 uM (not shown). This affinity (Ky,) of
profilin-ADP-actin monomers for barbed ends is weaker by
a factor of only 2 compared with that from the fit to our data.
Similarly, calculation of the association rate constant for
binding of profilin-ADP-actin to barbed ends (k) produces a
rate constant of 0.8 uM™' s™., which is similar to the rate
constant of 0.3 uM ™' s™! we obtained using our data and is still
slower than that for binding of free ADP-actin monomers to
barbed ends. Including the faster profilin-actin dissociation rate
in the analysis reduces the calculated affinity of profilin for
ADP-bound barbed ends 15-fold. However, this lower affinity
is still tighter than the affinity of profilin-ADP-actin monomers
for barbed ends and does not affect our conclusions or the
structural implications of our results (see below), given that it is
on the same order of magnitude as the calculated affinity of
profilin for ADP-P;-actin for barbed ends.

We conclude that profilin slows the elongation of filaments
by ADP-actin through three mechanisms. First, profilin binds
barbed ends with relatively high affinity (Kg; ~ 1 #M) where it
blocks the association of actin monomers and profilin-actin.
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Second, profilin bound to a barbed end dissociates along with
the terminal subunit at least twice as fast as an ADP-actin
subunit alone. In addition, ADP-actin bound to profilin
associates with barbed ends much slower than free ADP-actin.
The thermodynamics of the system are within 1 kcal/mol of
detailed balance (Figure 1). However, as noted above, our fitting
represents a lower limit for Ky; (the affinity of profilin for the
barbed end). Fitting the data with a larger Ky, for the binding of
profilin to the barbed end brings the system closer to equilibrium.
For example, using a Kg; of 5.2 uM results in a slightly weaker
affinity of profilin-actin for barbed ends (Ky4 = SO #M) and brings
the system within 0.1 kecal/mol of detailed balance.

Structural Analysis. We used molecular models to
determine if profilin might bind to either or both the terminal
and penultimate subunits at the barbed end of a filament. We
used the cocrystal structure of an actin monomer and bovine
profilin® to dock human profilin on the two terminal subunits at
the barbed end of an Oda®® actin filament model (Figure S).
Because polymerized actin has a slightly flatter conformation
than an actin monomer, profilin clashes directly with the subunit
to which it is bound (Figure SD). Specifically, we measured a
total of 11 steric clashes (which we defined as contacts of <2.2
A) involving atoms from five profilin residues (residues 59, 60,
and 72—74) and five residues in actin subdomains 1 and 3
(residues 171, 173, 284, 286, and 375). Furthermore, profilin
bound to the penultimate (n — 1) subunit clashes with residues
223-228 and 259-272 in subdomain 4 of actin subunit n.
Similar models showed that both Schizosaccharomyces pombe
profilin and Saccharomyces cerevisiae profilin have similar clashes
with adjacent subunits.

This analysis shows that profilin can bind only the barbed
end of terminal subunit #n and that profilin bound to this site
precludes the addition of an actin subunit to either the terminal
or penultimate subunit. To avoid steric clashes with the bound
profilin, the conformation of this terminal subunit must be
slightly less flat than the rest of the subunits in the filament.
Profilin can come to be bound to the terminal subunit on the
barbed end of a filament either by binding directly or by binding
as a profilin-actin complex. Profilin bound to the terminal
subunit on the barbed end of a filament can either dissociate
directly from this subunit or dissociate along with the terminal
actin subunit as a profilin-actin complex.”

B DISCUSSION

We undertook a thermodynamic analysis to determine rate and
equilibrium constants for the various reactions involved in actin
filament polymerization in the presence of profilin. Technical
limitations had prevented direct measurement of these para-
meters in previous studies, but single-filament visualization
allowed us to measure elongation and shortening rates in the
presence of a range of concentrations of profilin. Fitting a
thermodynamic model to the profilin concentration dependence
of these elongation rates yielded equilibrium constants and several
rate constants for binding of profilin and profilin-actin to filament
barbed ends. We found that although profilin has a higher affinity
for ATP-actin monomers than ADP-actin monomers, it has a
much higher affinity for the barbed ends of ADP-actin filaments
than ATP-actin filaments or AMP-PNP-actin filaments. In
addition, binding of profilin to monomers has a 20-fold stronger
effect on binding of the AMP-PNP-actin monomer to filament
barbed ends than for ADP-actin monomers and filaments.
Structural Implications of Our Data Analysis. The
differences in the affinities of AMP-PNP- and ADP-bound
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barbed ends for profilin and profilin-actin strongly suggest that
barbed end subunits have conformations different from those of
monomers and that these conformations change upon nucleo-
tide hydrolysis and phosphate release. Although experimental
evidence of conformational dynamics of filamentous actin
subunits in living cells is not available, we propose answers to
three fundamental questions about these interactions on the
basis of our work with purified proteins.

Why Does Profilin Have a Higher Affinity for Actin
Monomers Than for Barbed Ends? Regardless of the
nucleotide bound to actin, profilin has a higher affinity for actin
monomers than for actin filament barbed ends. The most likely
explanation is that ADP-actin subunits in filaments have sub-
domains 3 and 4 rotated relative to subdomains 1 and 2,
resulting in flattening of the subunit relative to the monomer.*>*
This rotation in the filament alters the orientation of the two
halves of the profilin binding site located on the “bottoms” of
subdomains 1 and 3 flanking the barbed end groove,8 creating
minor steric clashes that can explain the lower affinity of profilin
for barbed ends (Figure S).

Thus, to bind profilin, the actin subunit at the barbed end of
an actin filament must take up at least transiently a conforma-
tion different from the average internal subunit. Conformational
changes to accommodate profilin binding are most likely to
occur within the terminal actin, because profilin is not known to
populate different conformations. The well-documented struc-
tural heterogeneity among the subunits of polymerized actin®
suggests that they possess inherent flexibility that may contribute
to profilin binding.

How Does the Bound Nucleotide Influence the Affinity
of Profilin for Barbed Ends? The nucleotide bound to actin
monomers has only a small influence on the affinity for profilin
compared with the large impact of the bound nucleotide on the
affinity of barbed ends for profilin. The affinities of ADP-actin
monomers and barbed ends differ by only 4.5-fold, while profilin
binds much more weakly to barbed ends than monomers of
AMP-PNP-actin (2260-fold) and ADP-P;-actin (102-fold). These
huge differences in affinities suggest that the structures of the
subunits at the barbed end of ADP-actin filaments may resemble
actin monomers more closely than the terminal subunits of
AMP-PNP-actin and ADP-P;-actin filaments. We suggest that the
absence of the y-phosphate allows a terminal ADP-actin subunit
greater freedom to assume monomer-like conformations that are
favorable for binding profilin. Structures of barbed ends with
different nucleotides (comparable to the cryoelectron micros-
copy structure of pointed ends**) should be very informative.

Why Do Barbed Ends Have a Higher Affinity for Actin
Monomers Than for Profilin-Actin? Bound profilin weakens
the affinity of actin subunits for barbed ends. Although the
nucleotide binding cleft may be open or closed in crystal
structures of actin monomers bound to proﬁlin,s"‘s’46 none of
these structures has subdomains 3 and 4 rotated relative to
subdomains 1 and 2 as observed in filaments.*>** This suggests
that bound profilin may limit the conformational flexibility of actin
monomers and reduce their ability to undergo the conformational
changes associated with polymerization. For all three nucleotide
states, bound profilin increases the dissociation rate constant
of the terminal subunit, suggesting that profilin bound to the
terminal subunit favors a conformation that compromises
interfacial contacts with subunits n — 1 and n — 2.

The difference in the affinity of barbed ends for actin
monomers and profilin-actin is much greater for AMP-PNP-
actin than for ADP-P;-actin and ADP-actin. This suggests that
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nucleotide hydrolysis and subsequent phosphate release
alleviate some of the effects of profilin binding on the actin
subunit conformational flexibility. However, because of the low
affinity of barbed ends for P, it is likely that some of the ADP-
P;-actin barbed ends observed in our experiments are really
ADP-actin barbed ends. This makes it difficult to quantify the
relative effects of nucleotide hydrolysis and phosphate release
on barbed end affinity.

Profilin bound to ADP-actin monomers also slows their
association with barbed ends. Even though the profilin-binding
sites of ADP-actin monomers and barbed ends resemble each
other, it follows from detailed balance that the relatively tightly
bound profilin will compromise association of monomeric
ADP-actin with barbed ends. This may be achieved via an
allosteric effect on subunits 1 and 2, which associate with the
barbed end and have been demonstrated to populate a variety
of conformational modes in filaments.**

Effect of Profilin on the Elongation of Actin Filament
Barbed Ends by ATP-Actin. Barbed end elongation rates
with 1.5 uM Mg-ATP-actin monomers were close to zero with
~60 uM profilin (Figure 4A), a profilin concentration between
the concentrations required to stop elongation of barbed
ends by Mg-AMP-PNP- and Mg-ADP-Pj-actin monomers
(Figure 4B,C). Profilin concentrations of >75 yM caused barbed
ends to shorten in the presence of Mg-ATP-actin monomers.
Given the low concentration of total ATP-actin (1.5 #uM) and
its high affinity for profilin (K3, = 0.1 M), most ATP-actin
monomers were bound to profilin at all profilin concentrations
(10—150 M) tested, so the main species that varied with total
profilin concentration was the free profilin concentration.
Because of the heterogeneity in the nucleotide composition of
the filaments, we did not perform a thermodynamic analysis of the
elongation data. However, we estimate that the free profilin titrated
a species with an affinity for barbed ends that lies in the range of
10—226 puM (or between the affinity of profilin for barbed
ends composed of Mg-ADP-P-actin and Mg-AMP-PNP-actin).
Further, because filaments elongated in the presence of profilin
concentrations where all of the actin was likely to be bound to
profilin (10—60 uM total profilin), Mg-ATP-actin-profilin com-
plexes must have a higher affinity for barbed ends than free profilin.
We estimate this affinity to be in the low micromolar range, as
observed for Mg-ADP-P;-actin and Mg-AMP-PNP-actin.

The energetics of filament elongation in the presence of
profilin have puzzled the field since it was discovered that actin
monomers saturated with profilin can elongate barbed ends.”
Investigators proposed that binding reactions provide the
energy for polymerization of ATP-actin'*>'® or that energy from
ATP hydrolysis is required to balance the reaction.*” However,
because the thermodynamic parameters we obtain from our data
analysis are balanced for AMP-PNP-actin, ADP-P;-actin, and
ADP-actin monomers, we hypothesize that the four reactions
described above are balanced during ATP-actin polymerization
with profilin, regardless of the age (and therefore nucleotide
state) of the subunits at the barbed end, and that no additional
energy is required for polymerization.

Implications for Profilin Function in Vivo. Our results fill
in several missing kinetic and thermodynamic parameters that
are required to explain how profilin influences actin polymer-
ization in cells. At cellular profilin concentrations in the range
of 100 1M, most unpolymerized actin is bound to profilin'> and
little free profilin is available to bind barbed ends. The high
concentration of profilin-actin adds to free barbed ends and also
promotes elongation of barbed ends associated with a formin
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by binding to the FH1 domain and being delivered rapidly to
the end of the filament.?®*® If a filament is severed, exposing a
barbed end with terminal ADP-actin subunits, free profilin might
bind and promote dissociation of subunits at a rate (12 s™")
faster than the rate of dissociation of ADP-actin from a free end.
However, given ~100 4M profilin-ATP-actin in the cytoplasm,'®
the filament will grow until it is capped. In cells with thymosin-
P4, that protein sequesters part of the unpolymerized actin,**’
adding another factor to consider.

B ASSOCIATED CONTENT

© Supporting Information

Reaction rates and affinities for ATP-actin and profilin (Table S1),
the dependence of R* values of fits obtained from our data
analysis on the absolute value of Ky, for AMP-PNP-actin and
ADP-P-actin (Figure S1), and depolymerization of representa-
tive ATP-actin filament barbed ends in the presence of profilin
(Figure S2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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