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ABSTRACT: We have quantitated the in vitro interactions of profilin and the profilin-actin complex (PA)
with the actin filament barbed end using profilin and nonmuscleâ,γ-actin prepared from bovine spleen.
Actin filament barbed end elongation was initiated from spectrin seeds in the presence of varying profilin
concentrations and followed by light scattering. We find that profilin inhibits actin polymerization and
that this effect is much more pronounced forâ,γ-actin than forR-skeletal muscle actin. Profilin binds to
â,γ-actin filament barbed ends with an equilibrium constant of 20µM, decreases the filament elongation
rate by blocking addition of actin monomers, and increases the dissociation rate of actin monomers from
the filament end. PA containing bound MgADP supports elongation of the actin filament barbed end,
indicating that ATP hydrolysis is not necessary for PA elongation of filaments. Initial analysis of the
energetics for these reactions suggested an apparent greater negative free energy change for actin filament
elongation from PA than elongation from monomeric actin. However, we calculate that the free energy
changes for the two elongation pathways are equal if the profilin-induced weakening of nucleotide binding
to actin is taken into consideration.

Profilin is a small (∼15 kDa) actin-binding protein,
ubiquitous in eukaryotes, that has been implicated in the
control of actin polymerization and cytoskeletal reorganiza-
tion in vivo (1-3). Profilin binds to the barbed end of the
actin monomer (4) between subdomains 1 and 3 and
increases the rate constant for nucleotide exchange on actin
(5). Profilin desequesters actin monomers bound to thymosin
â4, allowing actin filament barbed end elongation (6), and
profilin enhances actin filament turnover in the presence of
ADF/cofilin (7). Profilin recruits monomeric MgATP-actin
to areas of actin filament growth via interactions with
N-WASP (1, 2) and VASP (8-11). When the actin filament
barbed ends are capped by other actin-binding proteins,
profilin acts as an actin-sequestering protein. When actin
filament barbed ends become uncapped, the profilin-
catalyzed formation of MgATP-actin from MgADP-actin
delivers a homogeneous supply of MgATP-actin to the
growing filament barbed end (12-14).

In the presence of profilin, actin filament elongation can
take place through two pathways, as depicted in Scheme 1
(6, 15). One pathway is the simple addition of monomeric

actin subunits onto actin filament ends (AF pathway). The
other pathway is via addition of the profilin-actin complex
(PA)1 onto the actin filament barbed ends followed by the
dissociation of profilin from the filament end (PAF pathway);
the strength of the profilin-actin bond is greatly decreased
after PA associates with an actin filament end. Four
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Scheme 1: Pathways for Actin Elongation in the Presence
of Profilina

a Actin filaments (Fn) elongate by the simple addition of actin
monomers (A) onto the actin filament barbed end through the AF
pathway. In the PAF pathway, the profilin-actin complex (PA)
elongates actin filaments through three consecutive reactions: (1)
profilin (P) binds monomeric actin to form PA; (2) PA associates with
the actin filament barbed end; and (3) profilin dissociates from the actin
filament barbed end. If the model is correct, the free energy change
for each pathway must be equal. Values determined for the rate and
equilibrium constants are listed in Tables 1 and 2.
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equilibrium constants are needed to describe the two linked
actin polymerization pathways: (1) the actin critical con-
centration; (2) the affinity of profilin for monomeric actin;
(3) the affinity of profilin for the actin filament barbed end;
and (4) the affinity of PA for the actin filament barbed end.
The first two of these constants are independent of each other
and may be measured separately; however, measurements
of the latter two constants are more difficult to separate
experimentally. Literature values for the affinities of profilin
or PA for the actin filament barbed end vary by orders of
magnitude (6, 15-17).

Whether these two pathways are energetically equal is a
point of contention in the literature at present. It has been
proposed that profilin promotes actin polymerization because
of a greater negative free energy change (-∆G) calculated
for the actin filament elongation by PA (6). The greater-∆G
in that model was thought to be due to the coupling of actin
ATP hydrolysis and PA elongation, and this coupling was
required for filament growth by PA (6, 18). Other investiga-
tors have reported that the two pathways are energetically
consistent (16, 17), implying that no additional energy input
from ATP hydrolysis would be needed to explain the effects
of profilin on actin filament elongation.

Previous investigations of PA elongation based on Scheme
1 used eitherAcanthameobaor skeletal muscleR-actin. Work
using mammalian profilin and nonmuscleâ,γ-actin (19)
did not analyze actin elongation using Scheme 1, but did
report that profilin slowed the rate of actin polymerization
and suggested that profilin-actin dissociated faster from the
actin filament barbed end than did actin alone. In higher
eukaryotes, the leading edge of moving cells is thought
to contain predominantly the nonmuscleâ-isoform of actin
(20, 21); therefore, in the present study, we have investigated
the effect of profilin on the elongation of nonmuscleâ,γ-
actin [containing∼70% â-actin (22)]. Using nonmuscle
MgATP-actin, we measured the constants for profilin and
PA interaction with the actin filament barbed end by
employing experimental protocols designed to optimize the
determination of each constant. We find that profilin binds
to theâ,γ-actin filament barbed end with a 20µM dissocia-
tion constant and prevents filament elongation. The data also
indicate that profilin bound to the actin filament barbed end
weakens the affinity of the terminal actin subunit for the
filament end. Moreover, actin-bound ATP hydrolysis is not
necessary for PA elongation. Using our independently
derived constants, we find that global kinetic simulations of
actin elongation over a range of profilin concentrations
describe the experimentally observed elongation data well.
Analysis of the energetics for Scheme 1 reveals that the free
energy changes for the two elongation pathways are equal
if the profilin-induced weakening of nucleotide binding to
actin (5) is taken into consideration.

MATERIALS AND METHODS

Materials.Hexokinase, luciferase-luciferin reagent, TRITC-
phalloidin, DNase I, and ATP were from Sigma. Pyrene
iodoacetamide was from Molecular Probes.

Protein Preparation. Nonmuscle actin and profilin were
prepared from bovine spleen (5). Skeletal muscleR-actin
was prepared from rabbit skeletal muscle (23). Pyrene-labeled
nonmuscle actin was prepared by the method of Kouyama

and Mihashi (24). ADP-actin was prepared using hexo-
kinase and glucose (25); the absence of ATP was verified
using a luciferase-luciferin assay. Spectrin seeds were
prepared from human erythrocytes (26, 27).

Actin Polymerization Measurements.Actin polymerization
was measured using light scattering at 400 nm or pyrene
fluorescence with excitation and emission wavelengths of
365 and 386 nm, respectively (24). Prior to polymerization
experiments, CaATP-actin was converted to MgATP-actin
by a brief incubation with 100-500 µM EGTA (enough to
be in excess of Ca2+ present) and 50µM MgCl2. Monomeric
actin was diluted to the desired concentrations into buffer
containing 10 mM MOPS, pH 7.0, 0.2 mM ATP, or 1 mM
ADP (G-buffer), and elongation of actin barbed filament ends
was initiated by the addition of 100 mM KCl and 2 mM
MgCl2 (F-buffer), and spectrin seeds (about 0.2-2 nM final
concentration). For some experiments, F-actin capped by
spectrin seeds was added to F-buffer containing varying
amounts of monomeric actin. For depolymerization experi-
ments, F-actin capped by spectrin seeds was added to
F-buffer containing 1µM DNase I.

The steady-state actin polymer concentration was assayed
using TRITC-phalloidin based on the report of De La Cruz
and Pollard (28) that showed the observed rate constant for
10 nM TRITC-phalloidin binding to F-actin is proportional
to the F-actin concentration. A stock solution was made of
100µM TRITC-phalloidin in ethanol and was stored at-20
°C. As needed, the TRITC-phalloidin was diluted to 10µM
in 10 mM MOPS, pH 7.3, and a small aliquot of this solution
(25 nM final concentration) was added to an F-actin sample
and the time course of fluorescence intensity was recorded
using excitation and emission wavelengths of 540 and 580
nm, respectively. The observed exponential rate constant for
TRITC-phalloidin binding to F-actin was determined from
a fit with a single-exponential function to the time course
data and is proportional to the concentration of F-actin.
Known concentrations of F-actin polymer were used to
calibrate the TRITC-phalloidin rate constants. The second-
order rate constant for TRITC-phalloidin binding to F-actin
was found to be in the range of 0.01-0.02 µM-1 s-1

depending on buffer conditions and actin isoforms.
Data Analysis in the Absence of Profilin.The light

scattering intensity or pyrene fluorescence time course data
for actin polymerization were fit with a single-exponential
function:

whereI0 is the initial intensity,∆I is the change in intensity
upon polymerization, andkobs is the observed exponential
rate constant. In the absence of profilin,kobs) [F]kAF, where
[F] is the concentration of actin filament barbed ends and
kAF is the actin association rate constant. Control experiments
(data not shown) indicate that thekAF value for â,γ-actin
was very similar to that for skeletal muscleR-actin which
has been previously determined using electron microscopy
(29), so an absolute value of 107 M-1 s-1 was used for the
â,γ-actinkAF value. The total concentration of actin filament
barbed ends present after addition of spectrin seeds was
assayed using fits to MgATP-actin elongation time course
data with eq 1 where [Ftot] ) kobs/kAF andkAF ) 107 M-1 s-1

(29). Control samples of MgATP-actin were also used to

I(t) ) I0 + ∆I(1 - e-kobst) (1)
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calibrate the specific intensity change per micromolar of actin
polymer, ∆Isp. Initial elongation rates,J, of experimental
samples were determined from

Scheme 1 describes the previously established reaction
scheme for actin polymerization in the presence of profilin
(6, 17). The elongation rate for actin, A, shown in Scheme
1 (AF pathway) is described by

Data Analysis in the Presence of Profilin.Analysis of actin
filament elongation in the presence of profilin requires the
calculation of profilin binding to two ligands, monomeric
actin and the actin filament barbed end, resulting in the
formation of the profilin-actin complex, PA, and the
profilin-capped actin filament barbed end, PF. Because for
some experiments the concentrations of profilin and actin
are in the same range, the total and free concentrations of
profilin cannot be considered equal, a quadratic binding
equation is used to calculate [PA]:

where [Atot] and [Ptot] are the total monomeric actin and
profilin concentrations, respectively, and for MgATP-actin,
KPA ) 0.1 µM (5) is the equilibrium dissociation constant
for profilin binding to monomeric actin. However, because
the concentration of profilin is in large molar excess over
the concentration of actin filament barbed ends, the total
profilin concentration can be considered to equal the free
profilin concentration, and a hyperbolic function is used to
calculate [PF]:

whereKPF is the equilibrium dissociation constant for profilin
binding to the actin filament barbed end. Since the equilib-
rium constants for profilin binding to monomeric actin and
to actin filament barbed ends are different by a factor of
200,KPF ) 20µM (Figure 3) andKPA ) 0.1µM, the binding
of profilin to monomer or to filaments can be considered
independently.

In the presence of profilin, the elongation time courses
for MgATP-actin are well described by a single-exponential
function (eq 1); however, to analyzekobsfrom an exponential
fit to the elongation time course, we must establish that
changes in the free profilin concentration during elongation
do not significantly alter the elongation time course. Since
the addition of PA to the growing actin filament releases
profilin, this free profilin may rebind either to monomeric
actin or to the actin filament barbed end, thereby altering
the concentration of free actin or free barbed ends. The
formation of PA during the elongation time course will not
alter kobs if the association rate constants for actin and for
PA are approximately equal. This is shown to be the case in

the experiments depicted in Figure 3, in which increasing
the profilin concentration from zero to equimolar with the 1
µM MgATP-actin results in a change of only about 10%
in kobs. Profilin released from PA during actin filament
elongation may also rebind to the actin filament barbed end,
but if the increase in the free profilin concentration is much
smaller than the equilibrium dissociation constant for profilin
binding to the actin filament barbed end,KPF, then the
concentration of free barbed ends will not be significantly
changed. This condition is met for the elongation of 1µM
MgATP-actin determined from the experiments shown in
Figures 2 and 3 that indicateKPF ) 20 µM. For example, in
Figure 3, elongation of 1µM MgATP-actin in the presence
of 1 µM profilin results in the liberation of about 0.73µM
profilin during the elongation time course, which would result
in binding to only 3.5% of the actin filament barbed ends.
Thus, in the presence of profilin, the observed elongation
rate constant,kobs, can be described by

Given thatkAF ≈ kPAF (from Figure 3) and [A]+ [PA] )
[A tot], eq 6 reduces tokobs ) [F]kAF, and, therefore,kobs is
proportional to the concentration of free barbed ends, [F].
Whenkobs is normalized to a maximal value of 1 at 0 profilin
concentration (Figure 3B), thenormalized kobs can be
described by

For initial elongation rate determinations, the concentra-
tions of the reactants are well-defined. In the presence of
profilin, the initial elongation rate is a combination of
elongation from A and PA and is described by

wherekAF and k-AF are rate constants for actin elongation
and dissociation, respectively;kPAF and k-PAF are rate
constants for profilin-actin elongation and dissociation,
respectively; [Ftot], [F], and [PF] are the total, free, and
profilin-bound actin filament barbed end concentrations,
respectively. When no monomeric actin is present to associ-
ate to an actin filament, as is the case for the depolymeri-
zation of F-actin in the presence of DNase I (Figure 4) (30),
eq 6 reduces to

Data Analysis: A Global Kinetic Model.An alternative
analysis of the actin filament elongation data was also used.
A series of differential equations based on Scheme 1 were
used to describe the nucleated actin polymerization time
courses in the presence of profilin. This global kinetic
analysis was used to corroborate the rate constants deter-

J ) ∆I
∆Isp

‚
kobs

[Ftot]
(2)

J ) kAF[A] - k-AF (3)

[PA] )

[Ptot] + [A tot] + KPA - x([Ptot] + [A tot] + KPA)2 - 4[Ptot][A tot]

2
(4)

[PF] ) [Ftot]
[P]

[P] + KPF

(5)

kobs) [F](kAF[A] + kPAF[PA]

[A tot] ) (6)

normalized kobs) 1 -
[P]

[P] + KPF

(7)

J )
[F](kAF[A] - k-AF + kPAF[PA]) - k-PAF[PF]

[Ftot]
(8)

J )
-k-AF[F] - k-PAF[PF]

[Ftot]
)

-k-AF(1 -
[P]

[P] + KPF
) - k-PAF( [P]

[P] + KPF
) (9)
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mined for elongation of MgATP-actin in the presence of
varying concentrations of profilin, and, additionally, to
analyze data for elongation of MgADP-actin in the presence
of profilin. The simplifying assumption that the elongation
rate constants for MgADP-actin and for profilin-MgADP-
actin are approximately equal could not be made. Nor could
the MgADP-actin be elongated in the presence of high
enough concentrations of profilin to consider the free profilin
concentration constant during the time course of elongation.

The initial preequilibrium concentrations [A], [PA], and
[PF] were calculated using eqs 4 and 5, and the time courses
for [A], [PA], and [PF] were calculated using eqs 10, 11,
and 12, respectively. The time courses for [F-actin], [F], and
[P] were determined from eqs 13, 14, and 15, respectively.

RESULTS

Profilin Attenuates Polymerization of Nonmuscle Actin
More than Muscle Actin.The effect of profilin on actin
polymerization was studied using spectrin seeds to nucleate
actin filament barbed end growth. Figure 1A shows time
course data for barbed end elongation of skeletal muscle
R-actin (triangles) and nonmuscleâ,γ-actin (circles) with and
without profilin. Figure 1B shows the steady-state concentra-
tions of polymerized skeletal muscleR-actin (triangles) and
nonmuscleâ,γ-actin (circles) incubated overnight in the
presence of varying profilin concentrations, measured by
TRITC-phalloidin binding (see Materials and Methods for
details). We obtained very similar results when aliquots of
the steady-state samples were centrifuged and the super-
natants analyzed by densitometry of Coomassie blue stained
SDS-PAGE gels; the actin concentration in the supernatants
increased with increasing profilin concentration, indicating
an inhibition of actin filament formation (data not shown).
The lines in Figure 1B are linear regressions to the data and
extrapolate to a critical actin concentration of 0.1µM for
both actin isoforms in the absence of profilin. The rate and
extent of skeletal muscleR-MgATP-actin polymerization
are only slightly affected by the presence ofe20µM profilin,
similar to previous reports using skeletal muscleR-actin (16,
31). In contrast, both the rate and extent of polymerization
of 1 µM â,γ-MgATP-actin are decreased by 20µM profilin
to less than 50% of control values. Experiments from other

laboratories usingAcanthamoebaactin and profilin (15, 17)
reveal a qualitatively similar but weaker inhibition of actin
filament elongation than we find for mammalian cytoplasmic
profilin and actin. It should be noted that since profilin
inhibits polymer formation from actin, profilin cannot be
considered to promote actin polymerization in the absence
of other actin-binding proteins such as thymosinâ4.

Profilin Decreases the Actin Elongation Rate at Actin
Filament Barbed Ends.Figure 2 shows barbed end elongation
rate plots for nonmuscle MgATP-actin with and without
20 µM profilin. In the absence of profilin (open circles),
elongation rate measurements plotted as a function of actin
concentration yield values for the rate constants for elonga-
tion, kAF, and depolymerization,k-AF, from the linear slope
and intercept with the ordinate, respectively (eq 3). The
steady-state concentration of unpolymerized actin,css, is
indicated by the intercept with the abscissa.

In the presence of profilin, analysis of theJ function is
more complex and is described by eq 8. Since the 20µM
profilin is in molar excess above the actin concentration, and
is much greater thanKPA ) 0.1 µM, the actin can be
considered saturated with profilin. Thus, the contribution to
elongation from free actin can be neglected, and from eq 8,
the slope of the plot becomes equal tokPAF[F]/[Ftot]. In the

d[A]
dt

) -kAF[A][F] + k-AF[F] - kPA[A][P] +

k-PA[PA] (10)

d[PA]
dt

) -kPAF[PA][F] + k-PAF[PF] + kPA[A][P] -

k-PA[PA] (11)

d[PF]
dt

) kPAF[PA][F] - k-PAF[PF] + kPF[P][F] -

k-PF[PF] (12)

[F‚actin] ) [A tot] - [A] - [PA] (13)

[F] ) [Ftot] - [PF] (14)

[P] ) [Ptot] - [PA] - [PF] (15)

FIGURE 1: Profilin affects polymerization of nonmuscle actin more
strongly than elongation of muscle actin. Elongation of 1µM
MgATP-actin was initiated by the addition of spectrin seeds, 100
mM KCl, and 2 mM MgCl2. (A) Time courses for elongation
followed by light scattering for nonmuscleâ,γ-MgATP-actin (O,b)
and skeletal muscleR-MgATP-actin (4,2) in the absence (O,4)
or presence (b,2) of 20 µM profilin. (B) Steady-state F-actin
concentration incubated 18 h in the presence of varying profilin
concentrations, measured using TRITC-phalloidin binding (see
Materials and Methods for details). Data are for nonmuscleâ,γ-
MgATP-actin (O) and skeletal muscleR-MgATP-actin (4). The
lines are linear regressions to the data which extrapolate to a critical
actin concentration of 0.1µM for both actin isoforms at 0 profilin
concentration.
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presence of 20µM profilin (filled circles), the slope of the
plot is reduced by approximately 50%; however, the data
do not differentiate between a reduced value for the second-
order association rate constant,kPAF, or a reduced number
of free barbed ends, [F].

The data in Figure 2 also indicate that the addition of
profilin increases thecss from 0.17 to 0.7µM. This increase
in css is greater than can be explained by a 50% decrease in
kPAF or [F], and suggests that the presence of profilin also
increases the dissociation rate constant for PA from the actin
filament. The nonlinearity of the rate plot belowcss occurs
because actin containing bound MgADP dissociates from the
actin filament (32); thus, the elongation rate at 0 actin
monomer concentration represents the dissociation rate
constant for MgADP-actin and profilin-MgADP-actin
with a value 9.2 ((2.3) s-1.

Profilin Blocks Elongation at the Actin Filament Barbed
End. To differentiate between the two different effects of
profilin, barbed end blocking and reducing the PA association
rate constant (kPAF), 1 µM â,γ-MgATP-actin was polym-
erized from spectrin seeds andkobs measured (eq 1). If PA
has a slower association rate constant than does actin, then
kobs will decrease with increasing profilin concentration
following the formation of PA. Figure 3A shows that the
addition of profilin to a concentration equimolar with the 1
µM â,γ-MgATP-actin decreaseskobs by only about 10%.
The inset of Figure 3A depicts the samekobs data plotted as
a function of the fractional saturation of actin with profilin,
[PA]/[A tot], and shows that at about 75% saturationkobs is
about 90% of the control value without profilin. The
association rate constant for PA with the actin filament
barbed end is similar to that for monomeric actin alone, in
agreement with other reports (6, 15-17).

At profilin concentrations much greater than the 1µM
actin concentration, the monomeric actin can be considered
saturated with profilin; thus, any further effect of profilin

on kobsmust be due to profilin binding to and blocking actin
filament barbed ends. Figure 3B shows normalizedkobsvalues
for elongation of 1µM â,γ-MgATP-actin in the presence
of varying concentrations of profilin in molar excess of the
actin concentration. The lines are calculated using eq 7 with
different values forKPF, the equilibrium dissociation constant
for profilin binding to the actin filament barbed end: dotted
line, KPF ) 40 µM; solid line, KPF ) 20 µM; dashed line,
KPF ) 10 µM. The value forKPF ) 20 µM is consistent
with the observation from Figure 2 that the presence of 20
µM profilin decreases the observed rate of actin filament
elongation by about 50%, suggesting that the actin filament
barbed ends are half-saturated with profilin which blocks
elongation of the filaments.

Using the equilibrium and association rate constants for
profilin binding to the actin filament barbed ends, we can
estimate the corresponding dissociation rate constant. We
have previously published the association rate constant for
profilin binding to monomericâ,γ-MgATP-actin, kPF )
15 µM-1 s-1 (5). Since monomeric actin binds the actin
filament barbed end with a diffusion-limited rate constant
of 10 µM-1 s-1 (33), it seems reasonable to assume that
profilin also binds to the actin filament barbed end with a

FIGURE 2: Profilin slows the rate of actin filament barbed end
elongation.â,γ-MgATP-actin elongation was initiated by the
addition of spectrin seeds, 100 mM KCl, and 2 mM MgCl2 in the
absence (O) or presence (b) of 20 µM profilin, and varying actin
concentrations. In the absence of profilin, linear regression of data
at actin concentrations above the critical concentration yieldskAF
) 10 ((0.8) µM-1 s-1, k-AF ) 1.7 ((1.3) s-1, and css ) 0.17
((0.14) µM. In the presence of 20µM profilin, linear regression
yields a value for the slopekPAF[F]/[Ftot] ) 5.3 ((0.5) µM-1 s-1,
a value for the extrapolated intercept with the ordinate 3.7 ((1.0)
s-1, andcss) 0.70 ((0.25)µM. In the presence of 20µM profilin,
linear regression of data belowcss yields an intercept with the
ordinate that indicates the observed rate constant for depolymeri-
zation of MgADP-actin and the profilin-MgADP-actin complex,
equal to 9.2 ((2.3) s-1.

FIGURE 3: Profilin binds to the actin filament barbed end and blocks
elongation. Elongation of 1µM MgATP-actin was initiated by
the addition of spectrin seeds, 100 mM KCl, and 2 mM MgCl2 in
the presence of varying profilin concentrations, and the observed
exponential rate constant,kobs, was derived from curve fits to the
time courses. The values forkobswere normalized and plotted versus
the total profilin concentration. (A) Profilin concentrations less than
or equal to the actin concentration. The inset shows the same
normalizedkobs values plotted versus the fractional saturation of
actin with profilin. (B) Profilin concentrations greater than the actin
concentration. Error bars represent the standard deviation of 2-5
measurements. Lines are calculated using eq 9 and varying values
for the equilibrium dissociation constant for profilin binding to the
actin filament barbed end,KPF: dotted line, 40µM; solid line, 20
µM; dashed line, 10µM.
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similar diffusion-limited rate constant. IfkPF is estimated
to be equal to that for binding to monomeric actin (5), then
the dissociation rate constant for profilin from the actin
filament barbed end isk-PF ) KPF × kPF ) 20 µM × 15
µM-1 s-1 ) 300 s-1.

Profilin Binding to the Actin Filament Barbed End
Increases the Terminal Actin Subunit Dissociation Rate
Constant from the Filament End.The actin elongation rate,
J, is a function of the both the association and dissociation
reactions (eq 8), and provides information about the dis-
sociation rate constant from the actin filament. Determina-
tions of k-PAF for ATP-actin must be inferred from
elongation rate measurements (Figure 4A) or shifts incss

(Figure 2) because ATP hydrolysis and Pi release after actin
polymerization produce actin filaments that contain mostly
ADP-actin subunits at steady-state. Figure 4A shows barbed
end elongation rates for 1µM â,γ-MgATP-actin in the
presence of varying profilin concentrations. The solid line
in Figure 4A represents the elongation rates calculated using
eq 8, withkAF ) 10 µM-1 s-1 (29), kPAF ) 9 µM-1 s-1 (from
Figure 3),k-AF ) 1 s-1 (from Figures 1B and 2), leaving
one rate constant which was determined by a fit to the data,
k-PAF ) 5.5 s-1. Also shown are similar calculations using
different values fork-PAF: dotted line,k-PAF ) 1 s-1; dashed
line, k-PAF ) 10 s-1. The data indicate that in the absence
of profilin, actin monomers dissociate from the filament with
a rate constantk-AF ) 1 s-1, and in the presence of increasing

profilin concentrations, profilin binds to the actin filament
barbed ends and the resulting dissociation of PA from the
filament end has a rate constantk-PAF ) 5.5 s-1.

Figure 4B shows data for direct measurements of de-
polymerizing actin filaments that yield the rate of ADP-
actin dissociation. Light scattering measurements of de-
polymerizing actin filaments proved to be very noisy
(especially at early time points) and difficult to accurately
quantify, so actin labeled with pyrene iodoacetamide at low
stoichiometry (1%) was used. Even though profilin binds
pyrene-actin more weakly than native actin, for short-duration
kinetic experiments, pyrene-actin fluorescence is a reliable
indicator of polymerization (18). F-actin polymerized from
spectrin seeds was diluted 20-fold into buffer containing 100
mM KCl, 2 mM MgCl2, 1 µM DNase I, and varying
concentrations of profilin, and the rates of disassembly were
measured and expressed as negative elongation rates. The
presence of DNase I prevents reassociation of monomeric
actin with the filaments ends (30) and helps to provide a
true measurement of the actin dissociation rate from the
filament. The solid line in Figure 4B is a fit to the data using
eq 9 withKPF ) 20 µM, yielding k-AF ) 3.9 ((0.5) s-1 and
k-PAF ) 12.6 ((1.2) s-1, wherek-AF and k-PAF represent
the rate constants for MgADP-actin and profilin-MgADP-
actin dissociation from the actin filament barbed end. Profilin
binds to the actin filament barbed end, which results in
dissociation of PA from the filament with a rate constant
greater than that for actin alone.

It should be noted that although profilin binds to the actin
filament barbed end and blocks elongation (Figure 3B),
profilin does not cap actin filaments in the traditional sense,
because it does not prevent depolymerization of actin
monomers from the actin filament barbed end; indeed, the
data in Figure 4 indicate that profilin binding to the actin
filament barbed endincreasesthe actin depolymerization
rate. The experiments shown in Figure 4 also reveal that
profilin binds to actin filament barbed ends containing either
ATP-actin or ADP-actin.

ATP Hydrolysis Is Not Necessary for Elongation of
Profilin-Actin. It has been suggested that profilin-actin
polymerization requires the coupled hydrolysis of actin-
bound ATP (18). We tested this hypothesis by polymerizing
MgADP-actin in the presence of profilin. Figure 5 shows
the F-actin concentrations and elongation rates for 5µM
MgADP-actin in the presence of various profilin concentra-
tions. Because the profilin concentration cannot be considered
constant during the time courses of the MgADP-actin
elongation reactions, the simpler equations derived for the
MgATP-actin experiments (eqs 6-8) cannot be used to
describe this series of MgADP-actin polymerization experi-
ments. For comparison, the solid gray lines in Figure 5 were
calculated from simulated elongation time courses using
eqs 10-15 and the rate constants discussed below (see
Table 1).

Figure 5A shows equilibrium F-actin concentrations for
5 µM MgADP-actin in the presence of varying profilin
concentrations, measured by TRITC-phalloidin binding.
The dashed line represents the calculated concentration of
steady-state F-actin assuming that the profilin-MgADP-
actin complex could not polymerize (i.e., [F-actin])
[A tot ] - cc - [PA]) using eq 4 andKPA ) 0.4 µM (5)
to calculate [PA], andcc ) 1.7 µM (the concentration

FIGURE 4: Profilin interaction with the actin filament barbed end
increases the actin depolymerization rate constant. (A) Elongation
of 1 µM MgATP-actin initiated by the addition of spectrin seeds,
100 mM KCl, and 2 mM MgCl2 in the presence of varying profilin
concentrations and followed by light scattering. Elongation rate error
bars represent the standard deviation of 2-5 measurements. The
lines show the calculated values using eq 8 andkAF ) 10 µM-1

s-1, kPAF ) 9 µM-1 s-1, k-AF ) 1 s-1, and different values for
k-PAF: dotted line,k-PAF ) 1 s-1; solid line,k-PAF ) 5.5 s-1; dashed
line, k-PAF ) 10 s-1. (B) F-actin polymerized from 1% pyrene-
labeled MgATP-actin with 100 mM KCl, 2 mM MgCl2, and
spectrin seeds diluted 20-fold into F-buffer containing 1µM DNase
I and varying profilin concentrations. The line is a fit to the data
using eq 9, yieldingk-AF ) 3.9 ((0.5) s-1 andk-PAF ) 12.6 ((1.2)
s-1. In panels A and B, profilin binding to actin filament barbed
ends was calculated using eq 5 andKPF ) 20 µM.
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of unpolymerized actin at 0 profilin concentration). More
F-actin is formed (squares) than expected for a nonpolym-
erizable profilin-MgADP-actin complex (dashed line),
indicating that ATP hydrolysis is not required for actin
filament elongation by PA.

Figure 5B shows actin filament barbed end elongation rates
for 5 µM MgADP-actin in the presence of varying profilin
concentrations. The dashed line represents the calculated
contribution of free actin to the elongation rates (eq 3) with
the rate constants for MgADP-actin polymerization and
depolymerization,kAF ) 2.5 µM-1 s-1 andk-AF ) 4.25 s-1,
respectively, and where the free actin concentration was
calculated using eq 4 andKPA ) 0.4 µM (5, 34). If the
profilin-MgADP-actin complex were not able to elongate
actin filaments, then the elongation would be only via free
actin, as described by the dashed line. However, this is not
the case; the profilin-MgADP-actin complex does elongate.
In other similar experiments not shown, addition of 20 mM

Pi to 5 µM MgADP-actin in the presence of profilin
increases the equilibrium concentration of F-actin and
increases the elongation rate, indicating that Pi slows PA
dissociation from the actin filament barbed end, in a manner
similar to the known stabilization of F-actin by Pi (35).

The Effect of Profilin on the MgATP-Actin and MgADP-
Actin Elongation Time Courses Can Be Described by a
Global Kinetic Model.Figure 6A,B depicts actin filament
barbed end elongation time course data in the presence of
varying profilin concentrations using 1µM MgATP-actin
or 5µM MgADP-actin, respectively (thin black lines). Also
depicted in Figure 6 are elongation time course simulations
(thick gray lines) calculated using eqs 10-15. The constants
used for simulations of MgATP-actin elongation time
courses were determined independently from experimental
data shown in Figures 1-4 and from previously published
data (5).

For MgADP-actin, the polymerization constantskAF and
k-AF were determined from elongation rates and equilibrium
measurements of F-actin, and the profilin binding constants

Table 1: Summary of Kinetic Constants for Scheme 1 Determined for Nonmuscleâ,γ-Actin

kAF

(µM-1 s-1)
k-AF

(s-1)
kPAF

(µM-1 s-1)
k-PAF

(s-1)
kPA

(µM-1 s-1)
k-PA

(s-1)
kPF

(µM-1 s-1)
k-PF

(s-1)

MgATP-actin 10 1 9 5.5 15a 1.5a 15b 300c

MgADP-actin 2.5 4.25 1.26 12.6 15a 6a 15b 300c

a Determined in (5). b Assumed to be equal tokPA. c Calculated fromKPF × kPF .

FIGURE 5: Barbed end elongation from MgADP-actin in the
presence of profilin. Elongation of 5µM MgADP-actin was
initiated with spectrin seeds, 100 mM KCl, and 2 mM MgCl2 in
the presence of varying profilin concentrations. The solid gray lines
in panels A and B represent the F-actin concentrations andJ values,
respectively, calculated from Scheme 1 using eqs 10-15 and
constants listed in Table 1. (A) Equilibrium F-actin concentrations
for 5 µM MgADP-actin samples measured by TRITC-phalloidin
binding. The dashed line is calculated from [F-actin]) [A tot] - cc
- [PA] where cc ) 1.7 µM. (B) Elongation rates for 5µM
MgADP-actin, determined from light scattering time courses. The
dashed line represents the elongation rate expected from only
MgADP-actin without bound profilin, calculated using eq 3 with
kAF ) 2.5 µM-1 s-1 and k-AF ) 4.25 s-1. For calculations
represented by the dashed lines in panels A and B, profilin binding
to actin was calculated using eq 4 withKPA ) 0.4 µM.

FIGURE 6: Elongation time course data can be described by Scheme
1. Elongation time course data are shown for actin initiated by the
addition of spectrin seeds, 100 mM KCl, and 2 mM MgCl2 in the
presence of profilin (thin black lines), and simulation based on
Scheme 1 (thick gray lines) using equations and constants listed
under Materials and Methods and in Table 1 as described in the
text. (A) Barbed end elongation of 1µM MgATP-actin in the
presence of, from top to bottom, 0, 5, 10, 15, and 20µM profilin.
(B) Barbed end elongation of 5µM MgADP-actin in the presence
of, from top to bottom, 0, 2, 4, 6, and 8µM profilin.
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kPA andk-PA were determined previously in our laboratory
(5). The dissociation rate constant for PA from the actin
filament barbed end,k-PAF ) 12.6 s-1, was determined from
Figure 4. However, we were not able to independently
determine all of the constants used for simulations of
MgADP-actin elongation time courses. The values ofkPF

and k-PF for MgADP-actin were taken to be the same as
those determined for actin filaments polymerized from
MgATP-actin (from Figure 3). Using these rate constants
in the global kinetic model, the one variable,kPAF ) 1.26
µM-1 s-1, was derived from fits to the MgADP-actin time
course data shown in Figure 6.

The time course simulations describe the data very well
and thus support the validity of Scheme 1. Moreover, the
global kinetic simulation of the MgATP-actin elongation
time course data supports the assumptions made for the
simplified analysis of the MgATP-actin data (described
under Materials and Methods) that the free profilin concen-
tration can be considered constant during the elongation time
course.

DISCUSSION

Profilin Binding to the Actin Filament Barbed End.Our
determination ofKPF ) 20 µM for â,γ-actin represents a
200-fold weaker affinity of profilin for the actin filament
barbed end than for monomeric actin. This implies a
significant conformational difference between an actin
monomer free in solution and an actin subunit bound to an
actin filament barbed end. This change in actin affinity for
profilin may be similar to the negative cooperativity reported
between DNase I and profilin for binding to actin (36).
Binding of DNase I to the pointed end (subdomains 2 and
4) of the actin monomer weakens profilin binding at another
site located at the actin monomer barbed end (subdomains
1 and 3) (36). DNase I has been considered an actin analogue
because some of the interactions between DNase I and actin
are similar to actin-actin interactions within an actin filament
(37). We interpret our results as indicating negative coop-
erativity between profilin and the actin filament barbed end
for binding monomeric actin. Thus, we agree with the
proposal by Tilney et al. (38), that an actin conformational
change upon association with the actin filament barbed end
changes the affinity of actin for profilin.

Dissociation of Profilin-Actin from the Actin Filament
Barbed End.Table 2 lists the reported equilibrium dissocia-
tion constants for PA binding to the actin filament barbed
end, KPAF (6, 15-17). Our measurement of the increased
actin depolymerization rate in the presence of profilin (Figure

4B) is the first direct evidence that profilin binds to the actin
filament barbed end and increases the actin dissociation rate
constant. This suggests that profilin binding to an actin
subunit induces an actin conformational change that weakens
the actin-actin bonds involving the terminal actin subunit
in the actin filament. Previous work suggested that profilin
binding changes the conformation of monomeric actin,
opening the central nucleotide-binding cleft (5). Two distinct
crystal structures of the profilin-actin complex in “open”
and “closed” states also support the idea of a profilin-induced
actin conformational change (4, 39, 40).

ATP Hydrolysis Is Not Required for Profilin-Actin
Elongation.Carlier and co-workers (6, 18) postulated that
the hydrolysis of ATP by actin initiated upon polymerization
of PA decreases the affinity of actin for profilin, releasing
profilin from the actin filament barbed end. This assertion
is not supported by our data that show elongation of profilin-
MgADP-actin (Figures 5 and 6B) by both rate and equi-
librium measurements. In agreement with our data, a recent
report by Blanchoin and Pollard demonstrates that actin
filaments elongate from profilin-ATP-actin faster than the
F-actin ATP hydrolysis rate (41). Although profilin attenuates
actin filament elongation from MgADP-actin more than
elongation from MgATP-actin, this would be expected from
a competitive binding argument, as shown by Korenbaum
et al. (19) using profilin mutants with varying actin affinities;
elongation from MgADP-actin is an energetically less
favorable reaction than elongation from MgATP-actin and
is more easily disrupted by profilin binding.

Free Energy Changes for the Elongation Pathways.If the
two pathways depicted in Scheme 1 are correct, then the
free energy change for the AF pathway,∆GAF, must equal
the free energy change for the PAF pathway,∆GPAF, and
∆∆G ) ∆GAF - ∆GPAF ) 0, where

Thus, from energetic considerations, the ratio of the
constants describing each pathway,φ, must equal 1 where:
φ ) (KAF × KPF)/(KPA × KPAF). This calculation is listed in
Table 2 for several other previous studies and also the present
report. Based on the constants in Scheme 1, we find that for
â,γ-MgATP-actin, φ ) 33, and∆∆G ) 8.7 kJ‚mol-1,
indicating a more favorable reaction through the PAF

Table 2: Summary of Equilibrium Constants for Scheme 1 Determined for Different Types of Actin

actin KAF (µM) KPAF (µM) KPA (µM) KPF (µM) φb φ′ c ref

nonmuscleâ,γ-ATP- 0.1 0.6 0.1a 20 33 1.7 this study
nonmuscleâ,γ-ADP- 1.7 10 0.4a 20 8.5 0.12 this study
AcanthamoebaATP- 0.15 0.15 2.5 100 40 5 (15)
AcanthamoebaATP- 0.08 100 0.8 1000 1 0.12 (17)
skeletal muscleR-ATP- 0.1 0.1 0.5 7 14 0.5 (6)
skeletal muscleR-ATP- 0.12 0.3 0.1 (31)
skeletal muscleR-ATP- 0.03 5 1.5 250 1 0.03 (16)

a Determined in (5). b φ represents the ratio of the equilibrium constants for the two elongation pathways depicted in Scheme 1:φ ) (KAF ×
KPF)/(KPA × KPAF). c φ′ ) φ × KAN/KPAN whereKAN andKPAN are the equilibrium constants for dissociation of nucleotide from actin and from PA,
respectively. For nonmuscleâ,γ-ATP-actin,KAN/KPAN ) 1/20 (5); for nonmuscleâ,γ-ADP-actin,KAN/KPAN ) 1/70 (5); for AcanthamoebaATP-
actin,KAN/KPAN ) 1/8 (34); and for skeletalR-ATP-actin,KAN/KPAN ) 1/30 (42).

∆GAF ) -RT‚ln( 1
KAF

)
∆GPAF ) -RT‚ln( KPF

KPA‚KPAF
)
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pathway than through the AF pathway. This finding of
thermodynamic imbalance is in agreement with that of
Pollard and Cooper (15) and Pantaloni and Carlier (6) but is
in disagreement with Pring et al. (17) and Kang et al. (16).
Similar analysis of our data forâ,γ-MgADP-actin yieldsφ
) 8.5, which still indicates an imbalance between the two
pathways even in the absence of ATP hydrolysis.

Although the constants determined for the reactions in
Scheme 1 describe the observed data quite well, the free
energy changes for the two pathways are not equal. This
leads us to reason that the reaction scheme is not complete.
Others have postulated that the energy of ATP hydrolysis
by actin (for ATP hydrolysis,∆G ) -30 kJ‚mol-1) was
responsible for driving the elongation of PA (6, 18). An
alternative explanation for the apparent energy imbalance
could be that the products measured are not the same for
both pathways. The greater-∆GPAF calculated for actin
filament formation from PA suggests that the final free
energy state for those actin filaments might be lower that
that for actin filaments formed from actin alone. It is possible
that the molecular bonds within the polymer are not the same
(perhaps transiently) for actin filaments formed from PA.
For example, crystal structures have shown that PA can form
a ribbon structure that involves actin-actin contacts different
from those found in an actin filament (4).

Another explanation for the apparent energy imbalance
that should be considered is the effect of profilin on
nucleotide binding by actin. We have previously shown that
profilin reduces the affinity ofâ,γ-actin for ATP by 20-fold
(5). If we include the destabilization of ATP binding by actin
induced by profilin binding to ATP-actin, then for the
reaction P+ A T PA, the favorable free energy change
produced by the binding of profilin to actin will be offset
by the weakening of ATP binding by PA:

where KAN is the equilibrium dissociation constant for
nucleotide binding to actin,KPAN is the equilibrium dissocia-
tion constant for nucleotide binding to PA, and forâ,γ-ATP-
actin KAN/KPAN ) 1/20. Thus, we can calculate an overall
equilibrium constant for dissociation of ATP and profilin
from actin,KPA × (KPAN/KAN) ) 0.1 µM × 0.13µM/0.007
µM ) 2 µM, and∆GPA ) -33 kJ‚mol-1. Figure 7 illustrates
this modification of Scheme 1, and lists the rate and
equilibrium constants determined for elongation ofâ,γ-
MgATP-actin in the presence of profilin. Including the
constants for nucleotide binding to actin and PA, we can
define the ratio of the equilibrium constants for the two
elongation pathways asφ′ ) φ × KAN/KPAN ) 33 × (1/20)
) 1.7, close to the ideal value of 1. Moreover, free energy
calculations yield∆∆G ) 1 kJ‚mol-1, close to equal energy
changes for the two pathways.

The determination of the energy balance involves several
constants, each of which adds some error to the final
calculation. The values for the actin critical concentration
(KAF) and for profilin binding to monomeric actin (KPA) have
been measured independently, and our estimates of error for
these constants are low and are a small fraction of the values
reported. The error estimates are greater for the equilibrium
constant for profilin binding to the actin filament barbed end,

KPF (Figure 3B), and the rate constant for dissociation of
PA from the actin filament barbed end,k-PAF (Figure 4B).
In Figures 3B and 4A, we have depicted fits with a range of
KPF and k-PAF values to estimate the overall error. We
conservatively estimate the overall error for the Scheme 1
energy square to be about a factor of 4. The error for the
modified Scheme 1 (Figure 7) will be somewhat larger given
the inclusion of other constants. Therefore, theφ′ value for
MgATP-actin of 1.7 is consistent with thermodynamic
balance considering our error estimates.

For the case of ADP-actin, profilin binding to actin
destabilizes ADP binding by actin by a factor of 70 (5);
therefore,φ′ ) φ × (KPAN/KAN) ) 8.5× (1/70)) 0.12. This
calculation for MgADP-actin is equivocal;φ′ ) 0.12 is out
of energetic balance to approximately the same magnitude
as the value ofφ ) 8.5 (from Table 2), but indicates a more
favorable polymerization by the AF pathway. The failure to
unambiguously balance the MgADP-actin energetics may
be due to our inability to accurately determine all the
pertinent constants; for example,KPF for MgADP-actin was
not measured, but assumed to be equal to that for MgATP-
actin.

The nucleotide affinities of PA determined forAcantha-
moeba(34) and rabbit skeletal muscleR-actin (42) have been
used to calculated appropriateφ′ values and are listed in
Table 2. It is interesting to note that for the reports of the
thermodynamic imbalance of Scheme 1 (6, 15), calculations
of φ indicate a more favorable reaction through the PAF
pathway than through the AF pathway. Moreover, calcula-
tions ofφ′ are closer to a thermodynamically balanced state
than are calculations ofφ. While such energetic calculations
do not prove that a modified Scheme 1 including nucleotide
binding by actin is correct, they offer a rationalization as to
why constants from several laboratories were apparently out
of thermodynamic balance yet described observed actin
elongation time course data. Further work is planned to
establish the validity of this hypothesis.

Implications for Profilin Function in ViVo. If actin
polymerizes from a large pool of PA in a cell, the free profilin
concentration could increase enough to inhibit further actin

∆GPA ) -RT‚ln( 1
KPA

) + RT‚ln( KAN

KPAN
)

FIGURE 7: Modified scheme for elongation of actin in the presence
of profilin. The rate and equilibrium constants determined for
elongation ofâ,γ-MgATP-actin in the presence of profilin are
shown. The scheme also depicts the binding of nucleotide, N, to
actin and profilin-actin whereKAN and KPAN are the respective
nucleotide equilibrium dissociation constants. The calculation of
the free energy change for the PAF pathway,∆GPAF, includes the
affinities of actin and profilin-actin for nucleotide as described in
the text. In this model, the two elongation pathways are energetically
equal.
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filament elongation. This points to the possible importance
of PIP2 binding by profilin [which blocks actin binding by
profilin (43)] if high concentrations of free profilin are
generated by actin polymerization near the plasma mem-
brane. When actin filaments become uncapped, a high free
profilin concentration could increase the actin filament
depolymerization rate from the barbed end. High profilin
concentrations inhibit both the rate and extent of nucleated
â,γ-actin polymerization to a much greater degree than
R-skeletal muscle actin. Sinceâ-actin is located at the leading
edge of moving cells (20, 21), the actin isoform-specific
interactions with profilin may be important for regulation
of cell motility.
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