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ABSTRACT: Properties of human profilin I mutated in the major actin-binding site were studied and compared
with wild-type profilin usingâ/γ-actin as interaction partner. The mutants ranged in affinity, from those
that only weakly affected polymerization of actin to one that bound actin more strongly than wild-type
profilin. With profilins, whose sequestering activity was low, the concentration of free actin monomers
observed at steady-state of polymerization [Afree], was close to that seen with actin alone ([Acc], critical
concentration of polymerization). Profilin mutants binding actin with an intermediate affinity like wild-
type profilin caused a lowering of [Afree] as compared to [Acc], indicating that actin monomers and profilin:
actin complexes participate in polymer formation. With a mutant profilin, which bound actin more strongly
than the wild-type protein, an efficient sequestration of actin was observed, and in this case, the [Afree] at
steady state was again close to [Acc], suggesting that the mutant profilin:actin had a greatly lowered
ability to incorporate actin subunits at the (+)-end. The results from the kinetic and steady-state experiments
presented are consonant with the idea that profilin:actin complexes are directly incorporated at the (+)-
end of actively polymerizing actin filaments, while they do not support the view that profilin facilitates
polymer formation.

Profilin plays important roles in cell growth and function
(1-5). Its ability to bind actin (6), poly(L-proline) (7-10),
and proline-rich sequences in proteins related to the mi-
crofilament system (11-15) and to polyphosphoinositides
(16-18) suggests that profilin is involved in signal trans-
duction and may link transmembrane signaling to the control
of the microfilament system. This conclusion is supported
by the fact that immunostaining of cells with profilin
antibodies detects increased concentrations of profilin at the
edge of membrane lamellae and microspikes (19) where
growth of actin filaments is thought to take place (20, 21).

The mechanism by which profilin regulates actin dynamics
appears to be complex. When the (+)-end (barbed end; end
with lowestKd) of actin filaments are blocked by capping
proteins such as villin or gelsolin, profilin sequesters actin
monomers and efficiently depolymerizes actin filaments
(22-24). When the filament (+)-end is free, profilin:actin
participates in the addition of monomers at the (+)-end of
the filaments, and it has been suggested that profilin may
stay associated with the (+)-end of the growing filament
forming a polymerization intermediate (24-26). This view
was supported by observations that profilin promotes the
polymerization of actin from a thymosinâ4:G-actin pool in
the presence of Mg2+ ions (24). Recently, it was reported
that profilin is unable to promote the assembly of Ca-ATP-

actin and of Mg-ADP-actin, implying that the energy of ATP
hydrolysis might be coupled to the facilitation of polymer-
ization (27).

Most profilins also accelerate the exchange of the actin-
bound ATP by lowering the affinity for the nucleotide (28-
30). An exception to this is profilin from plants where no
acceleration of nucleotide exchange was seen, at least not
with mammalianR-actin (27). The molecular mechanisms
behind these effects of profilin on the functioning of actin
are unknown, as are the possible structural connections
between them.

The profilin fold consists of a central 7-strandedâ-sheet
flanked by the N- and C-terminal helices on one side and
two short helices on the other (31-35). The crystal structure
of the profilin:â-actin complex identified two separate
contacts, which profilin forms with actin monomers in the
crystal (31). The most extensive actin-binding site of profilin
(the interaction buries 2260 Å2 surface area; ref36) consists
of residues 59-61 in helixR3; 69 and 71-74 in strandâ4;
82 in the loop betweenâ4 andâ5; 88 and 90 inâ5; 99 in
â6; 118/119 in the loop betweenâ6 andR4; and 121, 122,
124, 125, 128, and 129 in the C-terminal helixR4 of profilin.
These residues form a surface that interacts tightly with
â-actin subdomains 1 and 3. The surface covered by profilin
on actin overlaps significantly with the gelsolin-binding site
(37). This confirms that profilin binds to the (+)-end of
the actin monomer and that profilin:actin complexes could
bind to the growing (+)-end of filaments. A less extensive
actin-binding site on profilin (1187 Å2 buried surface area)
is formed by the N-terminal helix of profilin binding to
subdomain 4 of a different actin monomer (36).
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The involvement of residues at the N-terminal end of the
C-terminal helix of profilin in the interaction with actin in
solution was shown for twoAcanthamoebaprofilin isoforms
by cross-linking them toAcanthamoebaactin via a zero-
length isopeptide bond between K115 in profilin (corre-
sponding to K125 in human profilin) and E364 in actin (38).
Mutagenesis of profilin fromSaccharomyces cereVisiaehas
shown the importance of the basic residues R72 and R81
(corresponding to R74 and R88 in human profilin) for the
interaction with actin (39), and in human profilin the R88L
replacement greatly diminished its interaction with actin (40).
Mapping the actin-binding site on profilin with monoclonal
antibodies in combination with mutagenesis indicated that
the N-terminal part of helix 4 and the adjacent part of the
â-sheet constitute the major contact with actin in solution
(41). We have recently reported the isolation and charac-
terization of two mutants, W3N, and H133S, which abolish
the poly(L-proline) binding of profilin and also decrease the
affinity for actin (42, 43).

Here, we report the purification of human profilin mutants
with amino acid replacements in or close to the major
profilin:actin contact site and the description of the effects
of these mutations on the capacity of profilin to regulate
polymerization ofâ/γ-actin and accelerate nucleotide ex-
change on actin.

MATERIALS AND METHODS

Mutagenesis and Protein Purification.Mutagenesis of the
human profilin gene was performed by oligodeoxyribonucle-
otide-directed mutagenesis (44), and the corresponding
mutant profilins were expressed inSaccharomyces cereVisiae
using a temperature-regulated expression system (45, 46) and
fermentor cultivation (47) as described recently (48). The
yeast-expressed profilin was purified by affinity chromatog-
raphy on a poly(L-proline) matrix and subsequently by ion-
exchange chromatography on phosphocellulose (P11, What-
man) with the exception of the R74E and K90E mutants.
The purification of the R74E profilin mutant differed in the
elution step from the P11 column, in that the profilin was
eluted isocratically with 5 mM KPO4 buffer, pH 7.1,
containing 5 mM KCl, and 0.5 mM DTT. The K90E mutant
profilin could not be separated from yeast profilin:actin by
chromatography on P11. Therefore, the precipitated protein
obtained after the poly(L-proline) step was dissolved in 5
mM KPO4 buffer, pH 7.6, with 0.5 mM DTT, desalted on a
PD10-column (Pharmacia) and then fractionated on a DEAE-
Sephadex A25-column (Pharmacia) equilibrated with 5 mM
KPO4 buffer, pH 7.6, containing 0.5 mM DTT. In this
chromatography, the profilin appeared in the flow-through
fractions separated from yeast profilin and actin. To finally
isolate the K90E mutant protein, the material was passed
through a P11 column equilibrated and eluted with 5 mM
KPO4, pH 7.1, 5 mM KCl, and 0.5 mM DTT. In this step,
profilin went unadsorbed through the matrix. The isolated
profilin was stored at-70 °C. Profilin was dialyzed against
5 mM Tris-HCl, pH 7.6, 0.1 mM CaCl2, and 0.5 mM DTT
at 4°C and concentrated with Ultrafree-15 spin filter, cutoff
5000 MW (Millipore). The concentration of profilin was
determined spectrophotometrically at 280 nm using
Ecm

1mg/mL ) 1.2 (49).
Bovine â/γ-actin was purified from bovine spleen or

thymus as described (8) and stored in G-buffer (5 mM Tris-

HCl, pH 7.6, 0.5 mM ATP, 0.1 mM CaCl2, and 0.5 mM
DTT). The actin concentration was determined by measuring
the absorbance at 290 nm usingEcm

1mg/mL ) 0.63 (50).
Analysis of proteins by electrophoresis in SDS-containing
polyacrylamide gels (PAGE) was performed according to
Matsudaira and Burgess (51).

Actin polymerizationin the presence and absence of
profilin was measured by recording the change in fluores-
cence intensity of pyrene-labeledâ/γ-actin monomers due
to incorporation of the labeled actin into filaments. Theâ/γ-
actin was labeled with pyrenyl iodoacetamide (Molecular
Probes) as described previously (52), except that the pyrenyl
iodoacetamide was dissolved in dimethyl sulfoxide (DMSO).
Since profilin binds to pyrene-actin with lower affinity than
to native actin (53, 54), the pyrene-actin was kept at 2% of
total actin concentration in all experiments. The fluorescence
measurements were made using a Fluoroskan II plate reader
(Labsystems, Finland). Black microplates were used to
exclude cross-contamination of the fluorescent signal be-
tween wells. Polymerization of 12µM actin alone or in the
presence of profilin (6 or 12µM) was initiated by addition
of 1 or 2 mM MgCl2 or 100 mM KCl, and the emission of
pyrene-actin fluorescence was followed at 410 nm (excited
at 365 nm) at room temperature.

Steady-State Assay.To estimate the steady-state concen-
tration of F-actin,â/γ-actin containing 2% pyrene-labeled
actin was polymerized with 2 mM MgCl2 and then diluted
with G-buffer supplemented with 2 mM MgCl2. Samples
of 300µL containing different concentrations of actin were
incubated overnight in the dark at room temperature in the
presence or absence of 2µM profilin. After reaching steady
state, pyrene-actin fluorescence intensity was measured with
the Fluoroskan II plate reader. The equilibrium dissociation
constant for the profilin:actin interaction was calculated from
the steady-state experiments in the presence of human plasma
gelsolin (Sigma) added at a molar ratio of gelsolin:actin of
1:330 according to the equation

where [Po] is total concentration of profilin; [Au] is the
concentration of unpolymerized actin given by the intercept
of the linear regression lines of the signals for filamentous
and monomeric actin in the presence of profilin; and [Acc]
is the critical concentration for polymerization determined
as the intercept of the regression lines for filamentous and
monomeric actin in the absence of profilin (presence of
gelsolin) (24). From the data obtained in the absence of
gelsolin, an apparent dissociation constant,Kapp, was calcu-
lated according to the same formula, using the [Acc] value
obtained under these conditions, as described by ref24.

The concentration of free actin, [Afree], in the presence of
profilin mutants, when filaments were uncapped, was
calculated according to eq 2 (24):

Kd )
([Po] - [Au] + [Acc])[A cc]

([Au] - [Acc])
(1)

[A free] )

[Au] - [Po] - Kd + x([Po] + Kd - [Au])
2 + 4Kd[Au]

2
(2)

Profilin Mutants Affecting Actin Binding Biochemistry, Vol. 37, No. 26, 19989275



Nucleotide-Exchange Measurements.The rate of nucle-
otide exchange on monomeric actin was observed by
monitoring the rise in fluorescence on binding ofεATP
(1,N,6-ethenoadenosine 5’-triphosphate, Molecular Probes or
Sigma) to actin (30, 55). Excess ATP was removed from
monomeric actin in low-salt buffer by treatment with Dowex
1 × 8 (Serva), after which the protein was supplemented
with fresh ATP (24µM). The assay was started by adding
εATP to 116µM to actin alone (12µM) or mixed with 1.2
µM profilin, and the fluorescence emission was followed at
410 nm (excitation at 365 nm) in the Fluoroskan II plate
reader at 25( 1 °C.

To be able to compare the different profilins with respect
to their effect on nucleotide exchange on actin, the data were
analyzed with the PC version of the kinetic simulation
program KINSIM (56) using seven linked reactions (57) and
the following constraints (58): the association rate constant
for ATP binding to nucleotide-free actin (k+) was set to 1
µM-1 s-1 (59) and assumed to be equal to that forεATP;
the ratio of the dissociation equilibrium constants forεATP
and ATP binding to actin was kept at 3 (57); reaction 7 (57)
was ignored because of the negligible concentration of
nucleotide-free actin (58). The closeness of the fit was
judged by eye. The rate constants for the association and
dissociation of the bovine profilin:R-actin complex reported
earlier for Ca-ATP-actin at low ionic strength and for Mg-
ATP-actin under physiological conditions [45µM-1 s-1 and
10 ( 3 s-1, respectively (63, 64)], were also used here for
the recombinant human profilin:â/γ-actin. With these con-
straints and the equilibrium dissociation constant for the
binding of profilin to Mg-ATP-â/γ-actin determined in the
steady-state experiment (Table 2) the relative rates of ATP
exchange onâ/γ-actin were estimated.

RESULTS

Positions of Mutated Residues. The positions of the amino
acid replacements in human profilin I studied here, R55D,
K69N, R74E, K90E, K125N, and the double deletion
mutation P96∆,T97∆ described earlier (48) are shown in
Figure 1 using the bovine profilin:â-actin crystal structure
(31). Residues K69, R74, K90, and K125 are directly
involved in the profilin:actin contact. Residues P96 and T97
are located in strand 6, at the base of the protruding loop
between strands 5 and 6 and adjacent to the major actin-
binding site. Residue R55 is not directly involved in the
profilin:actin interaction, but forms an intramolecular salt-
bridge with the side chain of D75 and hydrogen bonds with
the main-chain oxygens of L50 and G52, and can therefore
be expected to stabilize the profilin fold.

Isolation of Mutant Proteins. The different mutants were
purified by affinity chromatography on poly(L-proline)-
Sepharose and isolated by ion-exchange chromatography on
phosphocellulose. The exception was the K90E mutant,
which coeluted with yeast profilin and actin and, therefore,
was separated from these proteins by chromatography on
DEAE-Sephadex prior to the phosphocellulose step. The
final products were pure according to PAGE analysis.

Figure 2 compares the elution profiles of the mutant
profilins on phosphocellulose. Panel A shows the profile
obtained with wild-type human profilin. The first absorbance
peak contained yeast profilin (PAGE analysis shown in the
inset) and yeast actin (not shown). The second and third
peaks both contained human profilin. Protein sequencing
demonstrated that the profilin in the second peak had a
blocked N-terminus, while that in the third, representing
about 80% of the total yeast-expressed human profilin, was
unblocked (60). All the mutations made the protein less
basic, and consequently, the mutant proteins eluted at lower
ionic strength from the phosphocellulose (panels B-E). In
all cases, a small peak of mutant human profilin eluted before
a larger absorbance peak. It was shown by protein sequenc-
ing of the mutant R55D (panel B) that the last peak to be
eluted from the column contained profilin with an unblocked
N-terminus. In this case, the smaller peak of mutant human
profilin coeluted with the yeast profilin as seen in the analysis
of the fractions by PAGE (inset). There was no detectable
difference between the N-terminally blocked and unblocked
profilin in experiments designed to test their respective
abilities to interact with actin (data not shown). In this work,
the unblocked form of the recombinant human profilins was
used, except in the case of K90E, where a separation of
blocked and unblocked protein could not be achieved.

Effects of Profilin Mutants on Actin Polymerization.
Polymerization of 12µM â/γ-actin (2% of the protein
carrying pyrenyl-label), induced by 2 mM MgCl2, reached
steady state after 5 min (Figure 3A). The presence of 6µM
wild-type profilin reduced the rate of filament elongation,
and the polymerization reached steady state after 15 min.
The R74E and K90E profilin mutants had no effect on the
rate of polymerization of the actin (Figure 3A), demonstrating
that the affinity of these two mutants for actin was drastically
reduced.

Table 1: Inhibitory Effect of Profilin Mutants on the Rate of Actin
Polymerizationa

profilin
lag phase

(min)

maximal
elongation rate

(FU/min)

time to
maximal elongation

rate (min)

actin alone 0.5 0.209 1
K125N 7 0.005 43
wild-type 4 0.009 24
K69N 4 0.009 17
R55D 2.5 0.011 15
P96∆,T97∆ 1 0.027 4

a Polymerization of 12µM actin with or without 12µM wild-type
or mutant profilins was initiated with 1 mM MgCl2.

Table 2: Equilibrium Dissociation Constants and Concentrations of
Unpolymerized Actin in the Presence of 2µM Profilin with Free
and Capped Barbed Endsa

uncapped

profilin
capped,
Kd (µM)

Kapp

(µM)
[A free]
(µM)

[PA]
(µM)

actin alone 0.22( 0.02
K125N 0.18 0.20( 0.03 0.19( 0.02 1.05( 0.04
wild-type 0.34 0.67( 0.08 0.14( 0.01 0.56( 0.04
K69N 0.56 1.54( 0.17 0.12( 0.00 0.36( 0.01
R55D 0.84 1.93( 0.53 0.14( 0.03 0.29( 0.06
P96∆,T97∆ 1.1 2.05 0.12 0.18
R74E 16b NDB 0.22c NDB

a The values ofKd, Kapp, [Afree], and [PA] were calculated as described
in the Materials and Methods.b At 2 µM profilin, no detectable binding
(NDB). When R74E profilin was analyzed at 10µM profilin, a Kd of
16 µM was obtained.c This value represents [Au], which should be
close to [Afree] since these profilin mutants have very low affinity for
actin (Kd

PA g 16 µM).

9276 Biochemistry, Vol. 37, No. 26, 1998 Korenbaum et al.



The other profilin mutants were assayed at a concentration
equimolar to actin (12µM), and polymerization was initiated
by 1 mM MgCl2. Presence of wild-type profilin under these
conditions prolonged the nucleation (lag) phase from 0.5 to
4 min and reduced the maximal rate of filament elongation
from 0.209 to 0.009 fluorescence units (FU)/min (Figure 3B,
Table 1). In the presence of K69N profilin, the length of
the lag phase and the maximal rate of elongation were close
to those observed with wild-type profilin (Table 1). How-
ever, the maximal rate of elongation was reached earlier than
with wild-type profilin, indicating that the K69N mutation
had diminished the effect of the profilin on the polymeri-
zation of the actin. With the R55D mutant, the lag phase
was 2.5 min and the elongation rate 0.011 FU/min (Figure
3B), and with the P96∆,T97∆ mutant profilin, the interaction
with actin was even more disturbed (Figure 3B, Table 1).

In contrast to the profilin mutants described above, the
K125N mutant interfered more efficiently than wild-type
profilin with all phases of the polymerization reaction (Figure
3B). Here, the lag phase was increased to 7 min, and the
maximal rate of elongation, 0.005 FU/min, was reached only
after 43 min.

In 100 mM KCl (0.1 mM Ca2+) and mixed with equimolar
amounts of actin, wild-type and K125N mutant profilins
prevented polymer formation. In the presence of the R55D
and P96∆,T97∆ mutant profilins (Figure 4) and the K69N
mutant (not shown), polymer formation took place with
prolonged lag phases and decreased rates of elongation.

Steady-State Conditions.The profilin:actin complex does
not contribute to polymerization at the (-)-end of the actin
filament (25). Thus, with the (+)-end of filaments blocked
with gelsolin, it is possible to determine the equilibrium
dissociation constant,Kd

PA, of the profilin:actin interaction
(24). In the absence of gelsolin, the concentrations of free
actin monomers, [Afree], and profilin:actin complexes, [PA],
in steady-state with filaments, can be calculated usingKd

PA

(eq 2 in Materials and Methods, and ref24). Since [Afree]
in the presence of profilin is lower than the concentration of
actin monomers in steady state with filamentous actin in the
absenceof profilin [A cc

intrinsic], the profilin:actin complex
itself must be included in the pool of actin polymerizing at
the (+)-end. Otherwise, actin filaments should depolymerize
when [Afree] drops below [Acc

intrinsic], which is contrary to
what is being observed. Thus, the critical concentration of
polymerization in thepresenceof profilin is [A free] + [PA]
) [Acc

combined]. This is consonant with a polymerization
model based on the intermolecular packing in profilin:actin
crystals (31), where actin monomers attached to profilin can
bind at the (+)-end of a filament using the one-start helical
contact.

The extent to which profilin:actin itself is incorporated at
the (+)-end can be assessed from the difference between
the critical concentration for polymerization of actin alone,
[Acc

intrinsic], and [Afree] using steady-state data. The results of
this analysis performed with wild-type and mutant human
profilins (2 mM) at varying concentrations ofâ/γ-actin are
given in Figure 5 and Table 2.

The Kd
PA for the wild-type profilin:â/γ-actin interaction,

determined in the presence of gelsolin, was 0.34µM. In
the absence of gelsolin, the [Acc

combined] was 0.7µM and the
[A free] and [PA] were calculated to be 0.14 and 0.56µM,
respectively (Table 2). At steady state, profilin clearly lowers
the concentration of free actin monomers, [Afree], since the
[Acc

intrinsic] was 0.22µM (Table 2). Not only does this reflect
the ability of profilin to sequester actin in profilin:actin
complexes but also these complexes can contribute to
polymerization at the (+)-end of filaments under steady-
state conditions.

With the K69N mutant profilin:â/γ-actin complex, the
increasedKd

PA (0.56µM as compared to 0.34µM for wild-
type profilin) (Table 2) suggests an impaired interaction
between the two proteins. It is surprising, however, that this

FIGURE 1: The profilin:actin interface with mutated residues indicated in various colors. The illustrations of the profilin:actin structure are
related by counterclockwise rotations of 90° and were derived from the profilin:â-actin crystal structure (31) using RasMol (Sayle, R.,
Glaxco, R & D, Greenfield, U.K.). Residues of the actin part of the interface are colored light blue, and those in the profilin part dark blue.
The positions of the amino acid replacements in profilin discussed in the paper are indicated by green for R55, dark green for K69, red for
R74, yellow for K90, magenta for P96∆,T97∆, and orange for K125.
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profilin mutant lowers [Afree] more than wild-type profilin,
demonstrating that the profilinK69N:actin complex participates
more efficiently in filament formation than wild-type profilin.

The affinities of the R55D and P96∆T97∆ mutant profilins
for actin were reduced even further, having dissociation
constants of 0.84µM and 1.1µM, respectively (Table 2).
For these mutants, the [Afree] values were 0.14 and 0.12µM,
respectively, suggesting that they also participated in filament
formation as efficiently as wild-type profilin.

FIGURE 2: Phosphocellulose (P11) chromatography of the yeast
expressed wild-type and mutant forms of human profilin. (Panel
A) Wild-type profilin; (B) R55D; (C) K69N; (D) R74E; (E) K125N.
The R74E profilin mutant (panel D) was eluted isocratically with
5 mM KCl, while in other cases a KCl-gradient ranging from 5 to
400 mM was used as described before (48). Insets show the result
of PAGE analysis of collected fractions (lower molecular weight
region only), h denotes human profilin, and y yeast profilin. The
first peak (panel A; wild-type profilin) contained yeast profilin and
yeast actin, while the human profilin eluted in the second and third
peaks in amino terminally blocked and unblocked forms, respec-
tively (see text). Note that all mutant profilins eluted at a lower
salt concentration compared to the wild-type. For K90E a separate
isolation protocol was used (see Materials and Methods). The
P96∆,T97∆ profilin mutant gave an elution profile similar to that
of wild-type (not shown). The band representing human profilin in
D appears heterogeneous, but the material collected by combining
fractions 15-29 migrated as a descrete band when rerun on SDS-
PAGE (not shown).

FIGURE 3: The effect of wild-type and mutant profilin on MgCl2-
induced polymerization of actin. Actin polymer formation was
observed by the change in pyrenyl-actin fluorescence after addition
of MgCl2 (panel A, 2 mM; and panel B, 1 mM) to 12µM actin
(2% pyrenyl-actin) in the absence or presence of profilin (panel A,
6 µM; and panel B, 12µM). (Panel A) Actin alone (closed circle),
plus wild-type profilin (closed diamond), and plus R74E and K90E
mutant profilins (open circle and square, respectively). (Panel B)
As above but in the presence of 12µM of the profilins. Actin alone
(closed circle), wild-type profilin (closed diamond), R55D profilin
(open circle) K69N profilin (open square), P96∆,T97∆ (open
triangle), and K125N profilin (open diamond).

FIGURE 4: The effect of wild-type and mutant profilin on KCl-
induced polymerization of actin. This experiment was performed
as in Figure 3, panel B, except that 100 mM KCl was used to induce
filament formation. Actin alone (closed circle), wild-type profilin
(closed diamond), R55D profilin (open triangle), P96∆,T97∆ (open
diamond), and K125N profilin (open circle).
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With R74E (not shown) and K90E (Figure 5A) mutant
profilins, added at the same concentration as above (2µM),
there was no detectable effect on filament formation. In
steady-state experiments, [Afree] approximately equalled
[Acc

intrinsic], showing that the concentration of profilin:actin
complexes was vanishingly small under these conditions.
Adding R74E mutant profilin at 10µM resulted in a slight
decrease in the amount of polymerized actin both with free
and capped filament ends. TheKd

PA in this case was
estimated to be 16µM (Table 2).

With the K125N mutant profilin, the situation was entirely
different. As already shown, this profilin strongly influenced
the polymerization of the actin (Figure 3B), prolonging the
lag phase as well as reducing the rate of elongation. The
Kd

PA for the interaction of the K125N mutant profilin with
actin was found to be 0.18µM, i.e., considerably lower than
the corresponding values for wild-type profilin. As il-
lustrated in Figure 5 and Table 2, the concentration of the
profilin:actin complex was high (1.05µM). However, the
calculated value for [Afree] was close to [Acc

intrinsic], suggest-
ing that the profilinK125N:actin was inefficient in contributing

actin monomers to growth of filaments at the (+)-end (Figure
5 and Table 2).

Thus, increasingKd
PA up to a certain level decreased the

[A free] as much as, or more than, wild-type profilin did. On
further weakening of the profilin:actin interaction (R74E and
K90E) the effect on [Afree] was lost, restoring [Afree] to values
close to [Acc

intrinsic]. When Kd
PA was lowered (K125N), as

compared to that of the wild-type, [Afree] also increased
toward [Acc

intrinsic]. This biphasic dependence of [Afree] on
Kd

PA is explained by the ability of profilin:actin complexes
to bind to the (+)-end of the actin filament.

In buffers containing2 mMMgCl2 and 100 mM KCl, the
Kd

PA for the profilin:â/γ-actin and profilin R-actin were
determined to be 0.20 and 0.35µM, respectively (data not
shown). Under these conditions, the [Acc

intrinsic] obtained
with both filament ends free was 0.15 and 0.10µM for â/γ-
actin andR-actin, respectively, and the [PA] at 2µM profilin
was calculated to be 0.4 and 0.18µM, respectively. Thus,
also under these conditions there was a rather high concen-
tration of profilin:â/γ-actin present at steady state of po-
lymerization.

Effects of Profilin Mutants on the Exchange of G-Actin-
Bound Nucleotide.The ability of wild-type and mutant
profilins to accelerate nucleotide exchange on Ca2+-G-actin
at low ionic strength was assayed using the fluorescent ATP
analogue,εATP. Even at a molar ratio of profilin to actin
of 1:10 (1.2 µM profilin:12 µM actin), there was a
pronounced effect on the rate of nucleotide exchange (Figure
6). The data obtained in the present experiments were

FIGURE 5: Steady-state concentration of filamentous actin measured
in the absence and presence of wild-type and mutant profilins, with
and without blocked (+)-ends. Actin (12µM) was polymerized by
addition of MgCl2 to 2 mM, serially diluted with MgCl2-containing
buffer, and incubated overnight at room temperature to reach steady
state: closed circle, actin alone; closed diamond, samples incubated
in the presence of 2µM wild-type profilin; open square, 2µM
R55D profilin; open diamond (panel B only), K69N profilin; open
circle (panel A only), K90E profilin; open triangle and closed
triangle, P96∆T97∆ and K125N profilin, respectively. Pyrenyl-
actin fluorescence was plotted as a function of actin concentration,
and the values in each sample were fitted by linear regression.
Panels A and B were obtained in the absence and presence of
gelsolin, respectively (e.g., free and blocked filament (+)-ends).
The concentration of total unpolymerized actin, [Acc

combined], is
given by the intercept between the regression curves for the different
F-actin samples and the near horizontal line representing the
background fluorescence of unpolymerized actin. TheAu-value was
used for calculating the values presented in Table 2.

FIGURE 6: Acceleration of nucleotide exchange on G-actin by wild-
type and mutant profilins. The exchange of ATP forεATP onâ/γ-
actin was measured as an increase ofεATP-fluorescence with time
as described in the Materials and Methods. Actin alone (11.6µM;
closed circle, panels A and B), and in the presence of 1.2µM wild-
type (closed diamond, panels A and B), R74E (panel A, open circle),
K90E (panel A, open square), R55D (panel B, open triangle), and
K125N (panel B, open diamond, panel B).
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analyzed with the kinetic simulation program KINSIM (55),
which has been used earlier to model nucleotide exchange
on actin (30, 62, 58). The values given are only relative
because of the difficulty in getting all the relevant constants
(see Materials and Methods). For actin alone, the value
arrived at for the ATP dissociation rate constant (k-,app

ATP )
from the best fit of the curves (Figure 6) was 0.0021 s-1

(61, 63). The corresponding value forâ/γ-actin bound to
profilin was 0.08 s-1.

The R55D mutant profilin, whose affinity for actin was
reduced, increased the nucleotide exchange on actin even
more than wild-type profilin (Figure 6B). In this case, the
estimated dissociation rate constant was 0.12 s-1. Also the
profilin mutant P96∆,T97∆, which had a reduced capacity
to bind actin (Kd

PA ) 1.1 µM), accelerated nucleotide
exchange on actin more strongly than wild-type profilin;
k-,app

ATP ) 0.13 s-1 (see also ref48).
According to the steady-state experiments, an effect of the

profilin mutant R74E on the polymerization of actin could
only be seen at increased concentration of the profilin (10
µM). However, at the lower concentrations (1.2µM profilin:
12 µM actin) used in the nucleotide exchange studies, the
R74E and K90E profilins did accelerate nucleotide exchange
on actin, although less efficiently than wild-type profilin
(Figure 6A). For R74E profilin (Kd

PA ) 16 µM), the
k-,app

ATP was estimated to 0.07 s-1. Thus, despite its lower
affinity for actin, R74E profilin had nearly the same effect
on the actin:nucleotide interaction as the wild-type profilin.
In contrast, the K125N profilin mutant, which bound more
strongly to actin (Table 2), was less efficient in causing
nucleotide exchange (Figure 6B). Thek-,app

ATP value esti-
mated in the presence of this mutant was 0.05 s-1, illustrating
the complex relationship betweenKd

PA and nucleotide ex-
change.

DISCUSSION

Relationship between Structure and Function in the
Profilin:Actin Interaction. The K69N amino acid replace-
ment in profilin resulted in an increasedKd

PA for the
profilin:â/γ-actin interaction from 0.34 to 0.56µM. In wild-
type profilin, K69 appears to interact with two residues in
actin, D286 and D288, the latter being closer and therefore
the more likely partner. In the mutant, the introduced
asparagine nitrogen is probably hydrogen bonded to the
carbonyl of L63 in profilin itself, while the oxygen hydrogen
bonds to K90. The observed increase inKd

PA would be
explained by the lack of contacts between D286/D288 in
actin and the mutant profilin.

The double deletion mutation, P96∆,T97∆, caused an even
greater increase inKd

PA [1.1 µM (48)]. These two residues
are not directly involved in the profilin:actin interaction.
However, R88 of profilin forms a hydrogen bond with
profilin residues T97 and N99. This interaction positions
R88 so that it can form a salt bridge with E167 in actin. The
decrease in the affinity of the profilin:actin complex seen
on removing P96 and T97 is probably due to a perturbation
in the position of R88 that renders it difficult for this residue
to orient optimally for binding to E167 in actin.

The side chain of residue R55 is located in the interior of
the profilin molecule, where it forms a salt bridge with D75

and a shared hydrogen bond with the carbonyl oxygens of
L50 and G52. If this network of bonds is destroyed by
replacing arginine 55 with an aspartic acid, the position of
R74, which is crucial for the profilin:actin interaction, would
be shifted, weakening the interaction (Kd

PA ) 0.84 µM).

The residue R74 is hydrogen bonded to the carbonyl
oxygen of H371 of actin. The R74E mutation eliminates
this interaction, resulting in repulsion between the introduced
glutamic acid residue and other negatively charged residues
in the vicinity. In addition, this would change the environ-
ment of the nearby residue Y59, also involved in the profilin:
actin interaction. Thus, this mutation nearly eliminated
complex formation (Table 2). Similarly, replacing K90 with
a glutamic acid eliminates the salt bridge with D286 in actin.
As with R74E, the interaction with actin was much weaker,
possibly because of charge repulsion between this residue
and negatively charged residues nearby. The R74 in profilin
is not strictly conserved, but in profilins where the residue
in position 74 is not an arginine, a basic residue is found in
the same position in the structure (9). In yeast profilin, R72
corresponds to R74 in human profilin, and substitution of
this residue for glutamic acid resulted in a similar decrease
in the affinity for actin (39). Observations on vaccinia virus
profilin are consistent with this interpretation. Vaccinia
profilin, which has a low affinity for actin (58), carries a
glutamic acid residue in position 74 (65) not compensated
for by another basic residue.

The K125N mutation is perhaps the most intriguing
profilin mutant studied, so far. It caused a significant
decrease in theKd

PA of the profilin:â/γ-actin complex. The
mechanism behind the stabilization of the complex can be
rationalized in view of the differences in conformation
between the open and the tight states of actin observed
crystallographically (66). Inspection of the region adjacent
to K125 in the crystal structure of the profilin:actin complex
reveals that the apposed surfaces of profilin and actin are
relatively far apart. The K125 residue reaches E364 (or
E361) in actin to form a salt bridge. However, when K125
is replaced with an asparagine residue, additional hydropho-
bic interactions between profilin and actin are possible.
Computer modeling shows that the residues contributing to
this increased hydrophobic interaction would be V118, L122,
and part of H119 on the profilin side and Q354 and M355
on the actin side. The aliphatic part of Q354 in actin would
come to reside in the grove between V118 and L122. For
this to happen, H119, an important residue in the profilin:
actin interaction, would have to move sideways to allow the
proposed approach. This is feasible, since there is free space
into which the imidazole ring could swing. Thus, the H119
might contribute to the interaction by becoming more closely
packed to M355 of actin. The comparison of the open and
tight states of actin shows that these two residues are found
in a position where the conformation of the actin molecule
is sensitive to changes in the physicochemical environment.
Our finding that the K125N replacement in profilin increases
its affinity for actin agrees with results in which residues in
actin that bind K125 are mutated. Thus, actins mutated at
position E361 and E364 show an increased affinity for
profilin (67).

The Binding of Profilin to Actin and Its Effect on the Actin:
Nucleotide Interaction. The natural partners for profilin are
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nonmuscleâ- andγ-actin. The complexes between profilin
and these actin isoforms are stable enough to be isolated
from tissue extracts by affinity chromatography on poly(L-
proline)-coupled matrixes followed by chromatography on
hydroxylapatite (8). Profilin and profilin:actin are present
at high concentrations in some nonmuscle cell types. In
lymphoid tissues, for example, the concentration of unpo-
lymerized actin is about 100µM and, in platelets, it may be
as high as 200µM. In both cases, about 50% of the
unpolymerized actin can be accounted for by profilin:â/γ-
actin (8). The remaining unpolymerized actin appears to be
controlled by association with the actin sequestering protein
thymosinâ4 (68, 69).

Little is known about the nature and extent of the
conformational changes that actin monomers might go
through in solution under physiological conditions and during
filament formation. Structural analyses of profilin:â-actin
crystals have shown that even in the crystalline state, not
only the actin subdomain 2, but also the region around the
nucleotide, may vary considerably depending on the condi-
tions in which the crystals are bathed. In the open state of
the profilin:actin structure for instance, the solvent-exposed
surface area of the ATP phosphate groups is about 25 times
larger than in the tight state (66). These observations were
made on the protein at high-salt concentrations, and without
knowledge of the structure of the free actin monomers, nor
of the profilin:actin complex under physiological salt condi-
tions, it is difficult to interpret the results of the nucleotide-
exchange experiments presented here in terms of variations
in profilin-induced structural changes in the actin monomer.
The dependence of the nucleotide-exchange rate on the
Kd

PA of the profilin:actin interaction suggests a complex
relationship. The rate of exchange increased steeply with
increasingKd

PA value, from 0.05 s-1 observed with K125N
to 0.13 s-1 with P96∆,T97∆ (Kd

PA ) 0.18µM and 1.1µM,
respectively), while a further rather large increase inKd

PA as
with R74E (Kd

PA ) 16 µM) brought the rate of exchange
back to a value of 0.07 s-1, which is close to that observed
for wild-type profilin (0.08 s-1). Thus, even in the case of
a rather weakly interacting profilin nucleotide exchange is
increased dramatically. This is in contrast to plant profilin,
which interacts with rabbit skeletal muscleR-actin with a
Kd

PA of about 2µM, influences its polymerization in vitro
(27), and affects the organization of microfilaments in
mammalian nonmuscle cells (70, 71), but has no apparent
effect on nucleotide exchange on theR-actin. This could
imply that nucleotide exchange has no physiological rel-
evance, since the intracellular ATP concentrations is high
(ca. 1 mM) and the binding of ATP to actin is tight (Kd )
10-10 M), which secures the transformation of actin to the
ATP-bound form anyway. However, these results clearly
demonstrate thatR-actin reacts differently to the binding of
plant profilin as compared to the binding of mammalian and
Acanthamoebaprofilins. Therefore, it would be of interest
to know how plant profilin affects nucleotide exchange on
a plant actin.

Effect of Profilin on Actin Polymerization.A comparison
of the profilin:â-actin and gelsolin:R-actin crystal structures
(37), shows that profilin binds to the (+)-end (barbed end)
of the actin monomer, the same end which is exposed at the
(+)-end of the actin filament, implying that profilin can

remain bound at the (+)-end after addition of the profilin:
actin complex. Thus, the opposite end of the profilin:actin
complex, presenting the (-)-end of the actin monomer, is
available for association to a free (+)-end of a filament. The
equilibrium dissociation constant for the reaction of actin
monomers at the (+)-end, Kd

A,(+)-end, is lower than the
Kd

PA for the profilin:actin interaction (72). Thus, even if the
addition of monomers at this end simply followed the law
of mass action, actin monomers would be drawn from the
profilin:actin complex onto the (+)-end of filaments. The
situation at the (-)-end is the reverse. Here, the dissociation
constant,Kd

A,(-)-end (0.6 µM) is higher thanKd
PA (0.3 µM).

Consequently, profilin prevents polymerization at the (-)-
end, regardless of whether there is steric hindrance (73, 74,
24).

It has been proposed that there is an additional effect of
profilin on actin polymerization at the (+)-end (72). For
instance, in the presence of thymosinâ4, there is a drastic
increase in the amount of filamentousR-actin at steady-state
if low concentrations of profilin are included in the incuba-
tion mixture (24). This observation and the fact that the
[A free] at steady-state polymerization in the presence of
profilin is lower than [Acc

intrinsic] have led to the view that
profilin facilitatesactin assembly at the (+)-end of filaments
by lowering the critical concentration of polymerization (72,
75). Results from kinetic experiments indicated that profilin:
actin complexes associate with the (+)-end of filaments at
the same rate as free actin monomers, and it was suggested
that the presence of profilin decreases the rate of dissociation
of G-actin from filament ends (27), causing a net decrease
in the Kd

A,(+)-end. This would explain the alleged facilitat-
ing effect of profilin on polymerization of actin.

However, in the homologous system consisting of profilin
and its physiological partner,â/γ-actin, the rate of polym-
erization is slowed (Figure 3 and ref6), consistent with a
tighter binding of profilin toâ/γ-actin (Table 2 and ref49).
Furthermore, relatively high concentrations of profilin:actin
can coexist with free actin monomers and filament ends at
steady state of polymerization (Table 2), and since free actin
monomers and profilin:actin complexes both appear to add
to the (+)-end of actin filaments (31, 32, 27), the critical
concentration for polymerization under these conditions is
the sum of the free actin monomers, [Afree], and profilin:
actin [PA] complexes, i.e., [Acc

combined]. With 2 µM wild-
type profilin, [Acc

combined] was more than 3-fold higher than
[Acc

intrinsic] demonstrating the ability of profilin to keep a
significant amount of the actin in an unpolymerized form.

With wild-type profilin, and mutant profilins whose
interactions withâ/γ-actin were only somewhat reduced,
[A free] was lower than [Acc

intrinsic], implying that profilin
competes with filament (+)-ends for actin monomers (Table
2). As mentioned, profilin apparently does not affect the
on-rate in the polymerization ofR-actin (27). If the same is
true for the homologous system, the observed sequestering
effect of profilin would be due to a faster rate of dissociation
of profilin:actin from the (+)-end of filaments than of actin
alone. This is contrary to the decrease in dissociation rate
proposed to explain facilitation ofR-actin polymerization
by profilin (27).

With the profilin mutants, which bound toâ/γ-actin with
a significantly higherKd

PA, the [Afree] was restored to the
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level seen with actin alone (i.e., 0.22µM), and there was
only a limited effect on filament formation. This was also
the case with the K125N mutant profilin, which interacted
more strongly with actin (Kd

PA ) 0.18 µM) than wild-type
profilin (Kd

PA ) 0.34 µM), but in this case, the concentra-
tion of sequestered actin in steady state with filaments was
high (Table 2). It is possible that the on-rate of the
profilinK125N:actin complex binding to the filament (+)-end
is unaffected, but that due to the strength of the profilin:
actin interaction, a subsequent isomerization is prevented and
stable incorporation of the actin into the filament is hindered.
This would favor the dissociation of the profilin:actin
complex from the (+)-end. Actin monomers added in
complex with profilin could be stably incorporated into the
filament as a result of ATP hydrolysis on the actin followed
by Pi and profilin release (32, 27). Members of the formin
and the ENA/MENA/VASP families of proteins might
position profilin:actin, where filament growth is called for,
e.g., at activated transmembrane receptors, where elongation
of actin filaments rapidly takes place (11-15). In this
situation, profilin eliminates unwanted nucleation and poly-
mer formation without interfering with the dynamics of the
microfilament system by reducing [Afree] and allowing
monomer addition at the (+)-end. Phosphatidylinositol 4,5-
bisphosphate, if synthesized in the vicinity of the polymer-
ization site, might serve the dual function of unblocking the
(+)-end of filaments (76-78) and accelerating profilin
release. This is consonant with a structural model where
profilin remains associated with the filament (+)-end,
transiently forming an assembly intermediate (32). After
release of profilin, linked to hydrolysis of ATP, the actin
monomer would transform to classical helical F-actin,
possibly performing work in the process.
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