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Abstract A simple procedure for the isolation of profilin
mutants having a reduced capacity to bind poly(rL-proline) is
used to isolate two mutants of human profilin I, W3N and
H133S. Binding of the mutants to poly(L-proline), actin, and
phosphatidylinositol (4,5)-bisphosphate (PIP2) was studied. Both
mutations abolished the poly(r-proline)-binding activity of
profilin. This suggests that the arrangement of the N- and C-
terminal helices forming the poly(L-proline)-binding site depends
on the stabilizing interaction between W3 and W31 in the
underlying B-strand, and that the H133S mutation in the C-
terminal helix also must have distorted the arrangement of the
terminal helices.

Both mutations caused a reduced affinity for actin, with the W3N
replacement having the most pronounced effect. This shows that
structural changes in the poly(L-proline)-binding region of
profilin can affect the distantly located actin-binding site. Thus,
ligands influencing the structure of the poly(i-proline)-binding
site may regulate actin polymerization through profilin. This is
consonant with the finding that PIP2, which changes the
tryptophan fluorescence in wild-type profilin and dissociates the
profilin:actin complex in vitro, binds more strongly to the W3N
mutant profilin. Thus, the poly(L-proline)-binding surface
represents a crucial regulatory site of profilin function.
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1. Introduction

The profilins are ubiquitous actin monomer-binding pro-
teins thought to be of central importance in the regulation
of the dynamics of the microfilament system [1]. The fact
that the profilins specifically bind poly(L-proline) [2,3] and
polyphosphoinositides [4] is consonant with this idea. Several
proteins containing proline-rich sequence motifs, like the GP;
motif [5] of the vasodilator-stimulated phosphoprotein
(VASP), have recently been reported to bind to mammalian
profilin I [6].

The poly(L-proline)-binding site on profilins is a well con-
served surface consisting of aromatic and hydrophobic amino
acid residues [7,8], which makes this binding site analogous to
proline-recognizing surfaces of SH3 and WW domains. How-
ever, the poly(L-proline)-binding site on profilin is specific,
since SH3 or WW domains bind to proline-rich sequences,
but not to poly(L-proline) [9]. In addition to VASP and its
homologues, Ena and Mena, in Drosophila [10,11], the poly-
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(L-proline)-binding site on profilin appears to bind formins,
which is a group of proteins involved in the control of several
developmentally related processes such as polarized cell
growth and cell patterning [6]. The significance of these inter-
actions is unknown, but it has been proposed that they are
important in directing profilin to regions where its influence
on actin dynamics is required.

Thus, many observations implicate profilin in signal trans-
duction as well as in the control of the microfilament system
[12]. It is known that binding of polyphosphoinositides to
profilin dissociates the profilin:actin complex [4,13], but in
most respects the mechanisms by which the different binding
activities influence the functioning of profilin remain to be
explored. Recently, characterization of mammalian profilin
mutants with altered binding affinities for actin and PIP2
were reported [14,15].

In the presence of gelsolin to block the (+)-end (barbed
end) of filaments, profilin sequesters actin monomers effi-
ciently, since the profilin:actin complex does not contribute
to actin polymerization at the (—)-end (pointed end) of fila-
ments [16]. When the (+)-end of the actin filament is free, the
profilin:actin complex can be added to that end [16-18]. This
results in a lowering of the concentration of free monomeric
actin (Age.) at steady state as compared with the situation
with actin alone where Age. = 4., (the critical concentration
of polymerization) [18]. In the presence of thymosin B4, low
concentrations of profilin increase the level of F-actin at
steady state, as if profilin catalyzed the transfer of actin
monomers from the thymosin B4:actin complex to actin fila-
ments under these conditions [18,19]. Profilin also accelerates
nucleotide exchange from actin [20,21], except in the case of
plant profilins [22].

Studies of the biochemical properties of several Acanth-
amoeba profilin mutants and monoclonal antibodies to
Acanthamoeba profilin were reported recently [23] confirming
the location of the binding sites for actin and poly(r-proline)
and the importance of the C-terminus for the stability of the
profilins. In addition, structural requirements and thermody-
namic parameters for the interaction of profilin with poly(L-
proline) were described [24].

This paper presents a convenient, two-step procedure for
the isolation of human profilin I from yeast cell extracts
that is independent on the affinity of profilin for poly(L-pro-
line). It allowed the isolation of two mutants, W3N and
H133S, which lack poly(L-proline)-binding capacity [7]. The
results of investigating the effect of wild-type and the two
mutant profilins with respect to kinetics of actin polymeriza-
tion, participation of the profilin:actin complex in the polym-
erization at the (+)-end, binding of PIP2, and nucleotide ex-
change, are described.
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2. Materials and methods

Oligodeoxyribonucleotide-directed mutagenesis of the human profi-
lin gene was performed according to [25]. Mutant genes were se-
quenced by the dideoxy method [26] and subcloned into the S. cere-
visiae expression vector [27] following standard methodology.

Fermenter cultures of recombinant yeast [28], expressing wild-type
or mutant human profilin, were lysed in a bead mill in the presence of
5 mM KPOy4, pH 7.1, containing 5 mM KCIl and protease inhibitors
as reported previously [29]. The yeast extract, having a total volume
of approximately 1500 ml, was clarified by centrifugation, filtered
through glass wool, and then added to a column (70 ml) of phospho-
cellulose (P11, Whatman) equilibrated with 5 mM KPO4, pH 7.1,
containing 5 mM KCl and 0.5 mM DTT. After the whole sample
had entered (approximately 5 h), the column was washed with the
KPO,-buffer until the absorbance at 280 nm of the flow-through
was below 0.1. Bound proteins were then eluted with a 300 ml salt
gradient of 5 to 400 mM KCI in 5 mM KPO;y-buffer, pH 7.1, con-
taining 0.5 mM DTT. The flow rate was 60 ml per h and fractions of
3.5 ml were collected. After analysis by polyacrylamide gel electro-
phoresis in the presence of sodium dodecylsulfate SDS-PAGE [30],
fractions containing profilin were combined into two separate pools
(see Section 3), which were dialyzed against saturated ammonium
sulfate to a final concentration of 80% saturation. The precipitated
material was collected by centrifugation, dissolved in the low salt
KPOQy-buffer containing 0.5 mM DTT, and further purified by gel
filtration (Sephacryl S-200 (Pharmacia) on a column (1.5X80 cm)
using a flow rate of 60 ml/h. Fractions containing profilin were com-
bined, and stored at —80°C. The concentration of profilin was deter-
mined by UV-absorption at 280 nm using an E};g}ml-value of 1.2 [31].
To correct for the change of extinction coefficient due to the amino
acid replacement in W3N profilin, the absorption at 205 nm was used
as described earlier [32].

Binding of profilin to poly(L-proline) was measured using a poly(L-
proline)-Sepharose matrix. Samples of the different profilins at differ-
ent concentrations were incubated separately with a fixed amount of
poly(L-proline)-Sepharose. After thorough washing, the beads with
associated profilin were boiled in SDS-PAGE sample buffer, and the
resulting solution was analyzed by SDS-PAGE and densitometry of
the stained profilin bands.

Phosphatidylinositol (4,5)-bisphosphate was isolated from calf brain
by homogenization of 80 g of frozen brain tissue in the presence of
100 ml chloroform:methanol (1:2), followed by addition of 0.6 vol-
umes of each of 1 M KCl and chloroform, and centrifugation at 5000
rpm for 3 min (Sorvall RCS, AH650 rotor). After centrifugation the
lower phase of the sample was saved, while the inter- and upper
phases were reextracted with one volume of chloroform and centri-
fuged once more. The lower phases were then combined, filtered
through filterpaper (Munktell, grade 3), and extracted with one vol-
ume of a mixture of methanol:1 M HCI (1:1). The lower phase was
collected, supplied with one volume of 200 mM ammoniumformate in
methanol and then subjected to neomycin affinity chromatography for
the isolation of PIP2 as described by Palmer [33]. The purity of the
lipid was assessed by thin layer chromatography according to Palmer
and its concentration was determined by phosphate analysis as de-
scribed by Hess and Derr [34]. It was then dried in aliquots under
nitrogen and stored at —80°C. Assay of profilin-binding to PIP2 mi-
celles was performed as described in detail earlier [35,14]. In brief,
profilin was incubated with the micelles at different molar ratios,
and then the mixture was transferred to a Millipore PLTK filter
with a molecular weight cut off of 30 kDa. The filters were washed
with 400 pl of 10 mM KPO,-buffer, pH 7.6, containing 80 mM NaCl,
0.1 mM CaCl,, 0.12 mM EGTA and 1 mM DTT before use. The
PIP2:micelle mixtures were centrifuged in an Eppendorf centrifuge
until a fraction of the mixture had passed through the filter. The
flow-through, containing profilin not bound to PIP2, was then ana-
lyzed for profilin by SDS-PAGE. For densitometry of the profilin
bands after SDS-PAGE, the NIH Image software, version 1.60, was
used.

The P/y-actin was isolated from bovine profilin: B/y-actin as de-
scribed [36]. It was kept in 5 mM Tris-HCl-buffer, pH 7.6, containing
0.5 mM ATP, 0.1 mM CaCl; and 0.5 mM DTT (G-buffer), and the
concentration was determined by absorbance measurements at 290 nm
using E7¥/™ of 0.63 [37]. Pyrenyl-labelling was performed as de-
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scribed in [38] except that the N-(l-pyrenyl)iodoacetamide was dis-
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solved in dimethylsulfoxide (DMSO). The profilin-actin interaction
studies were performed in the presence of 2% pyrenyl-labelled actin
as described in detail elsewhere [39]. Briefly, for the polymerization
studies 2 mM MgCl, or 100 mM KCI were used to initiate the poly-
merization of 12 pM actin in G-buffer in the absence or presence of
equimolar concentrations of profilin. Filament formation was fol-
lowed by monitoring the increase in pyrenyl fluorescence at 410 nm
using a Fluoroskan IT microplate reader (Labsystems) and an excita-
tion wavelength of 365 nm. The measurements of steady-state filament
concentration were performed in the presence of 2 mM MgCly and
100 mM KCIl. The samples containing different concentrations of
actin were incubated in the presence and absence of 2 uM profilin
until steady state was reached. To block (+)-end filament assembly,
gelsolin (Sigma) was added to actin at a molar ratio of 1:330. Calcu-
lations of the dissociation constants (K,p, and Kj), and the concen-
trations of unpolymerized free and profilin-bound actin (4g.. and PA,
respectively) were performed as described [18].

The increase in fluorescence when actin binds 1,N%-ethenoadenosine
5'-triphosphate (eATP) was used to determine nucleotide exchange on
the actin essentially following the method of Nishida [40] as described
recently [39].
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Fig. 1. Chromatography of a lysate of recombinant yeast cells con-
taining W3N mutant human profilin I on phosphocellulose P11.
The elution profile (upper panel) was generated as described in Sec-
tion 2. Subsequent SDS-PAGE and Western blot analyses (middle
and lower panels, respectively) of the fractions revealed two peaks
of profilin (arrows) in fractions 54-65 and 75-83, corresponding to
amino-terminally blocked and unblocked forms of the protein, re-
spectively. Wild-type profilin gave rise to a similar elution profile,
while H133S mutant profilin only gave rise to the second pool of
material. Molecular weight markers are denoted MW and represent
from top to bottom; 94, 67, 43, 30, 20.1 and 14.4 kDa. The W3N
mutant profilin migrates somewhat slower than wild-type profilin on
SDS-PAGE [7].
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Fig. 2. Isolation of W3N profilin by gel filtration on Sephacryl S-
200 of profilin-containing material obtained by P11 ion exchange
chromatography (Fig. 1, fractions 75-83). The upper panel shows
the elution profile, and the lower panel the SDS-PAGE analysis of
collected fractions. The position of profilin is indicated by the ar-
row. Similar profiles were obtained with the other profilin prepara-
tions.
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Fig. 3. Histogram illustrating the poly(L-proline)-binding expressed
by wild-type and mutant profilins. As described in Section 2, the
different profilins were incubated with poly(L-proline)-Sepharose in
3 series of 6 samples containing increasing concentrations of pro-
tein. After washing, the amount of profilin bound to the Sepharose
beads was determined by SDS-PAGE and densitometry of the re-
sulting profilin band. Filled bars represent the densitometry values
obtained for wild-type profilin, while those observed for W3N and
H133S mutant profilin are illustrated with open and grey bars, re-
spectively. In the first group of bars (group 1) the corresponding
samples contained 1 pmol profilin; in group 2, the amount of profi-
lin was 5 pmol; in 3, 10 pmol; in 4, 48 pmol; and in 5, and 6, it
was 72 and 97 umol, respectively.
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3. Results

3.1. Isolation of profilin

Extracts of yeast cells expressing wild-type human profilin I
and the W3N profilin mutant, respectively, both gave rise to
two broad peaks containing profilin, when fractionated on
phosphocellulose as revealed by SDS-PAGE and Western
blot analysis of the fractions (Fig. 1). The H133S profilin
mutant, on the other hand, gave rise to only one peak, which
was eluted from the phosphocellulose in a position corre-
sponding to the second peak of wild-type profilin. To separate
the profilin from components of higher molecular weight, the
protein from the profilin-containing fractions was chromato-
graphed on Sephacryl S-200. As shown in Fig. 2, this step led
to the isolation of recombinant profilin.

Separations of yeast-expressed profilin into two forms, one
with a blocked and one with an unblocked N-terminal, was
described earlier [14,41]. It was confirmed here by protein
sequencing that the profilin isolated from the first and second
peak obtained in the phosphocellulose step, contained N-ter-
minally blocked and unblocked profilin, respectively. Acetyla-
tion is the most likely posttranslational modification of profi-
lin [42]. The protein sequencing also confirmed that the W3N
amino acid replacement had taken place. The single peak of
H133S profilin contained unblocked profilin.

0.8

FuU

0,24

0,0

Time (min)

FU

T T 1
0 50 100 150 200 250
Time {min)

Fig. 4. Polymerization of P/y-actin in the absence and presence of
wild-type and mutant profilins. Equimolar concentrations actin and
profilin (12 pM) in G-buffer were polymerized by the addition of
MgCly (panel A) or KCI (panel B) to final concentrations of 2 and
100 mM, respectively. The subsequent formation of filamentous ac-
tin was followed by monitoring the increase in pyrenyl fluorescence
due to the presence of 2% pyrenyl-labeled B/y-actin in the samples.
Filled circles, actin alone; open triangles with W3N mutant profilin
present; open diamonds, H133S profilin; and closed diamonds,
wild-type profilin.
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Fig. 5. The effect of wild-type and mutant profilins on the steady-
state concentration of filamentous actin, in the absence and presence
of gelsolin (panels A and B, respectively). Serial dilutions of polym-
erized actin in G-buffer, containing 2 mM MgCl, and 100 mM
KCl, and the different profilins at 2 uM, were assayed for pyrenyl
fluorescence after overnight incubation at room temperature. Gelso-
lin (panel B) was added to actin at a molar ratio of 1:330. Regres-
sion curves were fitted to the values obtained, and the concentra-
tions of total unpolymerized actin (free and profilin-bound) were
determined for the different cases as described in the text. Closed
circles, actin alone; closed squares, in the presence of wild-type pro-
filin; open triangles, W3N mutant profilin; and open diamonds,
H133S profilin.

3.2. Profilin:poly(L-proline) interaction

To compare the capacity of wild-type and mutant profilins
to bind poly(rL-proline), samples of the different profilins were
incubated separately with a fixed amount of poly(L-proline)-
Sepharose. The amount of profilin that bound to the matrix
was analyzed as described in Section 2. With wild-type profi-
lin, the staining intensity of the profilin band increased with
the amount of profilin added to the poly(i-proline)-Sepharose
(Fig. 3). When the two mutants were analyzed, the amount of
matrix-bound profilin remained at a low level regardless of the
amount of protein added. This showed that the isolated W3N
and H133S mutant profilins did not bind to poly(L-proline)-
Sepharose in agreement with previous observations [7].

3.3. Profilin:actin interaction
3.3.1. Polymerization kinetics. The effects of profilin on

Table 1

The steady-state concentrations of free actin monomers and profi-
lin:actin complexes and the Ky and K., for the profilin:actin inter-
action determined in the presence and absence of gelsolin, respec-
tively

Profilin Capped (+)-ends Uncapped (+)-ends
Kd Afree PA Kapp Afree PA
- - 0.58 - - 0.22 -
0.42 - 0.28

Wild-type 0.26 0.58 1.38 1.66 0.05 0.64
0.30 0.42 1.16 1.37 0.07 0.73

W3N 0.76 0.58 0.87 3.68 0.08 0.37
1.09 0.42 0.43 2.35 0.14 0.45
H1338 0.30 0.58 1.32 2.14 0.05 0.56

0.34 0.42 1.11 2.10 0.06 0.57

Experimental data shown in Fig. 5 were used to derive the values
given here. The Ky and K., values were calculated from the formula
K= Ppee Ay/PA, where Ppo. (‘free’ profilin) = Pugqea—PA, and PA=
Ay—Ace, where A4, is total unpolymerized actin, and A is critical
concentration for polymerization. Agpe. and PA in the absence of
gelsolin . were calculated wusing the following formula [18]:
Apree = iAu_Padded_Kd + V((Paddea + Ka—Au)’ + 4Ky Ay)}/2. This
takes into account that Ape in the absence of gelsolin may vary
from 4. due to participation of profilin-bound actin in monomer
assembly at (+)-ends.
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Fig. 6. Steady-state concentrations of unpolymerized free (open bar)
and profilin-bound actin (closed bar) in the presence of the different
profilins. The values were calculated using the results presented in
Table 1. The concentration of free actin (Age.) in the absence of
profilin (= A.) was 0.22 uM, and the ability of profilin to sequester
monomeric actin and to participate in (+)-end monomer assembly
changed due to the amino acid replacements as shown by the histo-
gram.

polymerization kinetics are shown in Fig. 4A. Actin alone
(12 uM) polymerized with a short lag phase (<1 min), and
reached steady-state level of polymerization 3-4 min after
addition of 2 mM MgCl,. The rate of elongation was 0.45
fluorescence units per min (FU/min). In the presence of equi-
molar concentration of wild-type profilin, the onset of fila-
ment formation was delayed by a lag phase of 2-3 min and
the elongation rate was reduced to 0.04 FU/min, illustrating
the interference with the polymerization process. With the
W3N mutant profilin, there was no effect on the lag phase,
but the elongation rate was slower (0.19 FU/min) than with
actin alone. The H133S profilin delayed the onset of polymer-
ization like wild-type profilin, and the elongation rate was
slowed down (0.06 FU/min), but not as much as with the
non-mutated profilin. Thus the H133S mutation interfered
less with the activity of profilin than the W3N replacement
did. Similar results were obtained when the polymerization
was induced with 100 mM KCI (0.1 mM Ca?t), although
the effects of the profilins appeared more pronounced under
these conditions (Fig. 4B).

3.3.2. Steady-state experiments. Fig. 5A and B show the
effects of 2 UM of the different profilins on the level of F-actin
at various concentrations of actin at steady state of polymer-
ization, without and with gelsolin added, respectively. From
the intercepts between the lines representing unpolymerized
and filamentous actin obtained in the presence of gelsolin,
the equilibrium dissociation constants, Ky, of the profilin:ac-
tin complexes can be calculated [18]. Similarly, the apparent
dissociation constants, K,,,, are obtained from the results
recorded in the absence of gelsolin. These latter values repre-
sent the situation where profilin:actin and free actin both
participate in polymer growth. The K4 and Ky, for the differ-
ent profilin:actin complexes are given in Table 1 together with
the respective steady-state concentrations of free actin mono-
mers (Agee) and profilin:actin (PA). It is clear also from these
analyses (Table 1) that the W3N mutation in profilin affected
the profilin:actin interaction more than the H133S mutation.
The Ky obtained with profilin containing the latter mutation
(0.32 uM) was close to that of wild-type profilin (0.28 uM),
whereas that of the W3N mutant profilin was significantly
higher (0.93 pM) indicating a strong interference with com-
plex formation. With all three profilins, the concentration of
Age. at steady state in the absence of gelsolin was significantly
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Fig. 7. Illustration of the actin-, poly(L-proline)-, and putative PIP2-binding sites of human profilin I. The structure of human profilin I [51] is
shown with the actin-binding residues visualized as CPK-coloured sticks with clouds of dots around, the putative PIP2-binding residues as
cyan-coloured sticks with clouds around, and finally poly(i-proline)-binding residues as CPK-coloured sticks between the N- and C-terminal

helices.

lower than that with actin alone (where Agee = Ac.). It is noted
that the H133S mutant profilin, which only had a slightly
changed Ky, had an effect on A4ge that anything was even
more pronounced than that of wild-type profilin. This illus-
trates that the participation of profilin:actin in (+)-end fila-
ment growth was reduced by the W3N replacement, while it
remained unaffected by the H133S mutation (Fig. 6).

None of the mutations introduced into profilin here altered
the capacity of the profilin to accelerate the exchange of nu-
cleotide on actin monitored as a change in fluorescence when
ATP on actin is exchanged with eATP (data not shown).

3.4. Profilin: PIP2 interaction

The binding of PIP2 to profilin was studied using a filtra-
tion assay, where free profilin is separated from profilin bound
to PIP2 micelles. Analysis of filtrates containing free profilin
by SDS-PAGE showed that both profilin mutants could bind
the micelles. Densitometry of the resulting profilin bands in-
dicated that W3N profilin had a higher affinity for the lipid
compared to wild-type profilin (Table 2), while the H133S
mutant profilin was unchanged in this respect.

Table 2
Binding of profilin mutants to PIP2 as compared to binding of
wild-type profilin

Profilin/PIP2 W3N wild-type/mutant ~ H133S wild-type/mutant
(mole/mole)

1:0 1.13 1.06

1:10 1.97 1.04

1:20 2.93 0.97

1:35 - 0.98

The assay measures the amount of non-PIP2-bound profilin as de-
scribed in Section 2. To illustrate the binding of PIP2 by the mutants
relative to wild-type profilin, the values obtained with the wild-type
protein were divided by the corresponding values obtained with mu-
tant proteins (wild-type/mutant). In samples containing 35 mole of
PIP2 per mole of the W3N mutant protein, there was no detectable
profilin in the flow-through, i.e. all had bound to the PIP2 micelles.
The values given are averages of two experiments.

4. Discussion

It was shown earlier that the W3N and HI133S mutant
profilins are unable to bind to poly(L-proline) [7]. The present
investigation provides an easy method that might be useful for
the isolation not only of profilin variants that cannot bind
poly(L-proline), but also of other mutant and wild-type profi-
lins. It also separates profilin with a blocked N-terminus from
that having a free N-terminus. Even though preliminary re-
sults did not reveal any differences between profilin molecules
with a blocked and unblocked N-terminus with respect to the
activities of the profilins in the actin polymerization assays
(not shown), it may turn out to be important in the interac-
tion of profilin with other proteins. Interestingly, this post-
translational modification of profilin seemed to be more effec-
tive on W3N than on both wild-type and H133S mutant
profilin (not shown).

Profilin is involved in the regulation of actin polymerization
as a sequesterer of actin monomers, and it participates in (+)-
end filament growth as profilin:actin [18,22]. In addition, the
binding of proteins containing proline-rich sequences and of
polyphosphoinositides may modulate the function of profilin
as an actin-regulating protein.

Solving the profilin:B-actin crystal structure revealed two
sites of interaction between profilin and actin. The most ex-
tensive interaction buries 2260 A2 solvent-accessible surface
area (b.s.a.), and forms the profilin:actin complex in solution
[43-45,23]. It involves the first half of the C-terminal helix
(a4), with a crucial residue being K125, the exposed P-sheet
consisting of strands 5, p6, and B7,aand helix a3. The second,
less extensive interaction site (1187 A? b.s.a.) is located on the
opposite side of the profilin molecule and involves residues in
the beginning of the N-terminal helix. There is no direct evi-
dence, as yet, that this second actin-binding site plays a role in
the functioning of profilin vis-a-vis actin [45]. However, the
binding site for poly(L-proline) is located to this side of the
profilin molecule.



C. Bjiorkegren-Sjogren et alIFEBS Letters 418 (1997) 258-264

Poly(L-proline) binds to a conserved feature of the profilin
molecule consisting of a cluster of aromatic and hydrophobic
residues at the interface between the ends of the N- and C-
terminal helices (Fig. 7). It consists of W3, Y6 on the N-
terminal helix (a1) and W31 (adjacent to W3) on strand 2
on one side, and L134, H133, and Y139 on the C-terminal
helix on the other [44]. Presumably, this is the site where the
profilin-binding protein VASP [5] and its homologues ENA
and Mena interact with profilin via their GP5 sequence motifs
[10,11]. Binding of poly(L-proline) does not influence the af-
finity nor the rate of association of actin monomers to profi-
lin, and it does not affect the promotion of actin assembly by
profilin in the presence of thymosin B4 [45]. What effect bind-
ing of VASP or being homologues have on the structure and
function of profilin or the profilin:actin complex remains to
be elucidated.

The W3 is centrally located in this aromatic/hydrophobic
cluster of residues, and the introduction of an asparagine
residue (W3N mutation) disrupts the poly(L-proline)-binding
site. Why this structural change affected the binding of the
profilin to actin is unclear. It is possible, however, that the
W3N substitution destabilizes the entire N-terminal helix,
whose interaction with the underlying B-sheet and the adja-
cent C-terminal helix is hydrophobic in nature, except for a
hydrogen bond between K126 and T15. Disruption of the
relationship between the N- and C-terminal helices could in-
fluence the spatial location of actin-binding amino acid resi-
dues in the beginning of the C-terminal helix and thereby
cause the change in actin-binding observed here. Furthermore,
the binding of antibodies directed against the tryptophanes in
the poly(L-proline)-binding site have been reported to enhance
the binding of Acanthamoeba profilin to actin [23], also point-
ing to a structural relationship between these sites on the
profilin molecule. Ligands interacting with profilin at this
site may therefore affect its actin-binding properties.

The W3N amino acid replacement caused a reduced affinity
for actin and an increased PIP2-binding, pointing to a close
relationship also between the actin- and PIP2-binding surfa-
ces. The PIP2-binding site of mammalian profilin I (Fig. 7)
has been suggested to involve a number of basic residues
(K25, K107, K126, H133, R135, and R136) partially encir-
cling the poly(L-proline)-binding site [44]. Binding of PIP2 to
profilin changes the environment of the two tryptophanes of
profilin [48] and there is a PIP2-induced exposure of S137 to
phosphorylation by protein kinase C [49]. Dissociation of the
profilin:actin complex [4] by PIP2 could be due to interference
with the basic residues K125 and K126 in the primary profi-
lin:actin interaction [43,39], but perturbations of the N- and
C-terminal helices could also be involved. The introduction of
a polar residue, W3N, in the nearness of the implicated site
might explain the increase in PIP2-binding observed. The in-
volvement of R88 and R74 in the binding of PIP2 suggested
in other studies [15,35] is more difficult to explain since these
amino acid residues are buried in the interface between profi-
lin and actin, and direct binding studies have shown that a
tertiary complex between profilin:actin and PIP2 micelles can
form [4].

The W3N and H133S mutations did not abolish the partic-
ipation of the respective profilin:actin complexes in actin pol-
ymerization, Fig. 6 and Table 1. The Ap.. values obtained in
the presence of wild-type, as well as the mutant profilins, were
significantly decreased as compared with Age. (=A..) for actin
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alone. However, the Ag.. for the W3N mutant profilin did not
decrease as much as with the other two profilins. This is
reasonable since this mutant bound actin with a higher Kj.
It may also reflect a lower affinity for the (+)-end of the
filament of this mutant profilin:actin. The latter appears to
agree with the fact that, in the kinetic experiments, this mu-
tant had no effect on the nucleation of actin while it slowed
down the rate of elongation. This suggests that interaction
with W3N profilin alters the (+)-end binding surface on the
actin monomer, since actin associated to wild-type profilin
becomes incorporated at the (+)-end with the same rate con-
stant as free actin [22].

Evidence that the C-terminal helix is important for the
stability of profilin has been given earlier [23,46]. However,
although the H133 is important for binding of poly(L-proline)
[7] and GP; motifs [47], it does not seem to be crucial to the
interaction between the N- and C-terminal helices (Fig. 7),
which may be the reason why the H133S mutation only
slightly affected the affinity of profilin for actin. In fact, re-
moval of eight C-terminal amino acid residues does not pre-
clude the binding of the modified profilin to actin [23]. How-
ever, it was shown recently that profilin becomes
phosphorylated on two residues in the poly(L-proline)-binding
region, S137 and Y139, by kinases present in an EGF-recep-
tor preparation obtained by immunoabsorbtion from lysates
of EGF-stimulated cells [50]. This C-terminal phosphorylation
interferes with the binding of poly(L-proline) to profilin. Thus,
the surface formed by the N- and C-terminal helices is of great
interest, since it appears to be the site where regulation of the
activities exhibited by profilin takes place.
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