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INTRODUCTION

Profilin is a ubiquitous actin monomer-binding pro-
tein, found in organisms from yeast to man. Biochemical
studies indicate that profilin can regulate actin polymer-
ization and have suggested some possible mechanisms.
Early studies in Acanthamoeba, showing that profilin
could reduce the rate and extent of actin polymerization,
were consistent with a model in which free actin mono-
mer is in equilibrium with both actin-profilin complexes
and actin-actin complexes (i.e., filaments). Tobacman
and Korn [1982] calculated that while profilin would not
bind much actin monomer under physiological condi-
tions, it could dramatically amplify any change in mono-
mer concentration caused by other events in the cell.

Electron microscopic studies of actin assembly in
vitro revealed that profilin does more than simply se-
quester monomers [Pollard and Cooper, 1984]. It also
affects the two ends of the actin filament differently,
retarding polymerization more at the ‘‘pointed’’ than at
the ‘‘barbed’” end (these names refer to the arrowhead
appearance of actin filaments decorated with myosin
heads). Profilin might accomplish this by binding to the
surface of the actin monomer that makes contact with the
pointed end of the filament, blocking interaction at that
end. The other surface of the monomer would remain
free to interact with the barbed end. A change in con-
formation in the monomer upon binding at the barbed
end could then reduce its affinity for profilin. The func-
tional consequence would be to increase the bias in actin
polymerization toward the already favored barbed end of
pre-existing filaments by more strongly inhibiting
pointed-end polymerization and nucleation of new fila-
ments.

RELATION TO THE PI CYCLE

The actions of profilin proposed above could take
place passively, i.e., in response to other changes in the
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cell that do not involve a change in the affinity or avail-
ability of profilin for binding to actin. Recent studies
indicate, however, that profilin activity may be regu-
lated. These studies have also raised the possibility that
profilin functions in intracellular signalling. Polyphos-
phoinositides (PIP, and to a lesser extent PIP) can bind to
profilin and dissociate the actin-profilin complex [Lass-
ing and Lindberg, 1988a]. Goldschmidt-Clermont et al.
[1990} have shown that profilin can block the cleavage of
PIP, by phospholipase C. Thus, the PI cycle may be
linked via profilin to actin polymerization. (See minire-
views of Stossel [1989], Forscher {1989], and a coming
review by J.A. Cooper, Annu. Rev. Physiol., in prepa-
ration; also, see discussion below.)

AFFINITY

Whereas the PI cycle might affect profilin avail-
ability, a number of other factors, including the nucle-
otide (see below) and divalent metal bound to actin, loss
of terminal amino acids of actin, and a protein stabilizing
factor [see Larsson and Lindberg, 1988], may alter the
affinity of profilin for actin. It is not clear whether the
affinity is regulated in vivo, however.

The effect of nucleotide on affinity is intriguing
[see Lal and Korn, 1985]. Actin with bound ADP has
higher affinity for profilin than actin with bound ATP,
and the lack of bound nucleotide in the actin-profilin
complexes isolated from mammals might be responsible
for the high affinity of those complexes. Profilin can
affect the state of the actin-bound nucleotide, decreasing
its hydrolysis and increasing its rate of exchange. This
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might represent a physiological mechanism for ordinarily
keeping the affinity of profilin for actin low, and tran-
siently increasing the affinity when there’s an increase in
monomer with bound ADP (during depolymerization,
for instance).

IN VIVO FUNCTION

The role of profilin in regulating actin polymeriza-
tion within the cell has been examined during platelet
activation and chemoattractant stimulation of neutro-
phils. Lassing and Lindberg [1988b] have shown that
blocking PIP, cleavage with neomycin also interferes
with the increase in actin polymerization upon platelet
activation, and suggest that this is because of the inter-
action of PIP, with profilin (see above). There are tran-
sient increases in actin-profilin complexes [Lind et al.,
1987] and in membrane-associated profilin [Hartwig et
al., 1989] when platelets are activated with thrombin,
suggesting that profilin may be a mediator of the induc-
tion of actin assembly. It is tempting to try and construct
a series of events from such findings; for instance,
thrombin might cause a G-protein-mediated activation of
phospholipase C, which could result in a transient low-
ering of the concentration of PIP, and the release of
profilin from the membrane. Profilin would then be free
to form a complex with actin, facilitating the breakdown
of the existing actin network in preparation for the sub-
sequent polymerization that gives rise to the platelet
shape change. Then profilin could return to the mem-
brane as PIP, levels are increased by subsequent steps in
the PI cycle.

This scheme, however, is almost certainly inade-
quate to explain all of the phenomena. It looks from an
examination of quantitation done by Lind et al. [1987]
and Hartwig et al. [1989] (both dependent on a number
of assumptions) that there isn’t enough profilin to ac-
count for the unpolymerized actin in resting platelets, nor
are changes in membrane-bound profilin or actin-profilin
complex upon activation large enough to have much im-
pact in the scheme proposed above (unless multiple os-
cillations in the PI cycle are invoked) [Berridge and Gal-
ione, 1988]. Similar conclusions are reached by
Southwick and Young [1990] studying stimulated neu-
trophils.

Another problem is that Markey et al. [1981] ob-
tained the opposite result, a decrease rather than a tran-
sient increase in levels of the actin-profilin complex upon
platelet activation (as do Southwick and Young [1990] in
neutrophils). Since considerable time elapses between
cell lysis and the measurement of complexes, this assay
may be particularly susceptible to in vivo artifact.

This scheme is also incomplete because it doesn’t
include the contribution of gelsolin. Gelsolin also inter-

acts with PIP, and forms transient complexes with actin
during platelet activation [Stossel, 1989]. Since there is
little formation of actin-profilin complex when platelets
are activated with ADP instead of thrombin, but gelsolin-
actin complexes are formed in both cases [Lind et al.,
1987], it may be that gelsolin is the main player. Profi-
lin’s role might then be to modulate gelsolin effects by
competing with gelsolin for PIP, binding [Janmey and
Stossel, 1989]. Alternately, profilin and gelsolin might
have additive effects.

It’s not even clear how important PIP, is as a mes-
senger, as Bengtsson et al. [1988] found ways of inde-
pendently inducing actin polymerization and breakdown
of PIP, in neutrophils. However, additive effects in that
system, as well as the finding of Hansson et al. [1988]
that protein kinase C can phosphorylate profilin in PIP,-
stimulated manner, suggest that PIP, may play at least a
modulatory role.

It’s also possible that regulation in the other direc-
tion is going on; the amount of profilin bound to mem-
branes in resting platelets is enough to bind a substantial
fraction of the PIP and PIP,. Thus it is reasonable to
propose that profilin might regulate the PI cycle by in-
terfering with PIP, breakdown.

PROFILIN NULL MUTANTS

The above platelet studies are a good first step in
moving from in vitro studies of profilin to an investiga-
tion of its in vivo function. Genetic studies are another
approach to this question. Magdolen et al. [1988] re-
ported that the yeast profilin gene was essential. How-
ever, we found we could obtain viable yeast profilin null
mutants by altering the sporulation conditions, allowing
us to study a more informative null phenotype [Haarer et
al., 1990]. These cells grow about a third as fast as
wild-type yeast and have defects reminiscent of those
seen in temperature-sensitive actin mutants [Novick and
Botstein, 1985]; they are large, round, have budding
defects, and show delocalized actin distribution and dep-
osition of chitin (a normally highly localized cell-wall
component). These and other aspects of the actin mutant
phenotype, taken together with earlier immunofiuores-
cence studies of wild-type yeast (in which actin localiza-
tion correlated with the changing sites of cell-wall secre-
tion during the cell cycle), led to the conclusion that actin
is required for polarized secretion, e.g., during budding.
Therefore, our results with profilin null mutants may
reflect profilin’s role in reorganizing actin during the cell
cycle. We are looking for an event in yeast analogous to
platelet activation so that synchronous changes in re-
sponse to a specific stimulus can be compared in wild-
type and mutant yeast.



SEQUENCE COMPARISONS

The sequences of Acanthamoeba, yeast, Dictyoste-
lium, cow, human, and mouse profilin have been deter-
mined. Whereas some organisms appear to have a single
profilin gene (yeast, human), others have more than one
(Dictyostelium, M. Schleicher and A. Noegel, personal
communication; Acanthamoeba). The Acanthamoeba
isoforms are highly conserved. The mammalian profilins
are extremely highly conserved (greater than 90% iden-
tity), and are slightly larger (~15 kD) than the yeast and
Acanthamoeba profilins (~13 kD). N-terminal sequence
is reasonably conserved among species, the central
stretch is less conserved, and the C-terminal half is again
conserved in the sense that yeast shows similarity to both
Acanthamoeba and mammals. (These latter two show
little similarity to each other in the C-terminal half but
have similar hydropathy plots.)

In most cases it is unclear to what degree the se-
quence differences in these profilins will be reflected in
functional differences. Profilins are grossly similar in
function as they all can make one-to-one complexes with
actin monomer. The Acanthamoeba isoforms appear to
have the same affinity for actin, but a different affinity
for PIP, [Machesky et al., 1989]. We have been able to
complement the profilin null mutation in yeast by intro-
ducing an Acanthamoeba profilin gene on a high-copy-
number plasmid, indicating functional similarity (unpub-
lished results). In contrast to mammals, it has not been
possible to isolate a high-affinity actin-profilin complex
from Acanthamoeba, but this isn’t necessarily due to
differences in the primary sequence (see above).

Sequence comparisons are useful in trying to de-
cide which amino acids may be important for the inter-
action of profilin with actin and PIP,. A sequence near
the C terminus (LADYLIG) that is absolutely conserved
among yeast and Acanthamoeba (but not mammalian)
profilins also shows up in other actin-binding proteins
such as gelsolin [Tellam et al., 1989]. It is therefore a
good candidate for an actin-binding site. Crosslinking
and other data also place an actin-binding site near the
C-terminus of profilin [Vandekerckhove et al., 1989].
The homology to gelsolin is interesting, as it suggests
that profilin, like gelsolin, binds to the face of the actin
monomer that is exposed at the barbed filament end. This
fits with the explanation offered above for differential
effects of profilin on the two actin filament ends.

Basic amino acids are thought to be important in an
electrostatic interaction of profilin with PIP,, since the
phosphates are required for binding (i.e., profilin doesn’t
interact with PI). Profilin binds to mixed lipid micelles
with a stoichiometry of about one profilin to five PIP,’s
[Machesky et al., 1989] indicating that more than one
basic amino acid may be involved. Looking for conser-
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vation in the position of positively charged amino acids
may therefore be a way to find residues that are important
in PIP, binding. One region of profilin does show con-
servation of positive charge; basic residues in yeast align
with those at Acanthamoeba positions 66, 71, 75, 80,
81, and 90. (An alignment gap in this region complicates
the question for mammalian profilins.) Two Acan-
thamoeba profilin isoforms are 80% similar in sequence
but have an order of magnitude difference in their affin-
ity for PIP, [Machesky et al., 1989]. These isoforms
have differences in basic amino acids in only three po-
sitions (residues 24, 50, and 66). Taken together, these
data suggest that position 66 may be one of the residues
involved in PIP, binding. The profilin isoform with the
lower affinity has a histidine instead of an arginine in that
position, which would be less likely to carry a positive
charge at physiological pH. A lysine is found in this
position in yeast and mammalian profilins.

STRUCTURE

Magnus et al. [1988] are determining the three-
dimensional structure of Acanthamoeba profilin, and
Schutt et al. [1989] are determining the structure of a
mammalian actin-profilin complex. Mammalian profilin
at low resolution appears similar in shape to Acan-
thamoeba profilin. The arrangement in the actin-profilin
crystal looks like an ‘‘untwisted’’ actin filament with
profilin in the interstices, leading Schutt et al. [1989] to
propose that profilin regulates filament structure or as-
sembly in a previously unsuspected way. Since profilin
does not cosediment with filaments, this structure might
only represent a transient state, and might indicate that
profilin does not block all of the sites of actin-actin in-
teraction.

SUMMARY AND FUTURE DIRECTIONS

In vitro studies suggest ways that profilin may reg-
ulate actin polymerization. Future studies will expand
our understanding of how this activity is involved in cell
function. At present, there is evidence for a link with the
PI cycle, but it is far from clear what the role of this
interaction is; this question is being actively pursued.
Genetic studies, using site-directed mutagenesis for in-
stance, should provide insight into in vivo function, and
may help in determining whether all of profilin’s actions
result from its interaction with actin, or whether it has
other, independent effects (on PIP,, for example). The
three-dimensional structures now being determined will
be invaluable in interpreting results of these site-directed
mutagenesis studies.
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