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ABSTRACT Acanthamoeba class I myosins are unconven-
tional, single-headed myosins that express actin-activated
Mg?*-ATPase and in vitro motility activities only when a single
serine or threonine in the heavy chain is phosphorylated by
myosin I heavy chain kinase (MIHCK). Some other, but not
most, class I myosins have the same consensus phosphoryla-
tion site sequence, and the two known class VI myosins have
a phosphorylatable residue in the homologous position, where
most myosins have an aspartate or glutamate residue. Re-
cently, we found that the catalytic domain of Acanthamoeba
MIHCK has extensive sequence similarity to the p21-activated
kinase (PAK)/STE20 family of kinases from mammals and
yeast, which are activated by small GTP-binding proteins. The
physiological substrates of the PAK/STE20 kinases are not
well characterized. In this paper we show that PAK1 has
similar substrate specificity as MIHCK when assayed against
synthetic substrates and that PAK1 phosphorylates the heavy
chain (1 mol of P; per mol) and activates Acanthamoeba myosin
I as MIHCK does. These results, together with the known
involvement of Acanthamoeba myosin I, yeast myosin I, STE20,
PAK, and small GTP-binding proteins in membrane- and
cytoskeleton-associated morphogenetic transformations and
activities, suggest that myosins may be physiological sub-
strates for the PAK/STE20 family and thus mediators of these
events.

Conventional, two-headed, filamentous class II myosins and
unconventional, single-headed, nonfilamentous class I myosins
are the most widely distributed of the 12 classes of the myosin
superfamily (1). Class I myosins have a single, relatively short
(for myosins) heavy chain and one or more light chains (2, 3).
As for all myosins, the N-terminal, globular domain of class I
myosins has an ATP-sensitive actin-binding site and expresses
actin-activated Mg?*-ATPase activity (4). The short C-
terminal domain of the classic amoeba class I myosins contains
an ATP-insensitive F-actin-binding site (5), an acidic phos-
pholipid/membrane-binding site (6), and a Src homology 3
(SH3) region. Other class I myosins may lack the ATP-
insensitive F-actin-binding site and SH3 region (7).

The actin-activated Mg?"-ATPase activity (2) and the in
vitro motility activity (8, 9) of the three Acanthamoeba class 1
myosins depend on phosphorylation of a serine or threonine
residue (depending on the isozyme) in the N-terminal domain
of the heavy chain at a site (10) where almost every other
myosin contains either an aspartate or glutamate residue (11).
The known exceptions (11, 12) are class I myosins from
Dictyostelium (five isozymes), Aspergillus, and Saccharomyces
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cerevisiae (two isozymes) and class VI myosins from Drosophila
and pig, which also have either a serine or threonine residue
at this position. However, thus far only Acanthamoeba (2, 8, 9)
and Dictyostelium (13) myosins I have been shown to be
activated by phosphorylation of their single heavy chains.

Acanthamoeba myosin I heavy chain kinase (MIHCK) is
partially activated by association with phospholipids or mem-
branes (14-16) and fully activated by autophosphorylation of
multiple sites (14, 16), including at least one site in the
C-terminal 35-kDa catalytic domain (35K; ref. 17). Studies
with synthetic peptide substrates revealed an unusual require-
ment for a tyrosine residue two amino acids C-terminal to the
serine or threonine that is phosphorylated, in addition to the
common kinase requirement for basic amino acids on the
N-terminal side of the phosphorylation site (18). This consen-
sus MIHCK substrate site occurs in all but one of the myosins
with a serine or threonine at the position of the phosphory-
lated residue in the eight known Acanthamoeba and Dictyo-
stelium class I myosins (11, 12); in the exception, isoleucine
replaces tyrosine as it does in the two class VI myosins (11, 12).

The recently determined sequences of MIHCK from Acan-
thamoeba (19) and Dictyostelium (20) show both to be mem-
bers of the p21-activated kinase (PAK)/STE20 kinase family.
PAK and STE20, which are generally thought to be involved
in regulation of the stress-activated mitogen-activating protein
kinases (21-23), are regulated by the small GTPases Rac and
Cdc42 (24-26). These GTPases also induce membrane/
cytoskeletal assembly, leading to the formation of distinct actin
structures involved in cell motility and other cellular processes
(27-29).

Little is known about the biological substrates of PAK and
related kinases in general, although PAK has been shown to
phosphorylate the p47phox component of the NADPH oxidase
in phagocytic leukocytes (25, 30). PAK1 has been localized to
membranes where active membrane/cytoskeletal changes are
occurring in mammalian fibroblasts (S. Dharmawawardhane,
R. H. Daniels, and G.M.B., unpublished data), and PAKI1 is
capable of inducing a polarized rearrangement of the actin
cytoskeleton (M. A. Sells, U.G.K., S. Bagrodia, D. Ambrose,
G.M.B,, and J. Chernoff, unpublished data). Acanthamoeba
and Dictyostelium myosin I are known to be involved in
membrane-associated activities (31-35), and myosin I in S.
cerevisiae is required for receptor-mediated endocytosis (36)
and cytoskeleton polarization (37). Based on the identification
of MIHCK as a member of the PAK family, it is intriguing to
speculate that PAK/STE20 might regulate morphological
processes in yeast and mammalian cells by phosphorylating
and activating myosins.

The present study shows that PAK shares the unusual
peptide substrate specificity of Acanthamoeba MIHCK, phos-

Abbreviations: MIHCK, myosin I heavy chain kinase; 35K, the 35-kDa
catalytic domain of MIHCK; SH3, Src homology 3; PAK, p21-
activated kinase.
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phorylates Acanthamoeba myosin I heavy chain, and activates
its actin-activated Mg?*-ATPase activity in vitro. These results
support the hypothesis that the PAK/STE20 family regulates
cell morphology and function, at least in part, through phos-
phorylation and activation of myosins.

MATERIALS AND METHODS

Proteins and Peptides. MIHCK was purified from Acan-
thamoeba as previously described (38). MIHCK catalytic do-
main (35K) (18) and myosin IC (39) were expressed in insect
cells and purified as described elsewhere. Recombinant human
PAKI1 was expressed in Escherichia coli as a poly(His) N-
terminal fusion protein and affinity-purified on Ni>*-NTA
agarose beads. The peptide substrates were synthesized and
purified as previously described (18).

Enzyme Assays. Kinase activity was assayed as described
(18) by incubation in 50 mM imidazole buffer (pH 7.0),
containing 2.5 mM [y-3?P]ATP (30 cpm/pmol), 3.5 mM
MgCl,, 1 mM EDTA, and 0.2 mg/ml of bovine serum albumin
for 2 min at 30°C. The concentration of each of the peptide
substrates was 0.4 mM and the kinase concentrations were as
follows: MIHCK, 3.36 ng/ml; 35K, 5.36 pug/ml; and PAK, 2.36
pg/ml. MIHCK was fully activated by autophosphorylation
(14) before the assay. The Mg?*-ATPase activity of myosin I
was determined by incubating myosin IC (11 ug/ml) in 20 mM
imidazole (pH 7.5), containing 3 mM [y-3?P]ATP (2 cpm/
pmol), 4 mM MgCly, 0.4 mM EGTA, and 0.4 mg/ml of bovine
serum albumin without and with 90 uM rabbit skeletal F-actin
for 2 min at 30°C.

Phosphorylation of Myosin IC. Myosin IC (110 ug/ml) was
phosphorylated by incubation with either 35K or PAK at 30°C
in 10 mM imidazole (pH 7.5), containing 1 mM ATP, 5 mM
MgCl,, and 1 mM EGTA. When maximum incorporation of
phosphate was determined, [y-3?P]JATP (300 cpm/pmol) was
used and the concentrations of 35K and PAK were 27 ug/ml
and 170 ug/ml, respectively. Samples were separated by SDS/
PAGE and imaged by autoradiography, and the bands corre-
sponding to the heavy chain of myosin IC were excised,
solubilized, and counted by liquid scintillation counting as
described (40). When myosin IC was phosphorylated for
determination of its Mg?>*-ATPase activity, nonradioactive
ATP was used and the concentrations of 35K and PAK were
32 wg/ml and 25 ug/ml, respectively.

RESULTS

Substrate Specificity. The synthetic peptides used as sub-
strates for PAK1 and MIHCK are shown in Table 1. PC9

Table 1. Synthetic peptides used as kinase substrates

Name Sequence Identification

PC9 GRGRSS*VYS Phosphorylation site of
Acanthamoeba
myosin IC

PCJ GRGRSS*VLS As above, with leucine
replacing tyrosine

PK12 KRASVVGT*TYWM Phosphorylation site of
MIHCK

PAK13 SKRSTMVGT*P YWM Phosphorylation site of
PAK

See text for references to peptide sequences. The asterisks identify
the serine that has been shown to be phosphorylated in PC9 by
MIHCK (MICHK phosphorylates the same residue in myosin IC) and
the serine and threonines that are in the corresponding locations in
PCJ and PK12 and PAK13, respectively. The tyrosine that is essential
for phosphorylation of PC9 by MIHCK is underlined, as are the
leucine and tyrosines in the corresponding locations in PCJ and PK12
and PAKI13, respectively. See text for details.
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corresponds to the established phosphorylation site of Acan-
thamoeba myosin IC (10, 18). PCJ is the same peptide, but with
the essential tyrosine residue replaced by leucine, and is not a
substrate for MIHCK (18). PK12 corresponds in sequence to
the phosphorylation site within the catalytic domain of Acan-
thamoeba MIHCK (19) that must be autophosphorylated for
kinase activity (14, 41). PAK13 is the corresponding site in
PAKI1, which has been shown to be autophosphorylated in
active kinase (42). The strong sequence similarity between
PK12 and PAK13 is indicative of the highly conserved nature
of this region of the catalytic domain of the MIHCK/PAK/
STE20 family.

The data in Fig. 1 show that PAKI, like MIHCK and 35K,
strongly prefers a substrate with a tyrosine residue two posi-
tions C-terminal to the phosphorylatable serine (PC9 vs. PCJ)
and that PAK1 has a somewhat broader peptide specificity
than MIHCK and 35K, in that it phosphorylates both its own
and the MIHCK putative phosphorylation sites almost as well
as PC9, while MIHCK and 35K show less activity for PK12 than
for PC9 and even lower activity with PAK13. It is likely that
PAKI1 phosphorylates the same residue in PC9 as MIHCK (see
Table 1). We do not know which of the serine/threonine
residues were phosphorylated in PK12 and PAK13. In previous
studies with synthetic peptides (18), phosphorylation with
MIHCK always occurred at the hydroxyamino acid two posi-
tions N-terminal to Tyr and was unaffected by the exact
position of the basic amino acids. The principal difference
between PC9 and PK12 and PAKI13 may be the greater
distance between the basic amino acids and Tyr in PK12 and
PAK13, and the principal difference between PAK13 and
PK12 may be the presence in PAK13 of a proline between the
phosphorylated threonine and tyrosine; similar conclusions
were reached in a separate study (U.G.K., unpublished obser-
vations). These differences might shift the phosphorylation
site to a more N-terminal position. The presence of threonine
or serine in the phosphorylation site seems unlikely to be of
significance as MIHCK phosphorylates Acanthamoeba myosin
IA (which has a threonine in that position) as well as it
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FiG. 1. Substrate specificities of Acanthamoeba MIHCK, 35K, and
PAKI. Kinase activities were determined as described with the
synthetic peptides described in Table 1 as substrates. MIHCK was fully
activated by autophosphorylation (11) before its assay; expressed 35K
is fully active without autophosphorylation (17). His-PAK1 is consti-
tutively active (U.G.K., unpublished observations). To compare their
relative substrate specificities, the activities were normalized to their
activities with PC9 as substrate as 100; the actual specific activities with
PC9 were: MIHCK, 26 umol'min~!-mg~1; 35K, 27 umol'min~!-mg~1;
and His-PAK1, 0.37 umol'min~!mg~1.
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Fi1G. 2. Autoradiography of the heavy chain of Acanthamoeba
myosin IC after phosphorylation with expressed 35K and PAKI.
Myosin IC was incubated with [y-32P]JATP and either 35K (Left) or
His-PAKI1 (Right) as described for the indicated times. The reactions
were stopped by addition of SDS sample buffer and the samples
separated by PAGE. The autoradiogram of the myosin IC heavy chains
is shown. The level of phosphorylation was ~1 mol of P; per mol in all
samples except the 5-min 35K sample, which was ~0.8 mol of P; per
mol.

phosphorylates Acanthamoeba myosin IB and IC (which have
serines).

Phosphorylation and Activation of Myosin I. 35K catalyzed
the incorporation of 1 mol of P; per mol of baculovirus-
expressed Acanthamoeba myosin IC, as was previously shown
for native MIHCK and native myosin IC (43). Under identical
conditions, PAK1 phosphorylated the heavy chain of myosin
IC to the same extent as MIHCK (Fig. 2). In this experiment,
phosphate incorporation by PAK1 was complete in 5 min and
never exceeded 1 mol of P; per mol, despite the excess of kinase
and the length of the incubation. These results indicate that
PAKI, like MIHCK, phosphorylates only one specific site in
the myosin IC heavy chain. Moreover, the actin-dependent
Mg?*-ATPase activity of myosin IC was stimulated ~15-fold
after phosphorylation by either PAK1 or 35K (Table 2), which,
together with the data for the synthetic peptides, strongly
indicates that PAK1 phosphorylates the same residue in the
myosin IC heavy chain as MIHCK.

DISCUSSION

The data in this paper indicate that, in addition to their
sequence similarity, PAK1 and MIHCK have similar substrate
specificities and that PAK1 phosphorylates the heavy chain of
myosin I and stimulates its actin-dependent Mg?*-ATPase
activity. Thus PAK1 and other members of the PAK/STE20
family are likely to function in vivo to phosphorylate and
activate myosins in addition to their roles in regulating the
mitogen-activating protein kinase cascade. The myosins so
regulated might extend beyond those class I and class VI
myosins that, as mentioned above, have an hydroxyamino acid
at the same position in the heavy chain as Acanthamoeba
myosin IC, because Acanthamoeba MIHCK has long been
known (44) and PAK has recently been shown (G.M.B.,
unpublished observations; refs. 45-47) to phosphorylate the

Table 2. Activation of Acanthamoeba myosin IC by
phosphorylation of its heavy chain by PAK1

Mg2*-ATPase

activity, s~
Kinase — actin + actin
None 0.5 1.3
PAKI1 0.5 7.5
35K 0.5 8.5

Myosin IC was incubated in the presence of ATP either alone or
with PAK1 or 35K for 30 min at 30°C. The Mg?*-ATPase activity of
the myosin was then measured in the absence or presence of 90 uM
F-actin, as described in more detail in text.
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regulatory light chain and enhance the actin-activated Mg?*-
ATPase activity of class II myosins.

That the regulatory light chain of myosin II is phosphory-
lated by MIHCK and PAK, even though it lacks the exact
consensus MIHCK/PAK phosphorylation site, as defined
by studies with synthetic peptides¥, illustrates one of the
limitations of determining substrate specificity based on syn-
thetic peptides. While it is likely that protein sites with the
same sequence as the peptide substrates will also be substrates
(if accessible to the enzyme), the peptide studies do not
exclude other sites that either were not tested as synthetic
peptides or that were made to resemble the synthetic substrate
as a consequence of the tertiary structure of the protein.

The current findings suggest that at least part of the effects
of Rac and/or Cdc42 on cell morphology and motility results
from their ability to regulate myosin phosphorylation via
kinases of the PAK family. In light of the recent observations
that myosin II is also phosphorylated and activated by
Rho-associated kinase (48, 49), this may be a common
feature of cytoskeletal regulation by Rho GTPases. These
results also support a role for PAKs as mediators of actin
cytoskeleton regulation (S. Dharmawawardhane, R. H.
Daniels, and G.M.B., unpublished data; M. A. Sells, U.G.K.,
S. Bagrodia, D. Ambrose, G.M.B., and J. Chernoff, unpub-
lished data). Interestingly, modulation of the cytoskeleton by
PAK may require both the catalytic serine/threonine kinase
activity, which resides in the C terminus, and interactions of
PAK with SH3-containing regulatory proteins via N-
terminal, proline-rich, SH3-binding motifs (50, 51). These
data and the aforementioned involvement of STE20 kinases
and/or class I myosins in endocytic events and other mor-
phological transformations in S. cerevisiae, Acanthamoeba,
and Dictyostelium, indicate that the underlying molecular
basis of these processes has been highly conserved in eu-
karyotes from fungi to mammals.

IThr-18, the site in the myosin II light chain phosphorylated by
MIHCK (H. Brzeska, J. R. Sellers, and E. D. Korn, unpublished
observations), has basic residues N-terminal to it, like the consensus
MIHCK phosphorylation site, but Phe (not Tyr) four (not two)
positions on its C-terminal side; substitution of Phe for Tyr in PC9
drastically reduces its phosphorylation by MIHCK (18).

Note. After this research was completed, we learned that Wu et al. (52)
had reached conclusions similar to those reported in this paper after
finding that Dictyostelium myosin ID was phosphorylated and activated
by several members of the PAK/STE family.
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supported in part by grants from the National Institutes of Health
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