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Acanthamoeba myosin IC (AMIC) is a single-headed myosin com-
prised of one heavy chain (129 kDa) and one light chain (17 kDa).
The heavy chain has head, neck (light chain-binding), and tail
domains. The tail consists of four subdomains: a basic region (BR)
(23 kDa) and two Gly�Pro�Ala-rich (GPA) regions, GPA1 (6 kDa) and
GPA2 (15 kDa), flanking an Src homology 3 region (6 kDa). Al-
though the AMIC head is similar in sequence, structure, and
function (ATPase motor) to other myosin heads, the organization
of the tail has been less clear as has its function beyond an assumed
role in binding interaction partners, e.g., the BR has a membrane
affinity and the GPA components bind F-actin in an ATP-indepen-
dent manner. To investigate the spatial arrangement of subdo-
mains in the tail, we have used cryo-electron microscopy and image
reconstruction to compare actin filaments decorated with WT AMIC
and tail-truncated mutants of various lengths. The BR forms an
oval-shaped feature, �40 Å long, that diverges obliquely from the
head, extending azimuthally around the actin filament and toward
its barbed end. GPA2 and GPA1 are located together on the inner
(actin-proximal) side of the tail, close enough to act in concert in
binding the same or another actin filament. The outer face of the
BR is strategically exposed for membrane or vesicle binding.

Members of the myosin superfamily identified to date fall
into 18 classes (1, 2). Although they are classified primarily

in terms of their head domain sequences, phylogenetic analysis
also assigns the neck�tail domains of the heavy chains to the
same classes (3). Class I myosins are nonfilamentous proteins
with basic tails that bind to phospholipids (4).

Acanthamoeba has three class I myosins: AMIA, AMIB, and
AMIC (5). The latter protein, the object of this study, associates
with plasma membranes and membranes of large contractile
vacuoles that play essential roles in osmoregulation (6–8). More
recent localization studies have revealed that the concentration
of AMIC around contractile vacuoles and macropinocytosis cups
is transient (9, 10). AMIC has an 80-kDa head domain, a 50-kDa
tail domain, and one 17-kDa light chain (11) of unknown
function binding to a 3-kDa neck domain (Fig. 1A). In this
article, we use the terms head domain, tail domain, etc. to refer
to previously defined regions of amino acid sequence (Fig. 1 A)
and head and tail to denote structural features of our density
maps. The tail domain has four subdomains: basic region (BR),
Gly�Pro�Ala-rich (GPA)1, GPA2, and Src homology 3 (SH3).
The BR binds to acidic vacuole membranes (12). GPA1 and
GPA2 are ATP-independent actin-binding sites (13, 14). The
bundling of actin filaments by AMIC (unpublished observations)
also supports the idea that its tail can bind to another actin
filament, as can AMIA and AMIB (15, 16) and cardiac muscle
myosin II (17). SH3 domains are found in a number of
membrane-cytoskeletal proteins and are thought to engage in
protein–protein interactions. Dictyostelium myosin I and AMI
bind through their SH3 domains to Pro-rich regions in CARMIL
(capping protein, Arp2�3, and myosin I linker) (18, 19), which
also binds capping protein and the Arp2�3 complex (18).

AMIC actin-activated ATPase activity is regulated by phos-
phorylation of Ser-329 in the actin-binding region of the head
(20). The structural consequences of a change of nucleotide

state, rigor to MgADP, have been examined by cryo-electron
microscopy (EM) of actin filaments decorated with constitu-
tively active and inactive mutant AMICs (21). Unlike brush
border myosin I (22, 23) and smooth muscle myosin II (24) in
which substantial swings of the tail were found to accompany this
switch, no such effect was detected with AMIC, an observation
that may reflect kinetic differences between the respective
systems. That study (21) depicted the AMIC tail as a distal lobe
connected at an oblique angle to the neck region. The sequences
of the AMIA and AMIB tail domains reveal similar subdomains
to AMIC except that SH3 follows a single contiguous GPA
region rather than splitting it into GPA1 and GPA2 (25, 26). The
AMIB tail has also been visualized by cryo-EM (27).

Although the overall shape of the AMIC tail has been
described, the placement of its four subdomains remains un-
known. Motivated by the possibility that information of this kind
might yield insight into the roles of the various tail subdomains
in linking AMIC to potential interaction partners such as
membranes and other actin filaments, we have investigated this
question by difference imaging. Mutant AMIC molecules trun-
cated by removal of different numbers of tail subdomains were
expressed and purified (13). We then used cryo-EM and 3D
image reconstruction to systematically compare actin filaments
decorated with these mutant myosins.

Materials and Methods
Protein Purification. WT and mutant AMICs were prepared as
described (21). Myosins were dissolved in 10 mM Tris (pH 7.5),
100 mM KCl, 2 mM MgCl2, and 1 mM DTT. Rabbit skeletal
muscle actin was purchased from Cytoskeleton (Denver). F-actin
was dissolved in 50 mM KCl, 10 mM Tris (pH 7.5), 2 mM MgCl2,
and 1 mM DTT and stabilized by phalloidin.

Cryo-EM. Drops of actin filament suspension were applied to
holey carbon grids to drape actin filaments across holes. Then,
the filaments were decorated by incubating the grids on AMIC-
containing drops, as described (21). After blotting, the grids
were vitrified and imaged in a CM200 FEG electron microscope
(FEI, Hillsboro, OR) operated at 120 kV and �38,000 magni-
fication. Micrographs were recorded, mostly as focus pairs, at
defocus values of 1.2–2.5 �m, placing the first contrast transfer
function zeros at spacings of 22–29 Å and digitized with a SCAI
scanner (Z�I Imaging, Huntsville, AL).

Image Analysis. 3D reconstructions of decorated actin filaments
were calculated with the PHOELIX program (28), assuming helical
symmetry with the selection rule, l � 25n � 54m (21). Members
of focus pairs were processed separately. Contrast transfer
function effects were corrected by flipping phases between zeros
on layer-lines (28). For surface renderings, the contour level was
chosen such that the motor domain enclosed a volume appro-
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priate for 100% of its molecular weight. UNBLOB (29) was used
to calculate volumes and eliminate residual ‘‘salt and pepper’’
noise from the density maps. BSOFT (30) was used for general
image processing. Resolution was evaluated in terms of the
Fourier shell correlation coefficient (31).

Before calculating a difference map, two density maps were
aligned and scaled by calculating a relative screw displacement
and density normalization to minimize the rms difference be-
tween their respective motor domains. For visualization, AMIRA
(TGS, San Diego) was used for surface rendering, and contour
maps for horizontal sections were drawn with PHOTOSHOP
(Adobe Systems, San Jose, CA).

Molecular Modeling. The atomic model of the Dictyostelium
myosin IE head domain (32) was fitted to the reconstruction
manually by using O (33). A quasi-atomic model of actin
filaments decorated by myosin subfragment 1 from skeletal
muscle (34) was used to compare the binding aspect of AMIC to
the actin filament with that of myosin II.

Results
Visualization of Actin Filaments Decorated with WT and Mutant AMICs.
In addition to WT AMIC, we expressed and purified four
truncation mutants (T1, T4, T5, and T6) and �SH3, a deletion
mutant that lacks the SH3 region so that GPA1 is spliced directly
to GPA2 (Fig. 1 A and B). The mutant myosins increase in length
from T1, which lacks the entire tail domain, to T6, which lacks
only the distal subdomain, GPA2. All but T1 bind the light chain
(ref. 13; Fig. 1B). Cryo-EM (e.g., Fig. 1C) confirmed the
observation (13) that in rigor, i.e., in the absence of nucleotide,
all of the mutant proteins bind readily to actin filaments. The
diffraction patterns of micrographs of the decorated actin fila-
ments showed well defined layer-lines, suggesting full or nearly
full occupancy (e.g., Fig. 1C).

We used the PHOELIX helical reconstruction program (28) to
determine the 3D structures of WT and mutant AMIC mol-
ecules (Fig. 2). The resolutions of the resulting density maps
range from 22 Å for T4-decorated actin filaments to 33 Å for
�SH3 (Table 1). The structure obtained for WT AMIC is
similar to that calculated previously (21), although slightly
more detailed. The most marked change in this series of
reconstructions is from T1 to T4 (Fig. 2 A and B), in which the
distal lobe appears (Fig. 2B, arrowhead), attached to the head
by a narrow connection (Fig. 2B, arrow). Subsequent increases
in the size of the tail domain (T5 to T6 to WT) are accom-
panied by a thickening of this connection and relatively subtle
alterations in the distal lobe that are best evaluated in terms
of difference maps (see below).

AMIC Head Structure and Binding Aspect. Before addressing the
organization of the distal lobe, we examined the head structures.
Noting that T1 is perceptibly shorter than T4 (Fig. 2 A and B,
bars), we wanted to ascertain where the volume occupied by the
head domain stops and that occupied by the neck domain, plus
the light chain and the tail domain, starts. The longer T4
structural head registers in the T4–T1 difference map by con-
tributing one lobe of a bilobed feature (red in Fig. 3A). This
terminal portion of the head is linked to the proximal portion of
the tail by a narrow constriction.

We performed a more detailed appraisal of the AMIC head
by molecular modeling. T1 corresponds to the head domain of
chick myosin II (36% sequence identity, 54% similarity), apart
from lacking myosin II’s 80-residue N-terminal region. As with
our previous AMIC reconstruction (21), the crystal structure of
the latter domain fits well into the cryo-EM envelope (data not
shown), leaving no doubt that the AMIC head domain has
essentially the same fold. This fit differs from the previous one
by only 0.5–1° in terms of its long axis inclination relative to the
actin filament axis.

Recently, a crystal structure for the Dictyostelium myosin IE
head domain was reported (32). Because this protein is closer to
AMIC (51% identity, 61% similarity up to AMIC residue 667),
we repeated the docking with it and again obtained a good fit
(Fig. 4). The docked myosin IE head domain is essentially
superimposable on the docked myosin II head domain (data not
shown). There is, however, a relative rotation of 15° between the
rigor binding aspect of AMIC and that of myosin II (Fig. 4, bars),
as we ascertained by comparing our fit with a previously
published quasi-atomic model (34). This discrepancy is in line
with the 10° difference observed between the orientations of the

Fig. 1. Subdomain organization and actin filament-binding properties of
full-length AMIC and truncated variants. (A) Schematic diagram of the domain
compositions of the AMIC mutants analyzed in this study. The domain bound-
aries are from ref. 13. (B) SDS�PAGE of the purified proteins (reproduced from
ref. 13). HC, heavy chain; LC, light chain. (C) Typical cryo-electron micrographs
and diffraction patterns of AMIC-decorated actin filaments. A few key layer-
lines are indexed.
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actin-bound heads of AMIB and brush border myosin I (25). It
would appear that this property (rigor binding aspect) is specific
to the AMIs.

Tail Components Visualized by Difference Mapping. Before calculat-
ing each difference map, we optimized the relative alignment and
normalization of the two reconstructions under comparison.
BR. In Fig. 3A, the difference density between the T4 and T1
mutants is shown in red, superimposed on the T1-actin surface

rendering (Left), and is also mapped in red on a transverse
section (Right) together with T1�actin reconstruction in black
and actin from the quasi-atomic model (34) in green. The
difference density is bilobed, with the two lobes being of roughly
equal size. The most straightforward interpretation is that the
proximal lobe, which is the terminal portion of the AMIC head,
is contributed by the light chain (149 residues) plus the neck
domain (residues 694–720), whereas the distal lobe represents
the major, C-terminal portion of the BR (residues 721–940).
GPA1. Fig. 3B shows the difference density between T5 and T4,
presumably caused by GPA1, overlaid on T4 and in transverse
sections. Extra density appears on both the inner (actin-
proximal) and outer sides of the T4 tail (arrows and arrowheads,
respectively). We interpret the inner part as GPA1 both because
it is larger and because it represents space not occupied in T4
(see below). In contrast, the outer part is in a region already
occupied by density in T4 and its apparent increase most likely
represents an improvement in order or a slight outward move-
ment of the BR in this mutant.
GPA2. Extra density that can be interpreted as GPA2 shows up
clearly in the difference map between WT and T6 (Fig. 3C). This
density locates on the inner side of the tail and extends up into
the neck. Despite the lower resolution of the �SH3 reconstruc-
tion, the difference map between it and T5 also maps GPA2 to
the same location (data not shown), confirming this assignment.
Taken together, the above data indicate that GPA1 and GPA2
are in mutual proximity on the inner surface of the tail (arrows
in Fig. 3 B and C).

Fig. 2. Surface renderings of the 3D structures of actin filaments decorated with various AMIC-associated constructs. (A) T1. (B) T4. (C) T5. (D) T6. (E) WT. (F)
�SH3. Note the very thin connection (arrow) between the head–neck and tail (arrowhead) in the T4 construct (B) and its progressive thickening in the longer
tail constructs (C–F, arrows). The two bars denote the difference in length between the T1 and T4 heads. A side-by-side comparison of T1 and WT is given in Fig.
6, which is published as supporting information on the PNAS web site.

Table 1. Resolutions and other reconstruction parameters

Construct
Domains in
construct

No. of
filaments

No. of AMIC
molecules*

Resolution,†

Å

T1 Head 14 1,820 26.4 (22.2)
T4 Head, neck, BR 30 3,900 21.8 (20.2)
T5 Head, neck,

BR, GPA1
65 8,450 22.8 (18.9)

T6 Head, neck,
BR, GPA1, SH3

55 7,150 29.5 (28.9)

WT Head, neck,
BR, GPA1, SH3,
GPA2

43 5,590 25.1 (18.2)

�SH3 Head, neck,
BR, GPA1,
GPA2

28 3,640 33.3 (31.2)

*Assuming 100% occupancy.
†Fourier shell correlation coefficient � 0.5 (0.3).
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SH3. In principle, SH3 should account for extra density seen in T6
but not in T5 and in a difference between WT and �SH3.
However, we found these difference maps (data not shown) to
be noisier than those described above. They are consistent with
SH3 being either at the tip of the tail or at the neck region but
did not allow a conclusive localization. To explain the marginal
visibility of SH3, we suspect that its attachment to the GPAs is
somewhat flexible.

Discussion
Volume Recovery, Flexibility, and Disorder. In cryo-EM reconstruc-
tions of protein complexes, some density may be poorly visible
on account of disorder. Accordingly, there is ambiguity as to the
most appropriate contour value to use for surface rendering. For
this reason, we tried two values. One, based on fitting the myosin

IE head domain (Fig. 4), is expected to underestimate the size
of the tail on account of both global disorder (the outer portions
are relatively remote from the stabilizing attachment point on
the actin filament) and local disorder. However, it enclosed a
volume corresponding to 135 kDa, or 95% of the expected mass
(125-kDa heavy chain plus 16.7-kDa light chain). A second
contour level, chosen to enclose the whole AMIC mass, might
overestimate the overall dimensions, effecting some global swell-
ing to replace density missing as a result of local disorder.
However, the perceived size and shape of the AMIC tail were
little affected by these variations in procedure (Fig. 7, which is
published as supporting information on the PNAS web site).

Which subdomains are most likely to be affected by disorder?
To address the potential concern that the truncated tails might
not fold correctly, we subjected the purified proteins to digestion

Fig. 3. Difference densities mapped on surface renderings and in horizontal sections. (A) The difference between T4 and T1 (red) is overlaid on the T1
reconstruction (light blue). The density of actin (34) is shown in green. (B) T5–T4 overlaid on T4. (C) WT–T6 overlaid on T6. In B and C, extra density that we interpret
as being GPA1-associated is marked by arrows in B: enhanced density on the other side of BR (arrowheads) is interpreted as an ordering effect.

12192 � www.pnas.org�cgi�doi�10.1073�pnas.0404835101 Ishikawa et al.



with trypsin, because unfolded proteins tend to be acutely
sensitive to proteolysis. However, we found them to be no more
sensitive than full-length AMIC (Fig. 8, which is published as
supporting information on the PNAS web site). The inference
that tails with partial sets of subdomains fold and assemble
correctly is consistent with observations on expressed tail sub-
domains of AMIA (26).

The volume recovery of subdomains in difference maps
provides an indicator of their order�disorder with the caveats
that difference maps are affected by residual noise from both
contributing density maps, and small features may be diminished
or even reduced below the detection threshold by limited
resolution. By this criterion, GPA2 and BR are well localized in
the WT–T6 and T4–T1 difference maps, with �100% and �82%
recovery, respectively. GPA1 is less evident in the T5–T4
difference maps (�50% recovery), taking only the inner density
into account. GPA1 is unusually rich in Gly (35%) and contains
several tracts of tandem Gly repeats: as such, it may be flexible,
in line with the properties attributed to ‘‘glycine-loop’’ proteins
(35). SH3 is also marginally visible. This small domain is likely
to have the canonical SH3 fold (26) but to be coupled loosely to
GPA1�GPA2.

Architecture of the AMIC Tail. AMIC bends sharply at the head–tail
junction (arrows in Fig. 2). Adding the GPA and SH3 subdo-
mains to the T4 construct (T5, T6, and WT) has little effect on
the length of the tail (Fig. 2): rather, density accretes on its inner
surface and there is a marked thickening of the neck. It follows
that the distal portion of the tail folds back along this surface into
the neck region where a considerable amount of density is added.
It is possible that a second fold takes place there, bringing the
end of GPA2 back toward the tip of the distal lobe (Fig. 5).

Comparison with the AMIB and AMIA Tails. Visualized by cryo-EM
(25), the shape and actin-binding aspect of the AMIB head are
similar to those of AMIC, but its tail appears much longer and
broader, which is surprising because the AMIB tail domain is
shorter than that of AMIC (434 vs. 466 residues). (The AMIB
light chain is larger than that of AMIC, 27 vs. 16.7 kDa, but it
should bind in the neck region and not affect tail length.) It may
be that the dimensions of the AMIB tail were exaggerated

somewhat in contouring. On the other hand, the AMIA tail in
solution is estimated to be �160 Å long (26) and that of AMIB
may have similar properties (but see below).

AMIC also differs from AMIB in the position of its SH3
sequence. However, it is possible that, in both molecules,
GPA1 and GPA2 form a single integrated domain to which
SH3 is attached at different sites, inserted into a surface loop
in AMIC and appended to the C terminus in AMIB. This might
contribute to a relative lengthening of the AMIB tail. There
is a precedent for the grafting of additional domains onto
different sites on a conserved framework in the Clp ATPases
(36). The high sequence similarity of the GPA2 regions of
AMIB and AMIC (70% identity) supports this notion, as does
our observation that AMIC GPA1 and GPA2 are in close
proximity. Moreover, this scenario is consistent with phyloge-
netic arguments that the SH3 domains of Acanthamoeba
myosins were acquired relatively late (26).

The AMIA tail domains have been studied by hydrodynamic
methods (26) from which it was concluded that the TH2�3
domain (GPA plus SH3) is highly extended, with an axial ratio
of �8:1 if prolate, and that this domain is arranged side by side
with TH1 (BR) in the tail. Our findings on AMIC are consistent
with the latter conclusion with the proviso that TH2�3 should be
considerably compacted on binding TH1 unless the organization
of AMIA departs radically from that of AMIC.

Strategic Positioning of the GPA Region and BR. GPA1 and GPA2
form the second, ATP-independent actin-binding site of AMIC
(13). One hypothetical function for this site is that it may serve
as an anchor for actin-based movement. In rigor, GPA1 and
GPA2 are not far (�60 Å) from the actin filament to which the
head binds and could approach it with an appropriate pivoting
in the neck region. The brush border myosin 1 tail, which swings
through 31°, gives a precedent for such a movement (23). A swing
of this magnitude in AMIC would approximately halve the
separation of the tail from the actin filament. It might, in fact,
come closer, depending on the pivot point and because we are
not seeing all of the GPA density that is on the actin-proximal
side of the tail. This position would be close enough to make
contact likely when the head is released, or the putative swing of
the AMIC tail might be �31°. At present, however, this possi-
bility is moot, as the processivity or otherwise of AMIC remains
to be determined. In this context, kinetic studies of the T2
mutant of AMIC, which lacks the entire tail, show it to have a
short duty cycle, which is inconsistent with processivity (37), as

Fig. 4. Docking of the Dictyostelium myosin IE head (32) into the cryo-EM
density map of actin filaments decorated with WT-AMIC. The atomic model of
actin is shown in green, and the myosin IE head domain is shown in yellow. The
yellow and blue lines illustrate the difference between the rigor actin-binding
aspects of the heads of AMIC and myosin II.

Fig. 5. Schematic representation of the relative positions of the various
subdomains of AMIC as bound to F-actin in the rigor conformation. The GPA
regions are positioned where they might readily engage the same filament
(on a conformational change in the neck or on release of the head) or another
parallel and adjacent actin filament. The BR, facing outward, is appropriately
placed to allow ready access to membranes.
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do AMIA and AMIB (38). However, the presence of an ATP-
insensitive actin-binding site in the tail might overcome the short
duty cycle by keeping the myosin attached to the actin filament,
thus allowing processivity. The proposition that AMIC might be
a processive monomeric motor is reminiscent of KIF1A, a
kinesin superfamily member that can slide on microtubules (39)
and has a Lys-rich loop at a position accessible from the
microtubule (40), comparable with the situation of GPA on
AMIC. However, it is still controversial whether KIF1A slides
processively as a monomer in vivo (41).

Alternatively, the tail site could bind to another actin filament,
increasing cortical tension as shown for Dictyostelium myosin I
(42). This hypothesis is supported by the fact that F-actin is
readily bundled by AMIC (unpublished observations), and by
AMIA and AMIB (15, 16). In this scenario, the second actin

filament would be as close to and essentially on the same side of
AMIC as the first filament, at least for simultaneous binding in
the rigor conformation, unless the tail unfolded when it bound
to the second filament.

In our current model (Fig. 5), BR, which is charged for
membrane binding (12), faces outward, away from the actin
filament. This position allows it free access to a vacuolar
membrane or potentially sizable vesicle, which may thereby be
coupled by AMIC to the actin filament.
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