THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 288, NO. 13, pp. 9532-9548, March 29, 2013
Published in the U.S.A.

Mammalian Myosin-18A, a Highly Divergent Myosin®
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Background: The myosin superfamily has many classes that have evolved to carry out different functions.
Results: Mouse myosin-18A binds actin weakly in an ATP-independent manner and has very low enzymatic activity.

Conclusion: Not all myosins exhibit motor activity.

Significance: This work demonstrates that myosins may have functions unrelated to their ability to hydrolyze ATP.

The Mus musculus myosin-18A gene is expressed as two alter-
natively spliced isoforms, & and f3, with reported roles in Golgi
localization, in maintenance of cytoskeleton, and as receptors
for immunological surfactant proteins. Both myosin-18A iso-
forms feature a myosin motor domain, a single predicted IQ
motif, and a long coiled-coil reminiscent of myosin-2. The myo-
sin-18 A« isoform, additionally, has an N-terminal PDZ domain.
Recombinant heavy meromyosin- and subfragment-1 (S1)-like
constructs for both myosin-18A« and -18f3 species were puri-
fied from the baculovirus/Sf9 cell expression system. These con-
structs bound both essential and regulatory light chains, indi-
cating an additional noncanonical light chain binding site in the
neck. Myosin-18Aa-S1 and -18A3-S1 molecules bound actin
weakly with K, values of 4.9 and 54 uMm, respectively. The actin
binding data could be modeled by assuming an equilibrium
between two myosin conformations, a competent and an incom-
petent form to bind actin. Actin binding was unchanged by pres-
ence of nucleotide. Both myosin-18A isoforms bound N-methyl-
anthraniloyl-nucleotides, but the rate of ATP hydrolysis was
very slow (<0.002 s~') and not significantly enhanced by actin.
Phosphorylation of the regulatory light chain had no effect on
ATP hydrolysis, and neither did the addition of tropomyosin or
of GOLPH3, a myosin-18A binding partner. Electron micros-
copy of myosin-18A-S1 showed that the lever is strongly angled
with respect to the long axis of the motor domain, suggesting a
pre-power stroke conformation regardless of the presence of
ATP. These data lead us to conclude that myosin-18A does not
operate as a traditional molecular motor in cells.

The myosin superfamily has been ordered into 35 classes
based on amino acid sequence homology of motor domains (1).
Generally, myosins have a motor domain that catalyzes ATP
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hydrolysis and binds F-actin. Within the superfamily, the enzy-
matic and mechanical properties of each class of motors vary
widely, depending on the role each specific motor plays within
the cell (2).

The founding member of class-18 of the myosin superfamily
was MysPDZ, later named myosin-18A, which contains a PDZ
domain upstream of the motor (3). PDZ domains are common
components of scaffolding proteins, signaling cascades, and
molecular complexes within the cell (4). The gene products of
the mouse myosin-18A gene (Myol8A) encode two reported
splice variants; myosin-18A« contains a lysine- and glutamic
acid-rich (KE-rich) sequence at the extreme N terminus, fol-
lowed by a short amino acid sequence before the PDZ domain
(3, 5). Myosin-18A lacks the KE-rich sequence and the PDZ
domain and, instead, has a short leading sequence upstream of
the motor (Fig. 1) (5). Both isoforms have a predicted single
canonical IQ motif and a much less conserved one followed by
a long sequence predicted to form a 100-nm coiled-coil tail,
analogous to the 155-nm tail of myosin-2. A second mouse
class-18 gene, termed Myo18B, lacks the N-terminal extension
characteristic of myosin-18A but instead has a long N-terminal
extension with unknown function or domain structure (6, 7).

Class-18 myosins have been implicated in many physiologi-
cal events in mammalian cells and tissues, including stromal
cell differentiation (3) and tumor suppression (7-9). In cells,
myosin-18A isoforms have been reported to be involved in
maintenance of trans-Golgi structure (10), in organization of
the actin cytoskeleton in the lamellipodia and membrane ruf-
fles (11), and as receptors for surfactant proteins in the immu-
nological response (12). Biochemical analysis of murine myo-
sin-18 A« suggested an ATP-insensitive actin binding site in the
KE-rich region or the region between the KE-rich and PDZ
domains, but myosin-18Af did not bind to actin even in the
absence of ATP in vitro and did not strongly co-localize with
actin in vivo (13, 14). A previous report analyzing the biochem-
ical properties of Drosophila melanogaster myosin-18 isoforms
also reported ATP-insensitive actin binding and suggested that
myosin-18 may act as a dynamic actin tether (15).

In this study, we present a biochemical analysis of recombi-
nant Mus musculus myosin-18Aa and -18Af single-headed
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(subfragment-1; S1)* and double-headed (heavy meromyosin;
HMM) constructs purified from the baculovirus/Sf9 (S. fru-
giperda) cell system. Our data show that myosin-18A isoforms
bound both regulatory (RLC) and essential light chains (ELC).
Both isoforms weakly bound nucleotide and only hydrolyzed
ATP very slowly. They bound weakly to actin in an ATP-insen-
sitive manner. We speculate on the structural reasons behind
these behaviors.

EXPERIMENTAL PROCEDURES

Cloning of M. musculus Myosin-18A—Full-length Myo18A
heavy chain sequences were amplified in 5'- and 3’-halves of
the sequence using primer pairs designed as follows: 5" segment
of 18Awa(1-4438) upstream primer (AATTACTCAGATC-
TATGTTTAACCTCATG), 5 segment of 18AB(1-3382)
upstream primer (AATTACTCAGATCTATGCTGGCCAA-
GACGGAA), 5’ segment of shared downstream primer (GCT-
CACTGTCGAACCTCCTC); 3’ segment (18A (2924 —6155);
18AB(1867-5100)) of shared upstream primer (CTGCAG-
GACTCCCAGAAAAA), 3’ segment of shared downstream
primer (TAATACTAGTGCACTGGTCTCTGTCA). Each
PCR product was generated using a template vector encoding
for either myosin-18Aa (GenBank™ accession number
AB026497) or myosin-18AB (RIKEN clone, GenBank™ acces-
sion number AK171342) provided by Dr. Melanie Barzik and
Dr. John Hammer III and amplified with Platinum HiFi Super-
mix (Invitrogen) and standard PCR techniques (PTC-200 Ther-
mocycler, MJ Research). Each PCR product was ligated into the
pCR4-TOPO vector (Invitrogen). 5" and 3’ segments were then
combined by an initial restriction double digestion of the 3’
segments with Bglll and BamHI (New England Biolabs) to
insert into pFastBacl (Invitrogen) containing a C-terminal
FLAG tag (DYKDDDDK) between the Notl and Xbal sites
(pFastBacl-NX), followed by a double digestion of the 5" seg-
ments with BamHI and Spel for upstream in-frame insertion.
For subsequent cloning of HMM and S1 truncations, the full-
length clones were used as templates in PCRs using the afore-
mentioned 5’ segment upstream primers for myosin-18 A« and
myosin-18A using the following downstream primers: HMM
(18A«(1-4438); 18AB(1-3382)) downstream primer (ATTA-
TACTAGTTCACTGTCGAACCTCCTC); S1 (18Awa(1-3725);
18AB(1-2720)) downstream primer (ATTATACTAGTAGG-
GGCCGCACGGTGGTGAA). Truncations were cloned into
pFastBacl-NX between the BglIl and Spel restriction sites.

Baculoviral Expression of S1 and HMM Constructs—All
myosin-18A constructs were recombinantly expressed in the
baculovirus/Sf9 cell system along with a baculovirus encoding
both chicken RLC and bovine ELC (16). Infected cells were
harvested by sedimentation after 48 h. Cell pellets were quick
frozen in liquid nitrogen and were either processed immedi-
ately or stored at —80 °C for later processing. Purification of
proteins using the C-terminal FLAG tag was performed as

“The abbreviations used are: S1, subfragment-1; ELC, essential light chain;
HMM, heavy meromyosin; SkHMM, skeletal muscle HMM; mantATP,
N-methylanthraniloyl derivative of ATP; mantADP, N-methylanthraniloyl
derivative of ADP; RLC, regulatory light chain; MLCK, myosin light chain
kinase; TRITC, tetramethylrhodamine isothiocyanate.
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described (17). Proteins were first purified via a FLAG affinity
column, followed by separation on a 1-ml Q-Sepharose slurry
pre-equilibrated with 0.1 m NaCl, 10 mm MOPS (pH 7.2), 0.1
mM EGTA, 3 mm NaNj;, 1 mm DTT, and 0.1 mm PMSE. Frac-
tions were eluted with buffer containing 0.5 M NaCl, 10 mm
MOPS (pH 7.2),0.1 mM EGTA, 3 mm NaN;, 1 mmMm DTT, and 0.1
mM PMSE, followed by dialysis in this buffer, substituting NaCl
with either 0.1 or 0.5 M KCI. Expected masses for each heavy
chain construct based on amino acid sequence were 164 kDa for
myosin-18Aa-HMM, 138 kDa for myosin-18Aa-S1, 127 kDa
for myosin-18AB-HMM, and 101 kDa for myosin-18AS-S1.
The identity of the purified proteins was confirmed by
LC-MS/MS.

Preparation of Other Proteins—Skeletal muscle actin was
purified from rabbit skeletal muscle (18). Skeletal muscle HMM
(SKHMM) was prepared from rabbit skeletal muscle (19). A
clone for rat calmodulin (generous gift of Dr. Eva Forgacs, East-
ern Virginia Medical School) was expressed in Escherichia coli.
A baculovirus driving the expression of FLAG-tagged rabbit
smooth muscle myosin light chain kinase (MLCK) was pro-
vided by Dr. Zenon Grabarek (Boston Biomedical Research
Institute). The protein was purified from Sf9 cells using FLAG
affinity chromatography (20). Nonmuscle myosin-2A-S1 (a
generous gift of Dr. Attila Nagy) was expressed in the baculovi-
rus/Sf9 system with co-expressed chicken RLC and bovine ELC
and purified by FLAG affinity chromatography.

Negative Staining Electron Microscopy—Samples were
diluted to 50-100 nm myosin with a buffer containing 10 mm
MOPS (pH 7.0), 2 mm MgCl,, 0.1 mm EGTA, and 50 mm KCI
(+1 mMm ATP where indicated). For actin decoration experi-
ments, 100 nM myosin-18Aa-S1 (or 100 nM nonmuscle myosin-
2A-S1 as a control) was mixed with equimolar F-actin in the
absence of nucleotide in the buffer detailed above. A 5-ul drop
of sample was applied to a carbon-coated copper grid (pre-
treated with UV light) and stained with 1% uranyl acetate.
Micrographs were recorded at X60,000 on a JEOL 1200EX II
microscope. Data were recorded on an AMT XR-60 CCD cam-
era. Catalase crystals were used as a size calibration standard.
Image processing was carried out using SPIDER software as
described (36). Initial data sets contained 1321 (myosin-18Aa-
S1, no nucleotide), 2185 (myosin-18A3-S1, no nucleotide), and
1001 (myosin 18A«-S1, presence of 1 mm ATP) particles. In
each case, misaligned particles were removed following an ini-
tial round of alignment and classification. The number of par-
ticles in each final classification was 1108 (myosin 18 A-S1, no
nucleotide), 1341 (myosin-18AB-S1, no nucleotide), and 817
(myosin 18A«a-S1, presence of 1 mm ATP).

In Silico Modeling—A homology model of murine myosin-
18AB motor domain (amino acids 1-864) in the pre-power
stroke state was generated with the program Modeler 9v8 (21),
using the crystal structure of Dictyostelium discoideum myo-
sin-2 motor domain (2XEL) as a template. M. musculus myo-
sin-18Af and D. discoideum myosin-2 motor domains share
45.2% similarity and 25.7% identity at the amino acid level.

Phosphorylation of RLC—In applications requiring analysis
of myosin with phosphorylated RLC, purified myosins with
bound light chains in dialysis buffer containing 0.1 m KCI were
supplemented with 0.2 mm CaCl,, 0.5 uM calmodulin, and 0.9
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mum MLCK. Phosphorylation of RLC on myosin-18A-HMM
proteins was confirmed with a gel shift assay using Phos-tag
acrylamide reagent (Wako Chemicals, Richmond, VA). The
Phos-tag reagent was incorporated at 25 um into a 15% SDS-
PAGE resolving gel along with 50 um MnCl,. Resolving gels
were poured with a Bio-Rad Mini-Protean gel apparatus fol-
lowed by a 4% stacking gel, and gels were run at a constant 30
mA/gel and then stained with Coomassie Blue.

Characterization of Nucleotide Interaction—Actin-activated
MgATPase activity of myosin-18A-S1 was assayed with an
NADH-coupled assay at 25 °C using 1 uM S1 and up to 60 um
actin (22, 23), in a solution comprising 50 mm KCl, 10 mm
MOPS (pH 7.2), 2 mm MgCl,, 0.15 mm EGTA, 2 mm ATP, 40
units/ml lactate dehydrogenase, 200 units/ml pyruvate kinase,
1 mm phosphoenol pyruvate, and 200 um NADH. Changes in
A, were monitored using a Varian Cary 50 spectrophotome-
ter. Alterations of this basic steady-state ATPase assay included
increasing the final concentrations of myosin-18A-S1 to 2.5 um
for myosin-18A«a and 4.4 um for myosin-18Ap, increasing salt
concentration from 50 to 150 mm KCI, phosphorylating the
bound RLC by adding MLCK with calmodulin and 0.4 mm
CaCl,, analyzing 0.2 um myosin-18-S1 in the presence of 20 um
F-actin and 6.7 um smooth muscle tropomyosin over a 60-min
time course, and using myosin-18 A-HMM constructs at 0.2 um
in the presence of 0.4 um GOLPHS3 protein (Proteintech Group,
Chicago, IL).

Binding of N-methylanthraniloyl derivatives of ATP
(mantATP)and ADP (mantADP) to myosin-18A-S1 constructs
was assayed using a stopped-flow apparatus (HiTech, TgK Sci-
entific, Bradford-on-Avon, UK) by excitation at 297 nm using a
400-nm long pass filter. The conditions were 100 mm KCl, 25
mwm HEPES (pH 7.0 at 25 °C), and 5 mm MgCl,, with assays
performed at 20 °C using 0.25 uM postmixing myosin-18A-S1
and postmixing concentrations of N-methylanthraniloyl-nu-
cleotide analogs ranging up to 20 uM for mantATP and to 12.5
uM for mantADP. The total fluorescence changes at high ADP
concentrations were in the range of 6 -8%. ADP dissociation
from myosin-18A-S1 constructs was measured by premixing 5
M mantADP + 40 um unlabeled ADP with 0.5 uMm myosin-
18A-S1 and chasing with 2 mm unlabeled ATP. As with nucle-
otide binding experiments, all transients for ADP release were
fit to single exponentials prior to compilation.

Filter binding assays used nitrocellulose membrane pre-
equilibrated with buffer containing 0.25 m KCl, 10 mm MOPS
(pH 7.2), 4 mm MgCl,, 0.1 mm EGTA, and 1 mm DTT. The
membrane was placed under vacuum and was blotted in dupli-
cate with 1 um myosin-18A-S1 or SKkHMM that had been pre-
incubated with 20 um [@-**P]ATP (1.5 X 10*®> cpm/mol) in the
buffer mentioned above, at 22 °C for 60 s. The membrane was
washed with 2 ml of equilibration buffer under vacuum and
dried. For quantification, dried membranes were exposed to
Fujifilm BAS-MS phosphor imager screens for 1 h and scanned
on a Fuji FLA-5000 series Image Analyzer (Fuji Medical Sys-
tems, Stamford, CT). Quantitation was done using Image
Gauge software (version 3.0, Fuji Medical Systems). The
amount of radionucleotide bound to the membrane in a no-
protein control was subtracted from the amount bound to the

9534 JOURNAL OF BIOLOGICAL CHEMISTRY

motor blots, and remaining portions were normalized to the
value associated with the SkKHMM-positive control.

Radiometric K*-EDTA ATPase assays were performed at
25 °C as described (24), in a solution containing 0.5 m KCl, 20
mM MOPS (pH 7.0), 2 mm EDTA, and 0.5 mMm [y-*>P]ATP
(PerkinElmer Life Sciences).

Characterization of Actin Binding—Binding of myosin-
18A-S1 to F-actin was assayed by co-sedimentation using 1 um
S1 mixed with different concentrations of phalloidin-stabilized
F-actin in either the absence of ATP or the presence of 1 mm
ATP or 1 mMm ADP, respectively. Variations of the assay
included the phosphorylation of the RLC by MLCK. Incuba-
tions were for 10 min at 22 °C in buffer containing 0.1 m KCI, 20
mm MOPS (pH 7.0), 5 mm MgCl,, 0.05 mm EGTA, 1 mm NaNj,,
and 1 mm DTT. Following incubation, the solution was sedi-
mented for 10 min at 100,000 X gin a Beckman TLA-100 rotor
at4 °C. The supernatant was removed, and the pellet was resus-
pended in 1X SDS sample buffer to an equivalent volume.
Supernatants and pellets were fractionated on a 4-20% Tris-
glycine SDS-polyacrylamide gel, stained with Coomassie Blue,
and analyzed by densitometry (Li-Cor Biosciences, Odyssey
version 3.0, Lincoln, NE). Data points were fitted to a hyper-
bolic equation, correcting for the amount of myosin that pellets
in the absence of actin, typically around 1% (SigmaPlot 11.0,
Systat Software, Inc., San Jose, CA). For repeat co-sedimenta-
tion assays, the supernatant from the first sedimentation at 40
1M actin was brought to the same actin concentration again,
incubated as before, and then resedimented under the same
assay conditions. For myosin-18Af3-S1, the same co-sedimen-
tation procedure was repeated sequentially a total of four times.

Simulation of Actin Binding Data—Because the reaction of
myosin-18A« and myosin-18f3 and actin does not behave as a
simple one-step equilibrium binding reaction in the co-sedi-
mentation studies, we had to use a two-step reaction mecha-
nism (Scheme 1) to accurately describe the binding of actin. In
this scheme, it is assumed that there is a competent form of
myosin (M*) that can bind to actin (4) and an isomer of myosin-
18A (M), which was incompetent to bind actin. In the absence
of actin, there is an equilibrium between M and M*, but with the
addition of actin, this equilibrium is shifted to the right.

ki ki,
M «— M* + A <— AM*
k_, k_,
SCHEME 1

Differential equations describing the reactions for each reac-
tant and product were written for each over small time incre-
ments (0.001 s) describing this reaction and were solved numer-
ically over the experimental time frame using Euler’s theorem
for AM*/M  (where is the total concentration of myosin-18A
(M + M* + AM) using a program written in LabVIEW 2010
(National Instruments, Austin, TX). The differential equations
for Scheme 1 and the LabVIEW program used to solve them
with respect to time are available on request. The rate constants
for the forward (positive subscripts) and backward rate con-
stants (negative subscripts) were selected so that the computed
fraction of myosin-18Aa-S1 or myosin-18AB3-S1 bound to
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actin corresponded to the observed values obtained in the co-
sedimentation experiments. To solve the differential equations
with respect to time, it was assumed that prior to the 10-min
incubation and centrifugation of S1 with actin, the M and M*
forms were at equilibrium. The duration that the actin reacted
with the S1 was taken as the sum of the 10-min incubation
period and the first 5 min in the 10-min centrifugation (assum-
ing that by 5 min into the centrifugation, the actin had pelleted).
The duration of the incubation and time for separation of the
bound and unbound myosin-18A fragments is insufficient for
Scheme 1 to come to equilibrium (with respect to the rates of
the first and second reactions in Scheme 1) in the time frame of
the experiments. However, if the reactants are allowed to equi-
libriate for more than 2 h, the system does come to an equilib-
rium in which the concentration of the bound myosin-18A is
given by Equation 1 (see supplemental material for the deriva-
tion of Equation 1),

AM*IM; = (KK[AD /(K K[A] + Ky + 1) Ea.1)
where K; = k_,/k_,.

Actin Gliding Assays—Motility assays were performed in
buffer containing 50 mm KCl, 20 mm MOPS (pH 7.4), 5 mm
MgCl,,0.1 mM EGTA, 1 mm ATP, 25 ug/ml glucose oxidase, 45
pg/ml catalase, 2.5 mg/ml glucose, and 50 mm DTT (25). All
experiments were performed at 30 °C. SKHMM and myosin-
18A-HMM fragments were mixed at various molar ratios,
keeping the total myosin concentration added to the flow cell at
0.2 mg/ml. Visualization of filaments and quantification of
motility were performed as described (26).

Optical Trapping—Three bead assays (27) were performed
using a similar dual-beam optical trapping apparatus as
reported previously (28). An assay chamber (volume ~30-40
pl), was constructed using two coverslips, one of which was
sparsely decorated with 2.1-um diameter glass microspheres
(Bangs Laboratories, Fishers, IN), suspended in 0.1% (v/v)
nitrocellulose, and assembled using Scotch double-sided adhe-
sive tape. These glass microspheres were used as “pedestals” for
the myosin-18A in the three-bead assay. Experiments were per-
formed using the same motility buffer as used in the actin glid-
ing assay.

Myosin-18A-HMM constructs were diluted to a concentra-
tion of ~10-30 pMm and allowed to bind nonspecifically inside
the chamber. Approximately four chamber volumes of motility
buffer with 1 mg/ml bovine serum albumin (BSA) were used to
wash the chamber to reduce nonspecific binding of polystyrene
beads and actin filaments. Actin/polystyrene bead “dumbells”
were made using 0.2 nM rhodamine-phalloidin (Invitrogen)-
labeled, 10% biotinylated actin filaments, linked to Neutr-
Avidin- coated 1-um biotin-labeled polystyrene beads (Invitro-
gen), which was also conjugated with TRITC-BSA. Optical
trapping experiments were performed in a motility buffer sup-
plemented with 2 mM creatine phosphate, 0.1 mg/ml creatine
phosphokinase, and 1 mm ATP. Under fluorescence imaging, a
single actin filament was attached to two 1-um beads, via
manipulation of the optical traps. These beads/actin dumbbells
(length ~4 -6 um) were pulled taut using the optical traps and
positioned above pedestals in the chamber to record transient
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actomyosin-18A interactions. One of ~15-20 pedestals exhib-
ited actomyosin interactions, providing statistical evidence that
most probably only a single myosin-18A-HMM molecule was
capable of interacting with the actin filament. Experiments
were performed using optical trap stiffness of ~0.015-0.025
piconewton/nm. Similarly, as reported previously (29), data
were collected at 20 kHz while sine waves (200 Hz) of ampli-
tudes ~200 nm, peak-to-peak, were applied to one of the opti-
cal traps. The decrease in the S.D. of the noise level of this sine
wave was used to distinguish periods with or without myosin-
18A attachments. Analysis was performed using custom soft-
ware written in LabVIEW 8.5 (National Instruments, Corp.,
Austin, TX), and histograms were plotted using Origin 8.5
(OriginLab Corp., Northampton, MA). Detachment rate and
power stroke histograms were compiled from data collected
from seven pedestals each for both myosin-18A-HMMs (15).

RESULTS

Protein Production and Light Chain Phosphorylation—We
engineered truncated clones of both mouse myosin-18A iso-
forms, a and 3, corresponding to S1- and HMM-like fragments
that were produced as C-terminally FLAG-tagged constructs in
the Sf9/baculovirus system (Figs. 1 and 24). Sequence analysis
of myosin-18A has generally detected a single canonical IQ
motif for light chain binding, located between the motor
domain and the coiled-coil tail (1, 30, 31) (Fig. 2C). However,
inspection of the sequence immediately downstream of this IQ
motif revealed a WPWW motif that is known to be the site of
the sharp bend in the heavy chain of the myosin-2 RLC binding
site (32). An alignment of this region of myosin-18 sequences
across subclasses and phyla and comparison with myosin-2
(Fig. 2B) indeed show a striking similarity between myosin-18
and myosin-2 in several functionally important respects. First,
the spacing between the start of IQ1 and the start of IQ2 is
identical in both myosins (26 residues). Second, the WPWW
motif is in the same place. Third, the proline that marks the
start of the predicted coiled-coil in myosin-2 is also present in
myosin-18, is the same distance from the WPWW motif, and
(like in myosin-2) occupies the d position in the coiled-coil
heptad repeat. Finally, there is high sequence conservation
between the IQ regions of the two classes. Therefore, we co-ex-
pressed both ELC and RLC with the myosin-18A heavy chain.
Myosin-18A-S1 constructs, truncated at the start of the pre-
dicted coiled-coil (Leu'**? for the « isoform or Leu®"” for the 8
isoform), and HMM constructs, truncated after ~32 heptad
repeats of coiled-coil (Leu*®* for the « isoform or Leu''?® for
the B isoform), were successfully co-purified with both light
chains (Fig. 24). The RLC bound to myosin-18A could be phos-
phorylated by MLCK (Fig. 2B). Negative staining electron
microscopy demonstrated that the S1 was single-headed and
that the HMM was double-headed, as expected (Fig. 3, A and B).

Myosin-18A Has a Slow Basal Rate of ATP Hydrolysis That Is
Not Activated by F-actin—To measure the steady-state ATPase
of myosin-18A, we tested S1 constructs using an ATP-regener-
ating, NADH-coupled, actin-activated ATPase assay under a
variety of conditions ranging up to 30 um actin. The basal and
actin-activated ATPase traces of myosin-18A«-S1 and myosin-
18AB-S1 showed that neither isoform hydrolyzed ATP at an
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FIGURE 1. Domain organization of M. musculus myosin-18A. The domain structure of myosin-18A isoforms was analyzed using SMART (Simple Modular
Architecture Research Tool) at EMBL (myosin-18Aq, GenBank™ accession number AB026497; myosin-18AB RIKEN clone, GenBank™ accession number
AK171342), and the schematic diagrams of the two isoforms were created (top two structures). Using this information, HMM-like constructs with coiled-coil
regions truncated at Leu'*®3 for myosin-18A« and Leu''?® for myosin-18Ag were cloned for baculoviral expression. To create single-headed S1-like constructs,
the « isoform was truncated at Leu'?*? and the 18Ag isoform was truncated at Leu®"”. C-terminal FLAG epitopes were added to each construct as an affinity
purification aid. Note that these schematics are not drawn to scale.
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Hs  card myo-2 LEEMRDERLSRIITR MEYKKLLERRDSLLYV KLYFKIKIBILLKSAEREKEMASMKEE
Hs sk myo-2 LEEMRDEKLAQLITR VEFRKMMERRES I FC KLYFKIKBLLKSAETEKEMANMKEE
Xt nm myo-2 LEEERDLKITDIIIT KAFAKRQQQLTAMKYV RLFTKVKIBILLQVTRQEEEMQLKDEE
Dm  nm myo-2 LEEERDFKISDLIVN RNYQKRLQQLNAIRI RLYTKVKIILLEVTKQEEKLVQKEDE

Heptad a d a d

FIGURE 2. Overproduction of M. musculus myosin-18A. A, purification of myosin-18A-S1 and -HMM constructs. Lanes are marked as either molecular weight
markers (M) or purified fractions of each motor construct. The dashed line indicates that the image is a composite of two separate gel scans. Note that previous
studies of nonmuscle myosin 2 and smooth muscle isoforms have revealed that the ELC binds Coomassie dye poorly and always appears lighter in intensity
than does the RLC (16, 48). B, confirmation of phosphorylation of the bound RLC using a gel shift Phos-tag assay. Each of the myosin fragments described at the
top was either untreated (—) or treated (+) with MLCK to phosphorylate the RLC as described under “Experimental Procedures.” C, alignments of the neck
region of representative myosin-18 and myosin-2 heavy chain sequences. Genome sources are M. musculus (Mm), Homo sapiens (Hs), Xenopus tropicalis (Xt),
and D. melanogaster (Dm). Myosin-2 H. sapiens genes are MYH9 (nm myo-2A), MYH7 (card myo-2), and MYH4 (sk myo-2). Blue highlighting shows (from left to
right) the consensus first IQ motif; the second, more divergent motif that forms the binding site for RLC in the aligned motors; the bend region; and the Pro that
marks the end of the neck. The heptad register for the beginning of the coiled-coil motif is shown at the bottom.

appreciable rate, with upper limits on the basal activity of
0.0015 and 0.0014 s~ ' for the « and B isoforms, respectively,
and rates of 0.002 and 0.0006 s~ for the myosin-18Aa and
-18Ap isoforms in the presence of actin, respectively (Fig. 4).
Similar data were obtained with myosin-18A HMM isoforms.
Phosphorylation of the RLC did not activate the ATPase activ-
ity of these molecules either. The measurement of the ATPase
activity in the presence of actin was greatly complicated by the
slow hydrolysis of ATP by actin preparations. The ATPase was
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not significantly enhanced by raising the actin concentration to
60 M, increasing the salt concentration from 50 to 150 mm
KCl, phosphorylation of the bound RLC, the addition of
smooth muscle tropomyosin, or the addition of the reported
myosin-18 binding partner GOLPH3 (data not shown). The
ATPase activity of myosin-18A-S1 isoforms was also tested
with the radiometric basal K"*-EDTA ATPase assay with no
detectable release of P; above the rate seen in a no-protein con-
trol (data not shown). Together, these data suggest that murine
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FIGURE 3. Electron microscopic images of myosin-18A fragments. A, field of negatively stained myosin-18Aa HMM molecules. Scale bar, 50 nm. B, field of
negatively stained myosin-18Aa-S1 molecules. Scale bar, 50 nm. C, myosin-18Aa-S1 mixed with equimolar actin in the absence of nucleotide demonstrates the
weakness of actin binding. D, nonmuscle myosin-2A-S1 mixed with actin under the same conditions shows the classic arrowhead decoration.

1.00 Moooss b
hgé t;.woooa%60%%55555@@5@658866856&
2 o095} t, i
< %
\:-,, '-ééé
3 "a éé
£ 0.90 | M |
< -'.6é§
o ".e¥e,
(0] "a ég
N 085 "a, égé i
© & Myosin-18Aa "u, ééga
= +  Myosin-18Aa+ 30 uM actin RLTRAZL TN
= 0.80} o Myosin-18A8 TR LIIN
2 ®  Myosin-18Ap+ 30 uM actin ., ¥
A 30 uM actin "u]
0.75 " 1 " 1 " 1 " L " 1 "
0 5 10 15 20 25 30
Time (min)

FIGURE 4. The MgATPase activity of myosin-18A isoforms is low and is
poorly activated by actin. Time course of ATP hydrolysis measured used an
NADH-coupled assay where the decline in absorbance at 340 nm reflects the
course of ATP hydrolysis. Open triangle, 30 um F-actin alone; open diamond,
myosin-18Aa-S1 alone; closed diamond, 30 um actin plus myosin-18Aa-S1;
open square, myosin-18AB-S1 alone; closed square, myosin-18AB-S1 plus 30
M F-actin. The data were arithmetically normalized to a starting absorbance
value of 1.0. Experiments shown were conducted at 25 °C in a buffer contain-
ing 50 mm KCl, 10 mm MOPS (pH 7.2), 2 mm MgCl,, 0.15 mm EGTA, 2 mm ATP, 40
units/ml lactate dehydrogenase, 200 units/ml pyruvate kinase, T mm phos-
phoenolpyruvate, and 200 um NADH. The concentration of myosin-18A
motors used in these traces was 1 um. AU, absorbance units.

myosin-18A fragments hydrolyze ATP only very slowly under
any of the experimental conditions tested.

Myosin-18A Isoforms Bind Adenosine Nucleotides Weakly—
We tested the ability of myosin-18A isoforms to bind adenosine
nucleotides using several methods. In a filter binding assay,
myosin-18A-S1 isoforms bound [a-**P]ATP above base-line
binding of the radionucleotide to the membrane but only at
10-20% of the levels obtained with the same concentration of
rabbit SKHMM (Fig. 5A4). To confirm this binding and further
analyze the kinetics of nucleotide binding to myosin-18A-S1
isoforms, the fluorescent nucleotide analogs mantATP and
mantADP were employed in a series of transient state kinetic

ACEEVON
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experiments in a stopped-flow apparatus using FRET from
intrinsic tryptophan residues (Fig. 5, B—D). Although myosin-
18A lacks the conserved tryptophans corresponding to Trp''?,
Trp'®!, and Trp®'? in chicken skeletal muscle myosin-2 that are
associated with efficient FRET emission in other myosins, there
are other tryptophan residues within the motor domain that
contribute to this signal. Based on a homology modeling
approach, eight of these tryptophan residues are positioned
within a 3-nm radius from the nucleotide (Trp®? Trp>®,
Trp**?, Trp*®!, Trp®*?, Trp®®%, Trp®°®, Trp”'®) and could con-
tribute to the observed FRET signal. mantADP binding to myo-
sin-18A splice variants was assayed from the fluorescence
increase upon mixing myosin and mantADP under pseudo-first
order conditions in a stopped-flow spectrophotometer. The
fluorescence transients were well fitted by single exponentials
(Fig. 5B). The second order plot of the observed rate constants
versus [mantADP] defines a line with a slope of k., = 0.17 =
0.02 um 's tand k, , = 0.10 = 0.02 um ' s~ ! for myosin-
18Aa and -18Ap, respectively. The corresponding y intercepts
reflect the ADP dissociation rates, which were k_,, = 9.58 *
0.15s 'and k_,, = 10.87 = 0.16 s~ !, respectively, for myosin-
18Aa-S1and -18A3-S1. The mantADP release rates were inde-
pendently determined from the fluorescence decrease upon
chasing myosin'mantADP with excess ATP (Fig. 5C and Table
1). Single-exponential fits indicated the respective dissociation
ratesof k_,, = 10.01 = 0.23s  'and k_,, = 10.30 = 0.30 s~ for
myosin-18Aa-S1 and -18AB-S1, in excellent agreement with
the values determined from the ordinate intercept of the sec-
ondary plots shown above (Fig. 5B). Dissociation equilibrium
constants of 56.4 and 108.7 um were calculated from the corre-
sponding release and binding rate constants (k_,/k, ) for
myosin-18Aa-S1 and -18A3-S1 splice variants.

The second order rate constant for mantATP binding (K;)
was determined to be 0.42 + 0.03and 0.12 = 0.01 um ™~ s~ * for
myosin-18Aa-S1 and myosin-18A3-S1, respectively, by fitting
plots of the observed rates of fluorescence increase as a func-
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FIGURE 5. Nucleotide interactions of myosin-18A isoforms. A, binding of [a->?P]ATP to rabbit SKHMM, myosin-18Aa-S1, and myosin-18AB-S1 in a filter-
based assay. The top spot is a no-protein control. See “Experimental Procedures” for methods. The right-hand column demonstrates the relative extent of
binding compared with values obtained for SkHMM. B, mantADP binding to myosin-18A«a-S1 (closed circles) and myosin-18AB-S1 (open circles) as a function of
mantADP concentration. The slopes define the apparent second order rate constants for mantADP binding to myosin-18AB-S1 and myosin-18AB-S1 of k., , =
0.17 £0.02um "s Tand k., =0.10 = 0.02 um ' s~ '. The corresponding y intercepts reflect the ADP dissociation rates (k_, = 9.58 = 0.15s 'and k_, =
10.87 = 0.16 s~ ' for myosin-18Aa-S1 and -18AB-S1. The inset shows a representative trace when a final concentration of 12.5 um mantADP is mixed with 0.25
um myosin-18Aa-S1. The single exponential fit to the data gave a rate of 11.5 s~ . C, representative fluorescence decay observed after mixing myosin-18A-
S1:mantADP with excess ATP. Release rate constants of k_, = 10.01 = 0.23 s " and k_, = 10.30 = 0.30 s~ were obtained for myosin-18A« (inset) and
myosin-18A from single-exponential fits to the data. D, mantATP binding to myosin-18A«a-S1 (closed circles) and myosin-18AB-S1 (open circles) as a function
of mantATP concentration. Second order rate constants for mantATP binding (K;) were calculated from the slopes tobe 0.42 + 0.03 um™ s~ 'and 0.12 = 0.01
um~'s~ " for myosin-18Aa-S1 and myosin-18AB-S1, respectively. ATP dissociation rate constants of k_; = 7.29 = 0.26 s~ ' for myosin-18Aaand k_,= 10.16 =
0.09s™ " for myosin-18AB-S1 were deduced from the ordinate intercepts. The inset shows a representative trace when afinal concentration of 10 um mantATP
is mixed with 0.25 um myosin-18AB-S1. The single exponential fit to the data gave arate of 11.4s .

TABLE 1
Kinetic properties of myosin-18A isoforms
K, and K, were determined by hyperbolic fits to the binding data.

Parameter Signal or calculation M. musculus MY018A« M. musculus MYO18A 3
ATP binding
Ky(um™'s™h) mantATP 0.42 + 0.03 0.12 + 0.01
k_p(s71) mantATP” 7.29 = 0.26 10.16 * 0.09
ADP interaction
kop(umts ) mantADP 0.17 + 0.02 0.10 =+ 0.02
k_p(s™h mantADP? 9.58 = 0.15 10.87 £ 0.16
mantADP* 10.01 = 0.23 103+ 0.3
K, (um) k_plk.p 56.35 = 6.69 108.70 + 21.79
Actin interaction
K, (um) Co-sedimentation 59 *17 479 +9.2
Ky (um) Co-sedimentation” 49=*1.6 54.0 £ 29
“ Ordinate of the k,,, versus [mantATP] plot.
? Ordinate of the k., versus [mantADP] plot.
¢ ATP chasing experiment.
“In the presence of 1 mm ATP.
tion of [mantATP] to straight lines (Fig. 5D). Distinct from k_, = 7.29 * 026 s ' for myosin-18Aa-S1 and

most other kinetically characterized conventional and un-
conventional myosins, the ordinate intercepts were different
from zero, and these yield ATP dissociation rate constants of
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k_,=10.16 = 0.09 s~ for myosin-18AB-S1, respectively,
suggesting weak ATP interactions. The results show that
ATP binds somewhat faster to myosin-18 Aa-S1 than it does
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FIGURE 6. Binding of myosin-18A isoforms to actin. A, binding of myosin-
18Aa-S1 to actin at a final concentration of 1 um motor in the presence (open
circles) or absence (closed circles) of 1 mm ATP. Conditions were as follows: 0.1
mKCl, 20 mm MOPS (pH 7.0), 5 mm MgCl,, 0.05 mm EGTA, 1 mmNaN;, and 1 mm
DTT, actin concentrations as indicated and ATP present or not. K, values were
obtained by fitting the data to a rectangular hyperbolic function, AM*/MT =
(AM*/MT) yax X A/(K4 + A). Values were K; = 5.9 £ 1.7 um in the absence of
ATP (red curve) and K, = 4.9 = 1.6 umin the presence of T mm ATP (blue curve)
for myosin-18Aa-S1. For these experiments, myosin-18Aa-S1 binding satu-
rated at 77 = 5% bound in the absence of nucleotide and at 69 *+ 6% in the
presence of ATP. B, binding of myosin-18A3-S1 to actin. In the absence of ATP
(closed circles), K; = 47.9 = 9.2 um (red curve), and in the presence of T mm ATP
(open circles), K; = 41 = 4 um (blue curve). For myosin-18Ap3, saturation of
binding occurred at 44 = 12% in the absence of ATP, and in the presence of 1
mm ATP, saturation occurred at 24.5 + 7.1%. In both A and B, the black lines
shown are the simulation of the binding data using the model described in
Scheme 1. Rate constants used for the simulations were as follows: k, = 0.001
s ', k_,=000012""s,k,=25%10°m "s ', k_,=10s"" for the interac-
tion of myosin-18Aa-S1 with actinand k, = 0.0005s ™', k_, = 0.0045s ', k, =
75%x10°m "s™ ', k_, = 10s" ! for the interaction of myosin-18AB-S1 with
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TABLE 2

Effect of nucleotide and RLC phosphorylation on binding of myosin-
18Ap to actin

Data show the extent of binding of myosin-18AB-S1 to 10 uM actin for cases where
the myosin was first phosphorylated with MLCK or where the binding was con-
ducted in the presence of ADP or ATP or in the absence of nucleotide (APO). The
amount of binding predicted by the simulation is marked as “Simulation” (see

below).

Assay Fraction of myosin-18A-S1 bound
Apo 0.048 + 0.011
ATP 0.032 =+ 0.006
ADP 0.061 =+ 0.027
MLCK 0.074 =+ 0.0002
Simulation 0.074 * 0.0431

to myosin-18AB3-S1, whereas ADP bound to each isoform
with more similar rates.

Mpyosin-18A Binds Actin with Low Affinity, Insensitive to ATP—
The binding of myosin-18A-S1 isoforms to F-actin was ana-
lyzed through co-sedimentation assays in the absence of ATP
(Fig. 6, A and B). Dissociation constants (K,;) determined by
fitting the binding curves to a hyperbolic function were deter-
mined to be 5.9 = 1.7 uM for myosin-18Aa-S1 and 47.9 = 9.2
puM for myosin-18AB-S1. The addition of 1 mm ATP to these
co-sedimentations (Fig. 6, A and B) did not appreciably change
the dissociation constants, with K, = 4.9 = 1.6 and 54 = 29 um
for myosin-18A«-S1 and -18A3-S1, respectively (Fig. 6, A and
B). The binding of S1 fragments of both isoforms determined by
a hyperbolic fit to the data plateaued at values below 100% at
high actin concentrations. Myosin-18A«-S1 saturated at a
maximum bound proportion of 77 £ 5% in the absence of
nucleotide and 69 = 6% in the presence of 1 mm ATP. In the
absence of nucleotide, myosin-18AB-S1 reached a maximum
bound of 41 *+ 4% (and in the presence of 1 mm ATP, 44 * 12%).
Phosphorylation of myosin-18A3-S1 by MLCK did not signifi-
cantly affect the fractional bound population (Table 2). Simi-
larly, the presence of ADP did not significantly affect either
parameter (Table 2).

There are at least two possible mechanisms to account for
the apparent substoichiometric binding. It is possible that a
portion of the protein was permanently incapable of binding to
actin. In this case, if a second sedimentation is carried out with
the supernatant fractions of the first sedimentation (performed
at high actin concentrations), then little or no additional bind-
ing should occur. The second possibility is the myosin-18A is in
an equilibrium between a state that is incompetent to bind to
actin and a state that can bind actin. In this latter case, resedi-
mentation of the supernatant fractions with added actin should
result in an additional amount of actin binding, the magnitude
of which will be dependent on the rates of the myosin equilib-

actin. G, sequential actin rebinding experiments. Lanes 1 and 2, supernatant
(S) and pellet (P) of myosin-18AB-S1 sedimented in the absence of actin. Lanes
3and 4, supernatant and pellet of myosin-18A-S1 sedimented in the pres-
ence of 40 um actin. Lanes 5 and 6, the supernatant from the first sedimen-
tation was mixed with 40 um actin and sedimented to give supernatant
and pellet fractions. Lanes 7 and 8, the supernatant from the second sed-
imentation was mixed with 40 um actin and sedimented to give superna-
tant and pellet fractions. Lanes 9 and 10, the supernatant from the third
sedimentation was mixed with 40 um actin and sedimented to give super-
natant and pellet fractions. The percentage of myosin-18AB-S1 found in
the pellet is given below the pairs of lanes for each experiment. Error bars,
S.D.
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FIGURE 7. Optical trapping analysis of myosin-18A interactions. Actomyosin attachment lifetime data of myosin-18Aa-HMM (A) and myosin-18AB-HMM
interactions (B) collected in the optical trap were fitted to a single exponential curve. Myosin-18Aa-HMM (A) yielded a detachment rate of 16.7 = 0.4s~ ', and
myosin-18AB-HMM (B) yielded a detachment rate of 19.7 = 0.3s ™ ". Insets in A and B show the time axis extended to 1 s instead of 0.3 s. C, actomyosin-18Aa-
HMM displacement data from the optical trap were fit to a Gaussian distribution centered at 0.5 = 0.4 nm. D, actomyosin-18AB-HMM displacement data from
the optical trap were fit to a Gaussian distribution centered at 0.9 = 0.3 nm. No significant displacements (i.e. power strokes) were observed for either construct.
Data were collected at 20 °C in a buffer containing 25 mm KCl, 25 mm imidazole (pH 7.4), 4 mm MgCl,, 1 mm EGTA, 2 mm creatine phosphate, 50 mm DTT, T mm
ATP, 0.1 mg/ml creatine phosphokinase, 3 mg/ml glucose, 0.1 mg/ml glucose oxidase, and 0.02 mg/ml catalase. The number of actomyosin-18Aa-HMM

interactions was 1804, and the number of actomyosin-18AB-HMM interactions was 697.

rium between the two states, incompetent and competent to
bind to actin. To test this hypothesis, the unbound fraction of
myosin-18AB-S1 after an initial sedimentation at 40 uM actin
was resedimented in the presence of 40 uM actin, and the super-
natant fraction was analyzed for the percentage of myosin
bound. In both the first sedimentation and in several subse-
quent resedimentations, ~20% of the myosin was bound (Fig.
6C). When the supernatant of the first spin at 40 um actin was
done with myosin-18A«, about 60% of the myosin-18A«a pel-
leted in both spins, replicating the result obtained with myosin-
18Ap. This behavior is consistent with the second model out-
lined above. This peculiar behavior was successfully simulated
using a model in which there is a slow equilibrium between
incompetent and competent actin binding states of myosin and
is shown by the black lines in Fig. 6, A and B. See Scheme 1 for
the reaction model used and the legend of Fig. 6, A and B, for the
rate constants used. The value for k_, was taken as 10 s™ ',
because in optical trapping studies described below (Fig. 7),
there were frequent interactions between actin and myosin-
18A, whose duration averaged 50 —100 ms (see below). We also
found that the fits of the observed AM/M ; versus actin seen in
Figs. 6A and 4B were the same as the value of k_,, varying
between 0.01 and 10 s~ ', as long as the K, was held constant at
2.5 X 10°> M~ ! for myosin-18Aa-S1 and 7 X 10* M~ " for myo-
sin-18AB-S1. This result further supports the hypothesis that
there is an isomerization from an incompetent actin-binding
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myosin form to a competent myosin form that can bind actin.
The model predicts that at long incubation time (1 h or more)
and at high actin concentration, the fraction of myosin-18A
isoforms bound to actin should approach unity, and we find in
preliminary data with myosin-18A HMM isoforms that this
does occur. Note that the apparent K, values determined in the
absence of nucleotide are 501000 times greater than those for
other myosins (33-35).

We were unable to measure the rate or extent of binding of
myosin-18A-S1 isoforms to actin using pyrene-actin quench-
ing or light scattering. This is probably related to two problems.
First, the sedimentation results presented above indicate that
the affinity of both myosin-18A S1 isoforms to actin is weak.
Second, given the weak affinity and lack of effect of ATP, it is
possible that myosin-18A-S1 resides in a weakly bound confor-
mation that would not quench pyrene fluorescence upon bind-
ing. Attempts to observe the binding of myosin-18A«a-S1 to
actin in the absence of ATP were consistent with this. Fig. 3D
shows an actin filament decorated with nonmuscle myosin-
2A-S1 in the absence of ATP as a control. The familiar chevron
structures showing regular decoration of myosin with actin are
clearly visible. In contrast, mixing actin with a similar concen-
tration of myosin-18Aa-S1 shows little or no binding of the
myosin to actin, consistent with the weak binding constant for
actin observed for this myosin (Fig. 3C).
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Myosin-18A Shows No Power Stroke on F-actin in the Optical
Trap—Interactions of both myosin-18A-HMM isoforms with
actin filaments were studied using the optical trapping appara-
tus via the three-bead assay. Three-bead assays were performed
using an induced oscillation of 200 Hz on one of the traps to
monitor increases in system stiffness of the dumbbell during
actomyosin attachment. Both isoforms exhibited intermittent
interactions with actin filaments, as detected by the decrease in
the Brownian noise of the bead. Raw data collected using a
position-sensitive quadrant photodiode were analyzed to
determine detachment rates and attachment positions to deter-
mine power strokes from each actomyosin-18A interaction
(Figs. 7, A-D). Detachment rates were determined from a sin-
gle-exponential fit to the respective histograms of lifetimes of
actomyosin-18A interactions. The detachment rates for both
myosin-18Aa-HMM and myosin-18A3-HMM constructs
showed approximately similar detachment rates, of 16.7 = 0.4
s~ ! myosin-18A-« and 19.7 = 0.3 s~ ' for the myosin-18A3-
HMM (Fig. 7, A and B). Unlike a mechanically active myosin,
whereby a “shift” in the peak of the Gaussian distribution by the
size of its power stroke would be detected, the myosin-18A
power stroke histograms for both constructs during attach-
ment (Fig. 7, Cand D) were centered at ~0 nm (0.5 = 0.4 nm for
myosin-18Aa-HMM and 0.9 * 0.3 nm for the myosin-18A3-
HMM), indicating that mammalian myosin-18A does not pro-
duce a power stroke even in the presence of 1 mm ATP. These
results suggest that the myosin-18A does not function as a typ-
ical molecular motor and does not perform work against an
actin filament.

Myosin-18A Inhibits Translocation of F-actin by Myosin-2—
To test this, we used the gliding actin in vitro motility assay, in
which myosin bound to a surface interacts with actin. The myo-
sin-18A-HMM isoforms did not move actin filaments in this
assay. Myosin-18Aa-HMM tethered actin filaments to the sur-
face but did not move them. At the same concentration of myo-
sin bound to the surface, myosin-18AB-HMM only weakly
tethered actin to the surface regardless of whether ATP was
present or not. To further explore the actin binding potential of
myosin-18A isoforms, we tested the ability of these motors to
impede the locomotor activity of an actively cycling myosin,
specifically SkHMM, in an in vitro motility assay (Fig. 8). Mix-
ing increasing ratios of myosin-18A-HMM motors with
SKkHMM while keeping the total myosin protein concentration
added to the flow cell constant at 0.2 mg/ml slowed the rate of
F-actin filament translocation by the SkKHMM. The actin fila-
ments in the SKHMM/myosin-18Aa-HMM mixing experi-
ments ceased translocating when the total myosin content was
~60% myosin-18Aa-HMM, whereas the translocation of the
filaments in the presence of myosin-18A3-HMM did not fully
cease motility until 100% of the myosin content was myosin-
18A. The decline in translocation rate with added myosin-18A-
HMM fragments was not due to merely lowering the concen-
tration of SKHMM in the assay because control experiments
showed that 0.02 mg/ml SKHMM alone added to the flow cell
translocated actin at the same rate as the 0.2 mg/ml sample.
Combined, these data suggest that on a population scale, mam-
malian myosin-18A acts to induce a frictional drag against an
actively cycling myosin, and the different actin affinities seen
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FIGURE 8. Myosin-18A attenuates the motility of actively cycling SkHMM
in vitro. Keeping the final myosin motor concentration in the assay at 0.2
mg/ml, increasing concentrations of murine myosin-18Aa-HMM (closed cir-
cles) or myosin-18AB-HMM (open circles) were premixed with SkKHMM prior to
binding to the coverslip surface. The rate of actin filament sliding was mea-
sured by centroid tracking from the CellTrak program (Motion Analysis). The
translocation speed of SkHMM alone, which varied between preparations
from4.5t07.2 ums ™', was used for normalization. Assays were performed at
30 °Cin buffer containing 50 mm KCl, 20 mm MOPS (pH 7.4), 5 mm MgCl,, 0.1
mm EGTA, 1 mm ATP, 25 ug/ml glucose oxidase, 45 ng/ml catalase, 2.5 mg/ml
glucose, and 50 mm DTT. Error bars, S.D.

between the myosin-18 A« and -B isoforms in co-sedimenta-
tion assays can be recapitulated through the actin tethering
seen in the in vitro motility assays.

Shape of Myosin-18 Heads by Electron Microscopy—Taken
together, the F-actin binding data, the optical trapping data, the
in vitro motility data and the lack of rapid ATP hydrolysis sug-
gest that myosin-18A isoforms assume a conformation that
binds only weakly to actin. The conformational state of myosin-
18A-S1 isoforms in the absence of nucleotide was examined by
negative staining electron microscopy. The conformation
observed for both myosin-18A isoform was one in which the
lever arm was strongly angled with respect to the long axis of
the motor domain (Fig. 94). A similar conformation was seen
for myosin 2B-S1 in the presence of nucleotide (Fig. 9C, right)
but not in nucleotide-free conditions (Fig. 9C, left), as has been
demonstrated previously for other myosins (36, 37). In these
other myosins, in contrast to myosin-18A, the lever arm is in
line with respect to the long axis of the motor domain in the
absence of nucleotide. In accord with the lack of effect of
ATP on the actin binding, we found that there was no effect
of ATP on the shape of myosin-18A isoforms (Fig. 9, com-
pare A with B).

DISCUSSION

There is considerable enzymatic diversity among the mem-
bers of the myosin superfamily, with actin-activated ATPase
rates and F-actin translocation rates varying by 3 orders of mag-
nitude (33). This represents adaptations made in the various
myosins to perform their particular cellular role (38). Class-18
myosins represent the extreme edge of this diversity. Previous
work demonstrated that D. melanogaster myosin-18 bound
ATP poorly and showed no evidence for an ATPase activity and
that it bound actin in an ATP-insensitive manner (15). Earlier
biochemical studies using myosin-18A fragments expressed in
mammalian cells suggested that it may lack the enzymatic
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FIGURE 9. The gross conformation of myosin-18A is not affected by nucleotide. Shown are class averages of myosin-18Aa S1 (1108 molecules) (A) and
myosin-18AB-S1 (1341 molecules) (B) in the absence of nucleotide. C, myosin-18Aa S1in the presence of ATP (n = 817). C, surface representations showing the
three major conformations of Argopectan irradians myosin 2 S1 determined by x-ray crystallography. Crystal structures are oriented to show the most similarity
to class averages. Red, pre-power stroke state (Protein Data Bank entry 1QVI) (69); blue, near rigor state (Protein Data Bank entry 1SR6) (70); green, internally
uncoupled state (Protein Data Bank entry 1KK8) (71).Images were prepared using UCSF Chimera. Shown are class averages of myosin 2B-S1 in the absence (786
molecules) (E) and presence of ATP (933 molecules) (F). The ATP concentration was 1 mm when present.

activity that is usually associated with myosins and may func-
tion more like an actin-binding protein than as a motor protein,
although enzymatic measurements were not directly per-
formed (13, 14). By examining the nucleotide and actin binding
properties of soluble single-headed and double-headed frag-
ments of mammalian myosin-18A isoforms, we now quantify
these behaviors.

On a gross structural level, there are many similarities
between class-18 myosins and the conventional class-2 myo-
sins. We have shown that myosin-18A, like myosin-2, has two
IQ motifs separated by 26 amino acids following the motor
domain and that these bind an ELC and an RLC. A previous
study provided evidence for RLC association with myosin-18A
using immunoprecipitation (11). Both classes have a WPWW
motif near the end of the lever arm heavy chain sequence that
introduces a sharp bend into the lever arm and a conserved
proline located 8 amino acids from this motif, which marks the
start of the coiled-coil motif. The myosin-18 A-bound RLC is a
substrate for MLCK. A long coiled-coil-forming domain fol-
lows the IQ motifs in both classes to produce two-headed myo-
sins. These similarities argue strongly for a common evolution-
ary origin for class-18 and class-2 myosins. However, the
similarity fades when examining the structure and function of
the motor domains of the two classes. In fact, it has been con-
cluded that myosin-18 shares a phylogeny with myosin-6 and
myosin-1 based on motor domain sequence (1). The biochem-
ical data presented in this paper suggest that the myosin-18A
motor domain is markedly different from that of class-1, -2, or
-6 myosins. All class-1, -2, or -6 myosins examined to date bind
and hydrolyze ATP, and the rate of ATP hydrolysis is markedly
activated by F-actin (38). Furthermore, the binding of these
myosins to F-actin is dramatically weaker when the myosins
have ATP or both of the hydrolysis products, ADP and P,
bound to the active site compared with their binding affinity for
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actin when no nucleotide or only ADP is bound. Our data show
that M. musculus myosin-18A-S1 exhibits ATP-insensitive
actin binding with affinities more similar to those of the weakly
bound myosin states described above and that it does not
hydrolyze ATP at a significant rate.

Mammalian myosin-18Aa-S1 in the absence of nucleotide
binds actin with an affinity (K, ~5.0 um) similar to that previ-
ously reported for the isoforms of D. melanogaster myosin-18
(15). Mammalian myosin-18A3, however, exhibits a lower
actin affinity around 50 um. The higher affinity of the myosin-
18Aw isoform is probably related to the actin binding sequence
located in the extended N-terminal region between the PDZ
domain and the KE-rich region of that isoform (14). The differ-
ences in actin affinity of the myosin-18Aa and myosin-18Af3
isoforms coupled with the similar attachment lifetimes suggest
that the B isoform may bind to actin ~10 times more slowly
than does the « isoform. Unfortunately, we cannot verify this
directly because on rates cannot be determined in the optical
trapping experiments, and we see no quenching of pyrene-actin
fluorescence in stopped-flow experiments. The weak affinity
was not affected by phosphorylation of bound RLC, the addi-
tion of smooth muscle tropomyosin, or the presence of the
putative myosin-18A binding partner, GOLPH3 (10), into the
assay. Most significantly, the actin binding affinity was not
affected by the presence of ATP. The actin affinities of the myo-
sin-18A isoforms in the absence of ATP are 3—5 orders of mag-
nitude weaker than those of myosin-2 family members under
the same conditions (2). Even with weak F-actin binding poten-
tial, both isoforms of myosin-18A hindered the translocation of
actin by an actively cycling SKHMM in an in vitro motility assay,
suggesting that myosin-18A motors induce a significant fric-
tional drag on a population scale despite their weak affinity for
F-actin. Similar behavior is observed in the in vitro motility
assay when inactive, unphosphorylated smooth muscle myo-
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FIGURE 10. Homology model of myosin-18A structure. A, structural overview of the myosin-18A motor domain based on a homology modeling approach.
The nucleotide is shown in brown. B, selected view of the superposition of myosin-18A and Dictyostelium myosin-2 activation loops. The myosin-18A activation
loop (blue) is longer than that of Dictyostelium myosin-2 (green). C, amino acid alignment of the activation loop of myosin-18A compared with other myosins.
Genome sources are M. musculus (Mm), D. discoideum (Dd), Gallus gallus (Gg), and Sus scrofus (Ss). sm myo-2, smooth muscle myosin-2.

sin-2 is mixed with active, phosphorylated smooth muscle
myosin-2 (39) or when actin-binding proteins are mixed with
actively cycling myosins (40). This is consistent with the optical
trapping results showing transient interactions with actin in a
nucleotide-independent manner that do not result in a net dis-
placement of the actin filament. Interestingly, unphosphory-
lated nonmuscle myosin 2B HMM also gave a 0-nm displace-
ment when interacting with actin in the optical trap (41). The
weak F-actin affinity of myosin-18A could still be physiologi-
cally significant because this myosin is localized in the lamelli-
podia of some cells (11, 42) where the actin concentration is in
the range of 500 um (43).

Only very low rates of ATP hydrolysis were measured with
myosin-18A-HMM and -S1 fragments. We found no condi-
tions where this rate was activated. This included the addition
of F-actin, the addition of F-actin plus smooth muscle tropo-
myosin, phosphorylation of the RLC, the addition of calcium, or
the addition of GOLPH3. There was no detectable K" -ATPase
activity measured at high salt. We considered the possibility
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that we have isolated a regulated, “off,” state of myosin-18A,
similar to the state of smooth or nonmuscle myosin-2 isoforms
with unphosphorylated RLCs (44 —46). However, several lines
of evidence argue against this. First, phosphorylation of the
RLCs by MLCK did not activate myosin-18A. Second, the reg-
ulated state of myosin-2 family members involves an asymmet-
ric interaction between the two heads of a single molecule, and
single-headed fragments of these myosins are constitutively
active in the presence of F-actin (46 —48). Myosin-18A-S1 iso-
forms remained as inactive as the HMM isoform. Third, the
myosin exhibited no detectable K"-ATPase activity, which in
class-2 myosins is not affected by phosphorylation of the RLC
(49). Fourth, ATP bound weakly and reversibly to myosin-18A
isoforms. The reversible nature of the ATP binding is in striking
contrast to that seen for most other myosin superfamily mem-
bers (38).

The unusual properties of myosin-18 can be rationalized by
comparison of the amino acid sequence and a structural homol-
ogy model of myosin-18A (Fig. 104) with the sequence and
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FIGURE 11. Comparison of active site residues of myosin-18A with those of Dictyostelium myosin-2. Amino acid residues in black are from Dictyostelium
myosin-2, whereas those in gray are from myosin-18Ap. This figure was adapted from Sellers (33).

crystal structures of class-2 myosins. This demonstrated several
deviations from the consensus sequence of the myosin super-
family, which might impact ATP binding and hydrolysis and
the coupling of ATP binding to actin affinity. There are signif-
icant deviations in the amino acid sequence of the three highly
conserved loops in the nucleotide binding pocket of myosins
(P-loop, switch-1, and switch-2) (Figs. 11 and 12A). Of these
differences, the most significant might be the presence of a
glutamine residue (Asn**?) at the end of switch-2 instead of the
consensus glutamic acid (Figs. 11 and 12A4). (Note that allamino
acid numbers refer to the sequence of the myosin-18Af iso-
form unless otherwise noted.) In other myosins, this glutamic
acid (Glu**® in D. discoideum myosin-2) forms a salt bridge
with an arginine (Arg®*® in D. discoideum myosin-2) at the end
of switch-2 to help close the pocket around the nucleotide in
preparation for catalysis (50). Mutation of either of these
charged amino acids to an alanine in class-2 myosins dramati-
cally reduces the ATPase activity of these myosins (51, 52). It is
likely that Asn**” in myosin-18A would not be as effective at
forming this salt bridge, and this evolutionary substitution
alone would probably be sufficient to explain the low ATPase
activity.

Myosin-18A has a proline in the middle of the switch-2 con-
sensus sequence (X position of the DIXGFE motif, marked by
an arrow at the top of the alignment) not found in other myosin
classes (Fig. 124). This modification might possibly form a kink
in the loop to alter the position of other critical residues.
Switch-2 in myosin-18A is followed by a small loop (myosin-
18Aa Trp”®°~Arg®'; myosin-18AB Trp*®'—Arg**® shown in
orange in Fig. 12A), which is predicted to protrude into the
nucleotide binding site and may sterically reduce nucleotide
accessibility (15). In myosins and kinesins, conformational
changes in the y-phosphate sensor switch-1 upon ATP binding
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are coupled to changes in the track affinity of the motor. The
myosin-18A switch-1 sequence greatly differs from the consen-
sus sequence, which might alter the movement of this loop and
impair y-phosphate sensing (Fig. 12). In particular, the highly
conserved SSR sequence of this region is most typically ATR in
myosin 18 isoforms. A serine to alanine substitution for the first
of these serines is known to reduce motor cycling in other myo-
sins (53, 54) (Figs. 11 and 12). A serine to threonine mutation at
this residue is associated with a perturbed actin activation of the
steady-state ATPase activity and blocked motile properties
(53). The second serine is also important for myosin activity. A
serine to threonine mutation in Dictyostelium myosin knocks
out most of the actin-activated MgATPase activity and all of the
in vitro motility activity (54). Both of the switch-1 serines have
been implicated in the ATPase activity of the microtubule-de-
pendent motor kinesin, either by site-directed mutagenesis or
from analysis of crystal structures (55, 56).

Along myosin-18A-specific insert (denoted as Myo-18A loop
in Fig. 10A and shown in orange in the alignment in Fig. 12B) is
located between the fifth strand of the central B sheet and the
SH1 and SH2 helices and might sterically hinder the accessibil-
ity of nucleotide to the nucleotide binding site and impair trans-
ducer function. There is a conserved glycine (Gly®®° in the
D. discoideum myosin-2 sequence) within the myosin super-
family that lies between the SH1 and SH2 helices and is thought
to be in the vicinity of the rotation point of the lever arm. Muta-
tion of this residue to amino acids other than glycine typically
alters the nucleotide binding, hydrolysis, and release kinetics
and dramatically lowers the in vitro motility (57). Recently,
D. discoideum myosin-2 motor domain constructs bearing
mutations to this residue were crystallized in different nucleo-
tide states (58). The mutation affected the interactions of the
SH1 and SH2 helices with the relay helix. In addition, the
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FIGURE 12. Sequence/structural alignment showing consensus sequence motifs and myosin-18A-specific insertions within myosin motor domains.
A, alignment of P-loop, switch-1, and switch-2 regions. Overall, the alignment indicates a high degree of conservation in this triad of nucleotide-interacting
loops (P-loop, switch-1, and switch-2) across the myosin superfamily and highlights the exceptional role/deviation of myosin-18A, which accounts for its
unique kinetic properties. B, alignment of a region of myosins in which myosin-18A contains a unique myosin-18A-specific extension (myosin-18A loop) within
the myosin motor domain, which does not share any homology to other myosins identified so far. In both A and B, blue indicates the position of the typically
invariantly conserved glycine residue, which is an arginine residue in myosin-18A; orange indicates myosin-18A-specific amino acid sequences. Genome
sources are M. musculus (Mm), D. discoideum (Dd), G. gallus (Gg), A. irradians (Ai), Placopecten magellanicus (Pm), and S. scrofa (Ss). sm myo-2, smooth muscle

myosin 2; st myo-2, striated muscle myosin 2.

switch-1/switch-2 salt bridge was not formed. This glycine res-
idue is very well conserved among most myosin classes but is an
arginine in myosin-18A (33) (Fig. 12B).

The inability of F-actin to activate the steady-state ATPase
activity of myosin-18A might be due to the alterations in the
actin binding sites on myosin. Loop-2, an important surface
loop that is involved in forming the weak binding interactions
with actin, is longer in myosin-18A than in D. discoideum myo-
sin-2. There are also alterations in the recently described acti-
vation loop (59), which contains a conserved arginine residue
(Arg®®° in D. discoideum myosin-2) shown to directly interact
with the negatively charged N-terminal region of actin. Muta-
tion of this residue dramatically reduces the actin-activated
ATPase of D.discoideurn myosin-2 while not affecting its
motility or ADP release. It also appears to reduce the force-
generating capacity of the myosin by reducing the duty ratio
(59). This loop is longer in myosin-18A than in myosin-2 and
lacks the conserved arginine (Fig. 11, B and C).

The structure of the molecules observed in the electron
microscope is consistent with the observed weak binding to
actin. Despite the absence of ATP, the appearance of myosin-
18A was inconsistent with the nucleotide-free (lever-down)
state seen in other myosins (36, 60). The addition of ATP did
not result in a marked conformational change in the electron
microscopic images. For D. discoideum myosin-2, it was shown
that the M*ADP-P; (pre-power stroke, lever-up) state binds
F-actin very weakly with a K, of 57 um (61). This value is in good
agreement with the values obtained for myosin-18AB-S1
(Table 1). A motor mechanically trapped in the pre-power
stroke conformation indicates chemo-mechanical uncoupling
of the reciprocal relationship of this myosin from the usual
allosteric triggers, actin and ATP. The low coupling efficiency
between the nucleotide binding site and the actin binding
region does not trigger a conformational change toward the
lever-down state (post-power stroke state) in myosin-18A.
Based on our structural model, we speculate that the low nucle-
otide and F-actin affinities in combination with a perturbed
transducer function account for the compromised chemo-me-
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chanical coupling of myosin-18A. This perturbed coupling was
also reflected in the nucleotide-insensitive F-actin interaction
of myosin-18A-S1 splice variants observed in the co-sedimen-
tation assays.

The unusual actin binding properties, in which a popula-
tion of the myosins does not bind to actin even at saturating
actin concentrations, required a kinetic model that assumes
an equilibrium between a myosin-18A state that does not
bind actin and a state that does bind. However, the model
predicts that at much longer incubation times and at higher
actin concentrations, all of the myosin-18A protein should
bind to actin, and preliminary experiments support this.
Similar actin-binding behavior was previously observed with
D. melanogaster myosin-18 (15) and Limulus polyphemus
(horseshoe crab) myosin-3 (now termed myosin-21) (62).
Interestingly, we were also unable to demonstrate nucleotide
binding to either of these myosins. This raises the question of
whether myosin-18B will have similar properties.

These in vitro biochemical data suggest that myosin-18A
molecules do not act as actively translocating motors, which
would negate the possibility of them exerting an actively pulling
force against Golgi membranes, as has been proposed (10).
Instead, our data support the possibility of mammalian myosin-
18A providing a tethering activity within the cell, perhaps
anchoring other cellular components to the actin cytoskeleton
and resisting the strain induced by actively cycling myosin-2
motors within the cell body, or serving as a scaffold for other
proteins. In this regard, several studies have identified myosin-
18A-associated proteins, such as GOLPH3 (10), myotonic dys-
trophy kinase-related Cdc4-binding kinase (MRCK) (11) (a
kinase that phosphorylates the RLC of myosin-18A), and the
PAK2/BPIX/GITI complex, which are involved in cytoskeletal
dynamics and cell motility (42).

Two recent papers made point mutations in myosin-18A«
(G520S/K521A; equivalent to G172S/K173A in myosin-18Af)
designed to eliminate its “ATPase” activity without carrying out
any in vitro work to ascertain the enzymatic status of the pro-
tein. These mutations were based on comparable mutations
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previously shown to abolish ATPase activity in smooth muscle
myosin-2 in vitro (53). Both mutations resulted in observable
phenotypes in cells. In one case, abnormal Golgi structures
were observed following expression of the mutation (10), and in
another, MRCK was mislocalized (11). This raises the question
of how one “inactivates” an already inactive protein. In this
regard, it is interesting to note a recent study by Suijkerbuijk ez
al. (63) of BUBRI, a pseudokinase involved in a mitotic check-
point. BUBRI1 shares significant similarity to known kinases in
terms of both sequence and protein domain architecture, but
many residues known to be critical for enzymatic activity have
been replaced during evolution, rendering it inactive as a
kinase. However, a triad of critically conserved consensus resi-
dues remains unperturbed in this inactive kinase. Mutation of
one of these residues results in phenotypes in cells (10, 11), but
the paper by Suijkerbuijk et al. (63) shows that this is probably
due to a reduced conformation stability of the protein and not
to elimination of kinase activity (because such activity never
existed), as suggested by the authors of the papers. Similarly
with mammalian myosin-18A, many of the amino acids impor-
tant for ATP hydrolysis in the myosin consensus sequences
have been replaced with ones that would not be able to carry out
the same function, but the two residues mutated in the afore-
mentioned papers still adhere to the consensus sequence for the
P-loop. Perhaps the phenotypes observed in these studies are
due to reduced protein stability.

An alternative mechanism, not yet tested by our experi-
ments or any other published results, would be the possibil-
ity of stretch activation of this motor. This mechanism
would be particularly interesting in light of its potential role
in the maintenance of the cisternal structure of trans-Golgi,
where stretch induced on a bound motor may increase its
affinity for the actin filament. Future studies will seek to
determine whether tension against the motor may induce
some level of activation.

The demonstrated binding of RLC to myosin-18A should be
noted by investigators intent on studying the localization and
dynamics of nonmuscle myosin-2 isoforms in cells by overex-
pressing GFP-tagged RLC (64— 67). Such studies may be reveal-
ing the location of other myosins in addition to the nonmuscle
myosin-2 being investigated.

In conclusion, a recent review suggested that there were four
kinetic behaviors that classified most myosins as fast movers,
slow/efficient force holders, strain sensors, or gated, processive
movers (38). These classifications are based on the duty ratio,
the equilibrium constant for the step that opens the nucleotide
binding pocket, the load dependence of ADP release, and the
thermodynamic and kinetic coupling between actin and ADP
binding to myosin. Because myosin-18A does not appear to
have an actin-activated ATPase cycle, it must define a fifth class
of myosins, which may also include members of the inverte-
brate class-3 (recently renamed as class-21) myosins (1, 62).
Interestingly, there are parallels in the kinesin superfamily.
Vikl is a kinesin family member that lacks nucleotide binding
activity but does possess strong microtubule binding (68). The
crystal structure of this molecule reveals a typical kinesin motor
domain fold, but it is missing the characteristic sequences typ-
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ically found in the conserved loop L1, switch-1, and switch-2
kinesin motifs.
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