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ABSTRACT: During the ATP hydrolysis cycle of thBictyosteliummyosin Il motor domain, two conserved
o-helices, the SH1/SH2 helix and the relay helix, rotate in a coordinated way to induce the swing motion
of the converter domain. A network of hydrophobic and ionic interactions in these two helices and the
converter may ensure that the motions of these helices are effectively transmitted to the converter. To
examine the roles of these interactions in the ATPase-dependent converter swing, we disrupted two
conserved hydrophobic linkages among them by means of a point mutation (I499A or F692A). The resulting
mutations induced only limited changes in the kinetic parameters of ATP hydrolysis, except for a marked
increase of basal MgATPase activity. However, the mutant myosins completely lost their in vitro and in
vivo motor functions. Measurements of the intrinsic tryptophan fluorescence and the GFP-based FRET
revealed that the converter domain of these mutants did not swing during steady-state ATP hydrolysis or
in the presence of tightly trapped M&DP-V;, which shows that the point mutations induced the uncoupling

of the converter swing and ATP hydrolysis cycle. These results highlight the importance of these
hydrophobic linkages for transmitting the coordinated twist motions of the helices to the converter as
well as the requirement of this converter swing for force generation.

The ATP hydrolysis cycle oDictyosteliummyosin I “back door” is closed to be ready for ATP hydrolysis in
proceeds as followsl{-3). Myosin first forms an unstable  the prestroke state, while it is open in the poststroke state
collision complex with ATP (the MATP state), and then  (1-3, 7).
binds it tightly to take the M-ATP state, which is character- Two types of crystal structures of the motor domain of

ized by its quenched tryptophan fluorescence. Myosin then iy osteliummyosin (designated as S1dC) may represent
undergoes the Isomerization step to take theATP state, intermediate structures of this ATP hydrolysis cycle §).
which is charactenzeq by its enhanced tryptophan fluores- One is the putative “poststroke structure” derived from S1dC
cence. Q.U'Ck hydroly3|s of ATP generlates the mpst S.tablewith bound MgADP or Mg-ADP-BeF.. The other is the
intermediate state, i.e., the MDP-R* state, which is putative “prestroke structure” derived from S1dC with bound

equivalent to the M**ADP-P; state of vertebrate skeletal
. . Mg-ADP-AIF, or Mg-ADP-V,. These crystal structures have
muscle myosin4). The phosphate generated by this ATP revealed that, upon the transition from the poststroke to the

hydrolysis is then slowly released from the back door of the prestroke structure, the switch Il loop locating at the bottom
ATPase pocket). The myosin then takes the WADP state. of the ATPase pocket changes its conformation around the

A he rel f ADP i f h .
fter the release o , myosin becomes ready for another “phosphate sensor” G459)( These conformational changes

cycle of ATP hydrolysis. Since the transition from the : . ; Lo
prestroke structure to the poststroke structure occurs at the?'® finally transmitted to the converter domain, which is
P-release step and the backward transition occurs at theSXPected to rotate by~70° on the prestroke/poststroke
isomerization step6), we designate the intermediate states transition g, 10). Itis generally assumed that this rotation
after the isomerization step and before thedfease step as of the converter is amp!lfleq as a long-distance swing of the
the “prestroke state” and the remaining ones as the “post-/€ver arm along an actin filament@.
stroke state.” As far as the ATPase site is concerned, its The converter domain is held in its position by the two
conservedx-helices, the SH1/SH2 helix, and the relay helix
T This work was supported by grants-in-aid for Scientific Research .(Flgure'l). The network, of many ionic and hydrophobic
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to K.S. and from the Japan Society for the Promotion of Science for coordinated twisting motions of these helices and efficient
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telium myosin Il heavy chain genelf). Mutant myosin
genes were sequenced and then ligated witibtbgostelium
actin-15 promoter by using BanHlI site generated as the
junction of the promoter and the heavy chain gene. As a
result, the N-terminal sequence of the heavy chain was
changed to M-D-P- from the original sequence M-N-P-. A
Sad site was also introduced after the stop codon as the
junction of the heavy chain gene and the actin-6 terminator.
The resulting construct was finally ligated between Xt

and Sad sites in the pBIG vector1, 17), in which the
actin-6 terminator with a uniqu8ad site at its 5 end had
been inserted. By means of electroporation, these plasmids
were introduced int®ictyosteliumcells in which the heavy
chain gene had been knocked out by homologous recombi-
nation (myosin-null cells) 8). The transformants were
selected in an HL-5 medium19) supplemented with
penicillin/streptomycin and 20g/mL G418 on plastic dishes
for 1 week.

The truncated myosin heavy chain genes corresponding
to myosin subfragment 1 (S1) were constructed as follows.
The heavy chain was truncated at E836 by introducing a
stop codon at the corresponding location of the heavy chain
gene. A uniquésad site was introduced after the stop codon
as the junction between the S1 gene and the terminator. After
the actin-15 promoter and actin-6 terminator werre fused,
two Not sites were further added at thednd 3 ends. The
S1 construct was inserted into a unigiet site of the
pTIKLOE vector @Q) that carries the essential and regulatory
FiGURE 1: (A) Crystal structures of the myosin motor domain light chain genes21) driven by the actin-15 promoter. The
complexed with MgADP-V;. 1499 and F692 are shown as space- 5' end of the regulatory light chain gene was modified so
filling models and colored in red and blue, respectively. The relay that the expressed light chain carried the histidine tagsfHis
helix '.Sbgho""”has a magenta “hbbon and the SHl/S"I'Z helix as aat jts N-terminus. Transformations were carried out by using
gﬁ?nré | 4%% gng E%g\frter 's shown in green. (B) A closeup view DictyosteliumAX2 cells. Transformants were selected as
above.

transition 7, 8). The side chain of F692 that maintains a | "€ GFP/BFP fusion of S1dC @jictyosteliummyosin i

hydrophobic contact with the core of the converter may work Was constructed as describé). (The myosin heavy chain
as an anchor, transmitting the twisting motion of the SH1/ 9€ne was truncated at Q758 and then ligated with the
SH2 helix to the converter. enhanced BFP gene through a linker that corresponds to the

Gly-Gly-Gly sequence. The red-shifted GFP gene was ligated
at the 5 BanHlI site of the truncated myosin gene through
alinker corresponding to the Gly-Pro-Gly sequence. Between
the actin promoter and the GFP gene, the His-tag sequence
was introduced as a double-stranded oligonucleotide so that
the expressed GFP/BFP fusion protein had the N-terminal
His tag. The resulting fusion gene was finally inserted into
the pBIG vector modified as above. Transformation of AX2
cells and selection of transformants were carried out as above.
Phenotypes of Transformed Cellhe growth rates of cells

expressing the recombinant myosins were measured in

The relay helix is a long-helix that connects the switch
Il loop and the side of the converter domain. On the
prestroke/poststroke transition, small ATPase-dependent con
formational changes induced at the switch Il loop are
propagated to the relay helix as its twisting motion. The
C-terminal end of the relay helix is in contact with the side
of the converter through a network of interactions, among
which a hydrophobic linkage between 1499 in the helix and
a residue (E738 fabictyosteliummyosin Il) in the converter
domain is very much conserved and is maintained during

th t i D). . . .
e converter swingl(l suspension as described2|. The spore formation of

To verify the importance of these hydrophobic linkages ; ;
at 1499 and F692 in the converter swing and force generation,Erlazr)]sformed cells was examined on agar plates as described

we disrupted them by introducing a point mutation (1499A
and F692A) inDictyosteliummyosin Il and carried out
detailed in vivo and in vitro analyses of these mutants.

Protein Purification.Full-length myosin was purified as
described 12). The phosphorylation of purified myosin was
carried out by using the recombinabictyosteliummyosin
EXPERIMENTAL PROCEDURES light chain kinase (MLCK) as de_scribedld,_ 23).

Mutant S1s and GFP/BFP fusion proteins were prepared

Construction and Expression of Mutant Myosins and Their as described6( 24) with some modifications. Truncated
Fragments.Mutagenesis and construction of plasmids of protein was extracted from transformBittyosteliumcells
mutant full-length myosins and their fragments were carried and precipitated as the complex with F-actin, as described
out as describedl@, 13). Briefly, 1499 or F692 was changed for the full-length myosin 12). It was then extracted from
to alanine by site-directed mutagenedid)(of the Dictyos- the precipitate with a solvent comprising 10 mM MOPS,
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pH 7.4, 250 mM NaCl, 7 mM MgG| and 5 mM ATP. The
extract was directly applied to an NTA-Ni agarose column
(Qiagen). After the column was washed with one column
volume of the above solvent supplemented with 1 mM ATP,
the protein was eluted with 200 mM imidazole, pH 7.4. The
eluted fractions were collected, dialyzed against a solvent
comprising 50 mM NacCl, 10 mM MOPS, pH 7.4, and 2 mM
MgCl,, and then centrifuged at 100000 rps 30 min
(Beckman TL100-3) before use.

F-actin was extracted from the acetone powder of rabbit
skeletal muscle and purified as describ2é)(

ATPase AssaysActin-activated and basal MgATPase
activities were measured as describexb) (with some
modifications. Purified full-length myosin (2660 ug/mL)
and various concentrations of F-actin{0.5 mg/mL) were
mixed in an assay buffer comprising 18 mM MOPS, pH 7.4,
12.5 mM KCI, 35 mM NaCl, and 5 mM MgGl The
reactions were started by additigy volume of 10 mM ATP

and stopped by adding 4 volumes of 0.3 M PCA. The assays

were carried out at 25C.

Fast Kinetics Binding or release of a mant nucleotide to
and from wild-type or mutant S1 was followed by a stopped-
flow apparatus with a fluorescence detector (Applied Pho-
tophysics, SX18)24, 27). Rate constants were calculated
by using previously described equatio28{31).

Spectra of Intrinsic Tryptophan Fluorescend#e fluo-
rescence spectra of intrinsic tryptophan of the wild-type and
mutant S1s were obtained in a solvent comprising 50 mM
NaCl, 10 mM MOPS (pH 7.4), and 2 mM Mgg£in the

presence or absence of a nucleotide by a fluorometer (Perkin-

Elmer LS50B) atlex = 290 nm.

Trapping of a Nucleotide in the ATPase Siwild-type
or mutant S1 (M) in 50 mM NacCl, 10 mM MOPS (pH
7.4), and 2 mM MgCl was mixed with 10uM sodium
vanadate and incubated at 26 for 30 min. Then, mant-
ADP was added into each mixture to reach a final concentra-
tion of 10uM. After the mixture was incubated at 2& for
30 min, ATP was added to each sample to reach a final
concentration of 1 mM in order to chase the bound mant-
ADP in the ATPase site. After addition of ATP, the
fluorescence intensity of mant-ADR¢( = 295 nm,Aem =
440 nm) was followed by a fluorometer (Perkin-Elmer
LS50B). When chased from the ATPase site of myosin, the
fluorescence intensity of mant-ADP decreased.

GFP—FRET Measurement&FP-based FRET (fluores-

Sasaki et al.

Table 1: In Vitro Motor Activities of Wild-Type and Mutant
Myosins

in vitro motility2 basal actin-activated

(um/s) Mg-ATPase (s!) Mg-ATPase (5%
1.45+0.26 0.05+ 0.01 2.06+ 0.11
1499A not motile 0.36+ 0.05 1.28+ 0.01
F692A not motile 0.35: 0.04 0.63+ 0.05

a Sliding velocities of actin filaments were determined in the presence
of 0.2% methylcellulose.

Table 2: Kinetic Parameters of Wild-Type and Mutant S1s

WT 1499A F692A
mant-ATP binding gM~*s™%) 1.54 1.08 0.58
mant-ADP release (3) 1.03 4.66 1.42
mant-ADP binding gM~*s™%) 0.83 0.67 0.33

the acceptor (GFP) at 510 nm when it is directly excited at
480 nm.

In Vitro Motility Assays.In vitro motility assays were
carried out as previously describe83( 34) with some
modifications. Purified full-length myosin was introduced
into a chamber constructed from silicone-coated cover
glasses. The assay buffer comprised 25 mM imidazole, pH
7.4, 4 mM MgC}, 1 mM DTT, 0.2% methylcellulose, and
O, scavengers3b). F-actin was labeled with rhodamine/
phalloidin. The assays were carried out at°25

RESULTS

Mutant Myosins Hae Defects in Motor Functionslhe
expression of a full-length myosin Il gene Dictyostelium
myosin-null cells is a simple and direct assay for its in vivo
motor functions 86). The myosin-null cells expressing either
[499A or F692A myosin exhibited phenotypes similar to
those of the parental myosin-null cells: they neither formed
spores when starved nor grew in a suspension culture (data
not shown). The results indicate that both of these mutant
myosins lost their in vivo motor functions.

Consistent with these in vivo defects, the in vitro motility
assays of purified 1499A or F692A myosin showed that they
completely lost the ability to drive the sliding motion of actin
filaments (Table 1).

ATPase Kinetics of Purified Myosins and Their S1
Fragments Although complete loss of in vivo and in vitro
motility was observed for 1499A and F692A myosins, these
ll-length myosins still exhibited basal MgATPase activity

f
cence resonance energy transfer) measurements were carnetHat was higher than that of the wild type (0.360.05 sl

out in 50 mM NacCl, 10 mM MOPS (pH 7.4), and 2 mM
MgCl, by exciting BFP at 360 nm or GFP at 480 nm as
previously describeds). FRET efficienciesE) were deter-
mined from the sensitized emission of GFP according to the
equation 82):

E = {(ratio)* — €*(360)k"(480}{ *(480)k°(360)}

for 1499A, 0.35+ 0.04 s* for F692A, and 0.05t 0.01 st

for the wild type) (Table 1). Moreover, these mutants retained
actin-activated ATPase activity, though lower than that of
the wild type (1.28+ 0.01 s for 1499A, 0.634+ 0.05 st

for F692A, and 2.06+ 0.11 s* for the wild type) (Table

1). Their Ky, values of actin-activated MgATPase activity
were not significantly different from thi€,, value of the wild

type.
where superscripts D and A refer to donor (BFP) and  The second-order rate constants for mant-ATP or mant-
acceptor (GFP) anef*(360), ¢4(480), ande®(360) to molar  ADP binding to the mutant S1s were measured. These values
extinction coefficients of donor and acceptor at the designatedyere similar to those of wild-type S1, although some
wavelength. (ratid)is the emission ratio of acceptor defined = deviations were observed (Table 2). The rates of mant-ADP
as (ratio} = Fpre/Fpir, WhereFger is the fluorescence  release from the mutant Sis also showed some deviations
intensity of the acceptor (GFP) at 510 nm when the donor from the rate of the wild type. However, it must be noted
(BFP) is excited andFp is the fluorescence intensity of  that the ADP-release rate was faster than thelase rate
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Ficure 2: Tryptophan fluorescence of wild-type and mutant S1s. 0 L ) A )
Fluorescence spectra were obtained in the absence of nucleotide 0 60 120 180 240
(solid line), in the presence of 1 mM ATP (dashed line), and in the Time (sec)

presence of 1 mM ADP (dotted line). Solvent conditions: 10 mM

MOPS (pH 7.4), 50 mM NaCl. and 2 mM MgCIExcitation: 290 Ficure 3: ATP chase of mant-ADP bound to the wild-type (WT)

S1. The WT S1 was mixed with mant-ADP in the presence or

nm. absence of Y and the bound nucleotide was then chased upon
addition of excess ATP. In the absence aof (golid line), the
Table 3: FRET Efficiency of Wild-Type and Mutant GFP/BFP fluorescence intensity of the mant moiety quickly dropped due to
Fusion Proteins its dissociation from the ATPase site. In thﬁ presence; Qdé:j/s(jhtgd .
: lin he fluor nce intensity did n n n ition
nonudeoide  ATR___ ADP__ ADR e e Chase the tightly bound mantADP.
WT 0.50+0.06 0.16+£0.01 0.38:0.01 0.12+0.01
l[499A  0.554+0.03 0.49+0.02 0.60+0.01 0.48+0.01 100 -
F692A 0.55+0.01 0.48+0.01 0.56+0.01 0.43+0.01
S
(the basal ATPase activity) for both of the mutants, especially g Or
for 1499A, indicating that the Pelease step is the rate- _°:=
limiting step of the steady-state ATPase reaction for the wild © el
type as well as for these mutants. ‘g‘
Defect of the Corerter Swing during Steady-State ATP £
Hydrolysis. As shown in Figure 2, intrinsic tryptophan ‘s 40}
fluorescence increased upon addition of excess ATP to the g
wild-type S1. It is generally assumed that this increase of § 20 L
fluorescence intensity mainly reflects the converter swing =
to the prestroke orientation from the poststroke orientation. . ._
Upon addition of excess ATP to 1499A or F692A S1, 0
however, the intrinsic tryptophan fluorescence did not WT G45TA  HM99A  F692A

increase but, rather, decreased. A similar level of decreaseFIGURE 4: Trapping of mant-ADP by the wild-type and mutant

+ - S1s. ATP-chase experiments, as in Figure 3, were carried out for
of the tryptophan fluorescence was detected upon addltlonthe Wild-type (WT), GA57A, 14994, and F692A S1s in the presence
of ADP to these mutants, as in the case of the wild type. o¢y. " As controls, similar experiments were carried out in the
These results imply that the converter domain of these absence of  The amount of mant-ADP chased by ATP for each
mutants remained in the poststroke orientation during steady-experiment is shown as a bar representing the fluorescence intensity
state ATP hydrolysis. change upon addition of ATP (%) that is normalized by the value

To further confirm this notion, we directly examined observed in the absence of.\A smaller value means a tighter

- - trap of the bound mant-ADP.

whether the converter domain of 1499A or F692A myosin
swings during ATP hydrolysis by using the GFP-based FRET ATP hydrolysis could be due to a kinetic effect, i.e., the
measurement on the fusion proteins of GFP, BFP, and S1dCaccumulation of mutant molecules in the"MTP state, i.e.,
as previously described). In the absence of a nucleotide, in the poststroke state. We examined this possibility by
the FRET efficiency between GFP and BFP attached to thetrapping the ATPase cycle of the mutants at the prestroke
N- and C-termini of 1499A or F692A S1dC was 0.55 (Table state with MgADP-V;.
3). Since the FRET efficiency for the wild-type fusion protein First, the binding of mant-ADP to S1 was examined by
in the absence of a nucleotide, i.e., at the poststroke stategxploiting the fact that the fluorescence intensity of the mant
was 0.50 as compared to 0.16 in the presence of excess ATPmoiety is enhanced when mant-ADP binds in the ATPase
i.e., at the prestroke state, it is likely that the converter of site 37—39). When excess ATP was added to the wild-type
these mutants took a poststroke orientation similar to that S1 that had bound to mant-ADP, the weakly bound nucle-
of the wild type. Unlike the wild type, however, the FRET otide was easily chased, resulting in a quick decrease of the
efficiency of the 1499A or F692A mutant remained at the fluorescence (Figure 3). However, in the presence;pfhé
level of the poststroke structure (0-48.49) even in the  fluorescence only slightly decreased upon addition of excess
presence of excess ATP (Table 3), supporting the aboveATP because the mant-ADP was tightly trapped in the
notion that the converter remained in the poststroke orienta- ATPase site as the complex with ®¥d was hardly chased
tion during steady-state ATP hydrolysis. by ATP. When G457A S1 was used in place of the wild

Defect of the Corerter Swing at the State Trapped with type, mant-ADP was not tightly trapped even in the presence
Mg-ADP-V;. The result above in which the converter of Vj, as shown in Figure 4. This result is consistent with
remained in the poststroke orientation during steady-statethe fact that the G457A mutant cannot take the prestroke
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state in the presence of ATP since its ATPase cycle is thereby uncouple the twisting motion of the SH1/SH2 helix
blocked before the isomerization stdf3), Unlike the G457A and the converter swing. Thus, either the 1499A mutation
mutant, similar trap experiments on 1499A and F692A S1s or the F692A mutation resulted in a complete uncoupling
showed that both of them tightly bound to mant-ADP in the of the converter swing and the ATP hydrolysis cycle; the
presence of V(Figure 4). The results indicate that, under ATPase cycle of these mutants proceeded rather normally
the conditions, the ATPase site of the 1499A or F692A without the converter swing. This defect in the converter
mutant was fixed at the prestroke state with tightly bound swing during the ATP hydrolysis cycle may be the direct
Mg-ADP-V;. cause of the loss of the in vivo and in vitro motor functions

By means of the GFP-based FRET measurement, we therPf these mutants.
examined whether the converter of the 1499A or F692A  These results highlight the importance of these critical
mutant ever adopted the prestroke orientation when the hydrophobic contacts at 1499 and F692 for transmitting the
ATPase site was fixed at the prestroke state. As shown in coordinated twist motions of the helices to the converter as
Table 3, the FRET efficiency between GFP and BFP of the Well as the requirement of this converter swing for force
1499A or F692A mutant with the tightly bound MgDP- generation.
Vi was very similar to that observed in the absence of a
nucleotide. Thus, even when the ATPase site of these mutantsACKNOWLEDGMENT
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