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In vitro ATP-dependent F-actin sliding on myosin is not influenced 
by substitution or removal of bound nucleotide 
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Abstract 

To examine possible role of F-actin-bound nucleotide in ATP-dependent actin-myosin sliding, we prepared various actin 
filaments with different nucleotide contents and compared their sliding velocities on heavy mero-myosin in the presence of 
2'-deoxyadenosine 5'-triphosphate (dATP) to exclude possible exchange of external ATP with the actin-bound nucleotide. 
Neither the sliding velocity nor the length of the actin filaments was significantly influenced by substitution or removal of 
actin-bound nucleotide, indicating that actin-bound nucleotide may not play a significant role in the sliding between actin and 
myosin. 
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1. Introduction 

Actin monomer (G-actin) is known to bind one 
molecule of adenosine nucleotide, which rapidly ex- 
changes with unbound nucleotides in the external 
medium [1]. When G-actin with bound ATP polymer- 
izes into filamentous actin (F-actin), the bound ATP is 
dephosphorylated to ADP [2], which is essentially 
non-exchangeable [1]. Since muscle contraction results 
from relative sliding between the thin filament consist- 
ing of F-actin and the thick filament consisting of 
myosin, possible role of the actin-bound nucleotide in 
muscle contraction has attracted the attention of inves- 
tigators in the field of muscle research. Until now, 
however, little information has been available concern- 
ing the role of the actin-bound nucleotide in the ATP- 
dependent actin-myosin interaction. The ability of F- 
actir to cause superpreopitation with myosin in the 
presence of ATP and to activate myosin ATPase has 
been reported to be unaffected by substitution of the 
F-actin-bound ADP with other nadeotides or its re- 
moval from F-actin [3-6], except for o~e report that 
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F-actin-bound 8-bromoadenosine 5'-diphosphate 
(BrADP) affects myosin ATPase activation by F-actin 
to some extent [7]. 

Recent development of in vitro motility assay sys- 
tems has made it possible to study the ATP-dependent 
sliding between actin and myosin under microscopic 
observation [8-10]. The present experiments were un- 
dertaken to study the role of the actin-bound nu- 
cleotide in the actin-myosin sliding responsible for 
muscle contraction, using a motility assay system in 
which fluorescently labeled F-actin was made to slide 
on myosin fixed to a glass surface in the presence of 
ATP [10]. To exclude possible exchange of the actin- 
bound nucleotide with ATP in the external medium 
[3,11], the ATP in the eternal medium was replaced by 
2'-deoxyadenosine 5'-triphosphate (dATP), which is not 
readily exchangeable with the actin-bound nucleotide 
even in the presence of myosin [4,12]. It is shown that 
dATP is equally potent substrate for the actin-myosin 
sliding to ATP, and that the rate of the actin-myosin 
sliding remains unchanged by substitution of-the F- 
actin-bound ADP with other nucleotides or its removal 
from F-actin, indicating that the actin-bound nu- 
cleotide is not essential for muscle contraction. Prelim- 
inary results of this work have been presented in the 
form ef abstracts [13,14]. 
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2. Materials and methods 

Preparation of G-ATP-actin and G-ADP-actin 
G-aetin with bound ATP(G-ATP-actin) was purified 

from rabbit skeletal muscle according to the method of 
Pardee and Spudich [15]. G-actin with bound ADP(G- 
ADP-actin) was prepared as follows. G-ATP-actin was 
treated with AG I-X8 (Bio-Rad Laboratories) for 2 
rain to remove free ATP, l~lymerized by adding KCI 
(25 mM) for 30 rain at 4°C, and centrifuged for 90 min 
at 150000 × g  (Beckman, TLA 100.2). The pellet con- 
taining F-actin was sonicated with an ultrasonic gener- 
ator (Branson, 13-12) at 50 W for 30 s on ice. Residual 
F-actin was removed through a Miilipore filter (Nihon 
Millipore, HA~,P) [.~6], to obtain G-ADP-actin. 

Preparation ~,f F-actit~ 
F-actin was prepared (1) by polymerization of G- 

ATP-actin (12.5 p,M) in 5 mM Tris-HC! (pH 8.0)/100 
mM KCI/0.1 mM MgCI 2 (buffer A) containing 2.5 mM 
ATP overnight at 4°C; (2) by polymerization of G- 
ADP-actin in buffer A overnight at 4°C (F-actin B) or 
(3) by the treatment of 1 unit- ml -  i hexokinase (Sigma, 
H-5875) on G-ATP-actin in 2 mM Tris-HC! (pH 8.0)/2 
mM MgCI2/0.2 mM CaCi2/0.2 mM ATP/0.5 mM 
glucose for 2 h at 25°C (F-actin C) [17]. 

Preparation of nucleotide-substituted F-actins 
Nucleotide-substituted F-actins were prepared by 

polymerization of G-ADP-actin (12.5 p,M) in buffer A 
(without ATP) in the presence of 2.5 mM adenylyl 
imidodiphosphate (AdoPP[NH]P) (F-NS-actin A), 8- 
bromoadenosine 5'-triphosphate (F-NS-actin B), or in- 
osine triphosphate (F-NS-actin C). 

Preparation of nucleotide-depleted F-actins 
Nucleotide-depleted F-actins (F-NR-actins) were 

prepared in two ways. F-NR-actin A was prepared 
essentially according to the method of Kasai et al. [18]. 
This method is based on the principle that the chela- 
tion of the actin-bound divalent cations releases the 
bound ATP. G-ATP-actin (75 #M)  in 1.8 M 
sucrose/1.5 M urea was mixed with a 10 -3 vol. of 0.2 
M disodium ethylenediamine tetraacetate (EDTA, 
2Na), and gently stirred to remove bound Ca-" + for 3 
rain at 4°C, and the released ATP was trapped by the 
addition of 100 mg. ml-  ~ AG I-X8 (Bio-Rad Laborato- 
ties). After further stirring for 15 min, the mixture was 
filtered through Tetron mesh to remove resin. These 
treatments were repeated five times, and the nu- 
cleotide-depleted G-actin obtained was polymerized 
into F-NR-actin A in 50 mM K O / I . 8  M sucrose 
overnight at 4°C. 

F-NR-actin B was prepared by apyrase based on the 
principle that the affinity of AMP to actin is low [19]. 
G-ADP-actin (12.5 #M) in 4 mM Pipes (pH 7.0)/100 

mM KCI. 0.625 mM MgCI:/5 unit .ml-~ apyrase 
(Sigma, A-6160) was sonicated (50 W) for 3 min at 
25°C, and stood for 20 h at 4°C to obtain F-NR-actin 
B. 

Preparation of myosins 
Myosin was purified from rabbit skeletal muscle 

according to Perry [20] and stored in ".q"; ,"~'t'ero' a, 
-20°C. Heavy recto-myosin (HMM) ~as prepared ac- 
cording to Okamoto and Sekine [21], and used within 3 
days. 

Determination of protein and nucleotide concentrations 
Protein concentrations were determined by ultravio- 

let absorption using coefficients of 26.6-103 M -~. 
cm- i  at 290 nm for G-actin [22], 2.3- 106 M - i .  crn-i 
at 280 nm for HMM [23], or by the method of Bradford 
[24]. Nucleotide concentrations of F-actins were deter- 
mined as follows. F-actins were first spun down by 
centrifugation for 90 rain at 150000 x g (Beckman, 
TLA 100.2), and dissolved in deionized water. Quickly 
after the addition of ammonia to the final concentra- 
tion of 2 M, the mixture was neutralized with acetic 
acid and again centrifuged (for 5 rain at 3000 × g). The 
supernatant was evaporated and dissolved in 20 mM 
sodium phosphate buffer (pH 7.0), and aliquot was 
applied :o an ion-eYc~.agt: column (Shimadzu, Shim- 
pak WAX-I). Nuclc:,tldes were eluted with a gradient 
of 20-480 mM sodium phosphate (pH 7.0) and quanti- 
fied by high-performance liquid chromatography 
(Shimadzu, LC-6B). 

Fluorescent labeling of F-actins 
All F-actins used in the present study were ooiymer- 

ize~i xrom G-actins in the presence of equimolar rho- 
damine-phalloidin (Molecular Probes). The fluores- 
cently labeled F-actins were diluted to a final concen- 
tration of 12.5 nM in 25 mM imidazole-Cl (pH 7.5)/25 
mM KCl/5 mM MgC12/2 mM dithiothreitol/l  mM 
ethyleneglycol bis(2-amineethyi ether)tetraacetic acid 
(buffer B). 

In l'itro motility assay 
hMM (80/zM in buffer B) was spread on a nitro- 

cellulose-coated cover glass constituting the bottom of 
a flow cell (24 × 9 × 0.2 nun deep) to fix HMM onto 
the bottom of the cell, free HMM being removed by 
washing with buffer B containing 15/~M bovine serum 
albumin (Sigma, A-7906). Then, the fluorescently la- 
beled F-actin (12.5 /zM in buffer B) was introduced 
into the ceil. ATP-dependent F-actin sliding on HMM 
was induced by exchanging buffer B with ATP or 
dATP solution, prepared by adding 2 mM ATP (Sigma, 
A-5395) or 2 mM dATP (Yamasa) to buffer B. The 
movement of F-actin was observed with an inverted 
microscope equipped with epifluorescencc optics 
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Fig. 1. Chromatograms of F-actin samples showing the composition 
of nuclcotides in each sample. Nucleotides were loaded on a anion- 
exchange column, eluted with a gradient of 20-480 mM sodium 
phosphate (pH 7.0), and monitored by absorbance at 259 nm. (A) 
F-actin A; (B) F-actin B; (C) F-actin C; (D) F-NR-actin A; (E) 
F-NR-actin B; (F) F-NS-actin A; (G) F-NS-actin B: (H) F-NS-actin C. 

(Olympus, IMT-2 with an oil immersion objective 
X l00, numerical  aper ture  = 1.30) at  30°C, and  
recorded on videotape with a high-sensitivity video 
camera (Ikegami, CTC-9000) and a video cassette 
recorder (Sony, VO-9600). Analysis of the  movement  
was performed on replay from the video cassette 
recorder.  

3. Results 

Contents o f  bound nud:. , , ides in the F-actin samples 
Chromatograms showing bound nucleotides in the 

F-actin samples are presented in Fig. 1. F-actin A 
contained only ADP,  while F-actins B and C conta ined 
both  ADP and AMP. F-NS-actins A, B and  C con- 
tained AdoPP[NH]P and ADP, BrADP and ADP,  and  
inosine diphosphate  ( IDP) and A U P  respectively. F- 
NR-actin A and B contained only a small amount  of  

Table 1 
Bound nucleotide contents o1 F-actin samples (tool/ tool of actin 
monomer) 

ADP AMP AdoPP BrADP 1DP 
INHIP 

F-actin A 0.83 0.00 - 
F-actin B 0.35 0.02 - 
F-at ~,in C 0.24 0.05 - 

F-NS-actin A 0.04 0.00 0.62 
F-NS-actin B 0.01 0.08 0.69 - 
F-NS-actin C 0.03 0.00 0.61 

F-NR-actin A 0.08 0.08 - - 
F-NR-actin B 0.08 0.06 - - 

Table 2 
Sliding velocities of F-actin filaments on HMM in Ihe presence of 2 
mM dATP and F-actin filament length (mean_+ S.D., n = 30-40) 

Sliding velocity Filament length 
(/~m's -I) (/~m) 

F-actin A 8.3+ 1.5 2.7+ 1.5 
F-actin B 8.9 _+ 1.4 2.7 _ 0.9 
F-actin C 7.3_+ 1.0 3.2_+ 1.0 

F-NS-actin A 7.8 -+ I. l 2.8 -+ 1.4 
F-NS-actin B 8.2 ± !.0 2.2 -+ 1.3 
F-NS-actin C 8.2 _+ 1.4 3.4_+ !.9 

F-NR-actin A 7.9 5:0.9 2.7 5:1.5 
F-NR-actin B 9.0 5:!.3 3.6-+ 2.2 

A D P  and  A M P  respectively. Table 1 shows bound  
nucleot ide contents  (expressed relatively to G-act in)  in 
the F-actin samples. The  A D P  content  was maximum 
;n F-actin A, while it was much smaller  in F-actins B 
and C, indicating that  the A D P  content  depends  on  the  
method of  prepara t ion  of F-actin. The  A D P  content  of 
F-actin B (35%) was in accord with the result  of 
Higashi and  Oosawa [25]. The  A D P  content  of  F-actin 
A (83% < 100%) might result  partly from dena tu red  
actins and  partly from limit of  accuracy in de te rmining  
the  prote in  and nucleotide concentrat ions.  

On  the  o ther  hand,  the  bound  nucleotides in F-NS- 
actins A, B and  C were mostly AdoPP[NH]P,  B r A D P  
and IDP respectively, indicating fairly effective nu- 
cleotide substitution. F-NR-act ins  A and B conta ined  
only a small amount  of  A D P  and  A M P  respectively, 
indicating effective removal of  bound  nucleotides.  

Motility assay experiment 
First, we examined the ability of dATP  in producing 

sliding of F-actins on H M M  by comparing the  sliding 
velocity of  F-actin A in the presence of 2 mM ATP  
with that  in the  presence of  2 mM dATP.  The  value 
was 7.7 _+ 1.4 t tm"  s -  t (mean _+ S.D., n = 40) for ATP,  
and  8 . 3 +  1.5 / ~ m - s  - t  (n  = 4 0 ) f o r  dATP. Since the 
two values did not  differ significantly ( P  > 0.05), we 
concluded that  dATP was equally potent  to ATP  in 
producing F-actin sliding on  HMM.  Fur ther  experi- 
ments  were therefore  performed only with dATP.  

The  results obta ined  are summarized in Table 2, in 
which average sliding velocities of the  F-actin f i laments 
on H M M  in the  presence of 2 mM dATP are listed 
together  with the corresponding average fi lament 
lengths. 

No significant differences in the sliding velocity were 
observed between F-actin A, which may serve as con- 
trol F-actin, and all o ther  kinds of  F-actins. in addi- 
tion, the  f i lament length of  F-actin A did not  differ 
significantly from that  of all o ther  F-actins. 
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4. Discussion Acknowledgments 

In the present  study, we examined possible role of 
actin-bound nucleotide in the ATF-dependent  actin- 
myosin sliding by preparing various F-actins with dif- 
ferent nucleotide contents  and comparing their sliding 
velocities on HMM using a motility assay system. The 
possible exchange of actin-bound nucleotide with ex- 
ternal ATP could be successfully avoided by use of  
dATP which was shown to be equally potent to ATP in 
producing F-actin filament sliding on HMM. 

The results obtained were very simple; the ATP-de- 
pendent  sliding of F-actins was not significantly influ- 
enced neither  substitution nor removal of actin-bound 
nucieotide. The present  study also showed that the 
filament length of  F-actins was not significantly af- 
fected by the nucleotide contents  of F-actins. It follows 
from the present  results that, although substitution or 
removal of  actin-bound nucleotide is expected to 
change the F-actin structures to some extent, such 
structural changes may not have any appreciable effect 
on the sliding velocity of  F-actin on HMM and also on 
the filament length of F-actin. 

Although it has been reported that, in solution 
systems, the ability of F-actin to cause superprecipita- 
tion with myosin and to activate myosin ATPasc is 
unaffected by the removal of actin-bound nucleotide, 
the nucleotide-depleted F-actin still contains ADP up 
to 5% [4] or 13% [5]. In this case, the possibility can 
not be excluded that the residual ADP in the nu- 
cleotide-depleted F-actin is sufficient to cause super- 
precipitation and myosin ATPase activation at the nor- 
mal rate. In the present  study, however, such a possibil- 
ity is completely excluded by the result that F-NR-actin 
B, which does not contain ADP, slides on HMM at the 
velocity not significantly different from that of other  
Foactins. 

It shovld be noted that, in the motility assay system 
used in the present  study, F-actin filaments slide on 
HMM only under  unloaded conditions. It remains to 
be investigated whether  the ATP-dependent  F-actin 
sliding velocity is influenced by substitutioi~ or removal 
of actin-bound nucleotide under an externally applied 
load. 

The authors wish lo thank Drs. S. Suda, A. Mu- 
raoka, K. Oiwa and S. Chaen for their help in setting 
up the movement assay system. This work was sup- 
ported in part by grants-in-aid for Scientific Research 
(No. 01740434~ from the Ministry of Education, Sci- 
ence and Culture of Japan. 
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