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filtration, washed free of acid with deionized H,0, and dried at 
70° overnight. The vield of compound was 6.9 g (66'', ), mp 
215-218° dec. 

Bis(5-fluoro-7-nitro-8-quinolinolato)copper(II) ilVb). —A solu
tion of 12.7 g t0.061 mole) of 5-fluoro-7-nitro-8-quinolinol in 300 
ml of DMF was mixed with a solution of 7.8 g (0.77 mole) of 
copper(II) acetate monohydrates in 600 ml of H,() and the mix
ture was stirred for 1 hr. The product was removed by filtration, 
washed (H,(), Me,CO), and dried at 70° overnight. The complex 
was obtained in 87'.', yield, mp >500°. 

7-Amino-5-fluoro-8-quinolinol Hydrochloride (IHb).- -A suspen
sion of 20.8 g (0.1 mole) of 5-fluoro-7-nitro-8-quinolinol and 150 
nig of PtO, in 100 ml of DMF was shaken under 5 atm of H,. 
After 0.3 mole of H, had been taken up the catalyst was removed 
by filtration and the filtrate was acidified with 20 ml of concen
trated HC1 and diluted with 5 vol of acetone. After cooling in a 
freezing compartment overnight, the product was filtered off 
and washed (Me,CO) until the wasli liquid was nearly colorless. 
The compound which was dried at 70° overnight was obtained in 
66':, yield, mp >500°. 

7-Nitro-8-quinolinol (Ha). A suspension of 5.0 g (0.016 
mole) of 5-iodo-7-nitro-8-quinolinol in 125 ml of AcOH was 
heated under reflux with agitation for 36 hr. Insoluble material 
was removed by filtration, and I, was reduced with aqueous 
XaHSOj. The solvent was concentrated to a small volume by 
Hash evaporation, and the residue was diluted with II,O. After 
adjusting with 10' , XaOH to pH 5, the product was obtained by 
filtration, washed (HjO), and dried at 70° overnight. The yield 
of compound was 1.7 g (00'y), nip 150°. 

A c k n o w l e d g m e n t . — T h a n k s a r e d u e to Y. O k a y a , 
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T h e i nves t i ga t i on of t h e m o l e c u l a r m e c h a n i s m of 
t h e m y o s i n - a c t i n - a d e n o s i n e t r i p h o s p h a t e ( A T P ) in-

(1) 'This work was suppor t ed by a D e r n b a m Fel lowship iD-lOo) oi tbe 
American Cance r Society. California Division. 

t e r ac t i on , basic to musc le cont rac t ion , - ' m a y requ i re iis 
a first, s t ep t h e e luc ida t ion of t h e m e c h a n i s m of t h e 
a d e n o s i n e t r i p h o s p h a t a s e ( A T P a s e ) a c t i v i t y of m y o 
sin. An a p p r o a c h to th i s p r o b l e m has been to s t u d y 
t h e i n t e r ac t ion wi th a n d t h e h y d r o l y s i s by myosin of a 
n u m b e r of c o m p o u n d s s t r u c t u r a l l y r e l a t ed to A T P in an 
a t t e m p t to es tab l i sh s o m e r e l a t i onsh ip be tween the 
s t r u c t u r e of t h e s u b s t r a t e a n d t h e s t r e n g t h of i ts b ind
ing as well as t h e veloci ty of i ts h y d r o l y s i s by myos in . " 
B l u m in par t icu lar ,*" af ter s t u d y i n g va r ious nucleos ide 
t r i p h o s p h a t e s , has p roposed t h a t t h e p u r i n e r ing a n d . 
m o r e precisely , t h e (i-.XH, g r o u p p lay an i m p o r t a n t role 
in g iv ing to A T P specific p r o p e r t i e s as a s u b s t r a t e for 
myos in . But myos in can also h y d r o l y z e s jmple t r i 
p h o s p h a t e s , such as r ibose t r i p h o s p h a t e 4 " or even inor
gan ic t r i p o l y p h o s p h a t e . 4 a n d t h e r e has been some in
terest in t he se s imple s u b s t r a t e s as a m e a n s nf e v a l u a t 
ing theor ies such as t h a t of B l u m . 

S o m e t i m e ago we s y n t h e s i z e d m o n o m e t h y l t r i 
p o l y p h o s p h a t e ( M T P ) by the c o n d e n s a t i o n of m e t h y l 
p h o s p h a t e a n d inorgan ic p h o s p h a t e in t h e p re sence of 
d i c y c l o h e x y l c a r b o d i i m i d e a c c o r d i n g to t h e m e t h o d of 
S m i t h a n d K h o r a n a . " At t h e s a m e t i m e B r i n t z i n g e r 
a n d coworkers" briefly r e p o r t e d t h a t th i s c o m p o u n d 
could also be o b t a i n e d by m e t h y l a t i o n of inorgan ic t r i 
p o l y p h o s p h a t e . T h i s s imp le A T P ana log h a s t h e 
s a m e n u m b e r of acidic g r o u p s as A T P . T h i s is not (he 
case for inorgan ic t r i p o l y p h o s p h a t e whose s t u d y , fur
t h e r m o r e , is c o m p l i c a t e d by i t s p r o p e r t y of g iv ing in
so luble C a - _ sa l t s . 4 Since t h e n A1TP h a s a t t r a c t e d t h e 
in teres t of worke r s in t he myos in field.7 

Experimental Section 

Synthesis of MTP. Monomethyl phosphate'' idisodium salt 
tetrahydrate, 752 mg. :iM mmoles) was dissolved in 70 ml of 
water and converted to the free acid by passage of the solution 
through a column of I )owex 50, II ^ (50YV-X4, 2(1-50 mesh: 
55 ml). The acidic eluate was taken to dryness at 40° in a 
flash evaporator and the residue was further dried overnight 
over PsO:, in a vacuum desiccator. To 40 ml of anhydrous 
pyridine in a 100-ml volumetric flask was added 4.S2 g (42 
mmoles) of S5 r , I fJ 'O, and 20.9 nil of w-Bil3X and the volume 
was made up to 100 ml with pyridine. The methyl phosphate 
was dissolved in 8(1 ml of this solution and 34 g 1 165 mmoles) of 
dicyclohexylcarbodiimide was added. The stoppered reaction 
mixture was occasionally stirred during the first hour, then left 
at room temperature for 48 hr. The precipitate, which had begun 
to appear after '•>() min, was filtered off and washed with 250 ml of 
11,0. The combined filtrates were extracted four times with SO ml 
of ether. The ether extracts were washed with 11,0 (40 nil.1. 
The combined aqueous solutions were concentrated at 26° in 
a Hash evaporator under high vacuum to a volume of about 25 nil, 
the condensing flask being cooled in f-PrOH Dry Ice. To the 
residue was added H,() ;675 ml) and the solution was brought to 
pH 8.4 by the addition of 5 .V XaOII. The volume was made up 
to 750 ml with II,<>. 

After filtration, the solution wa- fractionated on a 4.4 X 15.5 

2) It. E . Huxley in ' -Muscle: ' W. M. Paul , E. E. Daniel . C. M. Kay. and 
(>. .Munckton, Ed. , PerKiunon Press Ltd. , Oxford, 1965, p 'S. 

:.3> (a) J. J. B lum. An-h. Biorhem. Biophyt., 55, 486 (1955); 'I.) Y. 
T o n o m u r a , K. I m a m u r a , M. Ikebara . H. Uno, and F. H a r a d a . ./. Biuc/iem. 
. T o k y o ) , 6 1 , -160 (11167). 

(4) (a) N . Azuma. M. Ikeba ra . E. Ol i t suka , and Y. T o n o m u r a , Bioiinm. 
Biophys. Acta, 60, 101 H962) : lb , E. T. Friess and -M. F . Mora les . Arrh. 
Biorhem. Biophy*.. 56, H26 < l!lo">i. 

(">! M. Smi th and H. ('.. Kborana , ./. Am. Chtm. Sov.. 80, 1141 ( I M S ) . 
{t)i P. \X. Schneider . IE Printzinjrer. and H. Er lenmeyer . llrlr. Chirn. 

.•!<•!«. « , 992 (1964), 

(7) (a) J. R. Swansun and K. (1. Yount . Biorhtm. Z.. 345 , : » 5 ' 1966) : 
;l.l K. I m a m u r a . J. Duke , and M, F. -Morales, FftienUoi- I'rne.. 27, 519 

1968). 
f8> Avai lable Iron) K and K Laborator ies , Plainview, N. Y. 



S e p t e m b e r 190S 

cm column of Dowex 2 resin (X8, 200-400 mesh, Cl~) at 4°. 
The entire sample was passed, at 15 ml/min, through the column, 
which was then washed with H 2 0 (1 1.) followed by 1 1. of 0.003 
N HC1. The fractionation of the products was achieved by 
elution, at the same rate, with successive 1-1. portions of 0.003 
N HC1 containing increasing concentrations of LiCl, the first 
portion being 0.0055 M in LiCl, the second 0.011 M, the third 
0.0165 M, etc. One-liter fractions were collected and stored in 
the cold room. Total and acid-labile (10 min at 100° in 1 Ar 

H2SO4) P were determined on 0.5 ml of each fraction by the 
procedure of Bartlett.9 The acid-stable P (total minus acid 
labile) was found in three well-separated peaks. Peak I (1.8 
mg of acid-stable phosphorus) appeared in fraction 4, eluted with 
0.022 M LiCl. I t was probably a mixture of methyl phosphate 
and inorganic phosphate. Peak I I (fractions 13-15) contained 
23.7 mg of acid-stable P but very little acid-labile P. I t is 
believed to consist primarily of P^P^dimethyl pyrophosphate. 
Peak I I I (fractions 27-31) contained approximately 60 mg of 
acid-stable P (59% of the starting methyl phosphate). All frac
tions in this peak had a ratio of total P/acid-labile P of close to 
1.5. Inorganic polyphosphates were eluted shortly after this 
peak III. 

Isolation of the Lithium Salt of MTP.—The fractions of peak 
I I I were pooled and brought to pH 7.3 with 1 N LiOH. The 
solution was concentrated at 40° in a flash evaporator to about 
50 ml, then 64 ml of MeOH was added. The solution was 
filtered through sintered glass and the flask and the filter were 
rinsed with MeOH (30 ml). To the filtrate was added acetone 
(1880 ml). The precipitate, which formed immediately, was 
collected, after 48 hr in the cold, by decantation and centrifuga-
tion and was washed six times with MeOH-XfeCO (1:20) and 
three times with dry ether. The product was dried overnight 
under vacuum at room temperature over P 20 5 and weighed 644 
mg. Anal. Calcd for CH3Li4Oi0P3-H2O: P, 29.6. Found: 
P, 29.1. The ratio of total/acid-labile P was 1.48. Less than 
1% of the P was present as inorganic phosphate. No Cl~ was 
detected. Titration between pH 8.5 and 4 gave one acid group 
per three P atoms. 

Hydrolysis of MTP by Myosin.—A sample of myosin from 
rabbit skeletal muscle was kindly provided by Dr. G. Richards of 
the Department of Nutrition, University of California, Berkeley. 
I t had been prepared by the method of Tonomura and coworkers10 

and preserved at —18° in 50% glycerol. The protein concentra
tion was determined by Lowry procedure11 with standardization 
by Kjeldahl. Possible changes in the color yield of the Lowry 
procedure were checked using albumin as a standard. A solution 
in 0.5 M KC1 was obtained after precipitation of the myosin by 
diluting with water (10:1), centrifugation, and redissolution in 
and dialysis against 0.5 M KC1 (pH 8.1 with 1 mM Tris-chloride 
buffer). Glass-distilled water was used in all procedures. The 
myosin solution so obtained (200 /zg/ml) was kept in a plastic 
(cellulose nitrate) tube and in ice. 

Conditions for the MTPase and ATPase assays were as follows: 
0.5 M KC1, 5 mM CaCl2, 0.5 mM substrate, pH 8.2 (Tris-chloride 
buffer 0.02 M), temperature 25°. The substrates were used as 
K + salts, obtained by passing their solutions through a column 
of Dowex 50, K + . The enzymic reaction was started by adding, 
with magnetic stirring, 0.5 ml of the 3 mM substrate to 2.5 ml of 
a solution containing the other components, including myosin 
(100 Mg)- The reaction was stopped by adding 1 ml of a 20% 
trichloroacetic acid solution. After filtration, Pi was determined 
in 3 ml of the filtrate by the phosphomolybdate extraction method 
of Dreisbach,12 4 ml of the xylene-z-BuOH solvent being used 
for the extraction. 

The enzymic activity of the myosin, obtained from the amount 
of Pi released after a given time and expressed as micromoles of 
Pi per minute per gram, was found to be 390 with ATP and 48 
with M T P . Azuma and coworkers43 have reported that ribose 
triphosphate, another simple ATP analog, is hydrolyzed, also 
in the presence of Ca s + , at one-twentieth the rate of ATP. 
However, we noted that the loss of activity during storage in 
ice was not parallel for the two substrates, the ATPase being 
better preserved than the MTPase. After 35 days the ATPase 

(9) G. R. Bartlett, J. Biol. Chem.. 234, 466 (1959). 
(10) (a) Y. Tonomura, P. Appel, and M. Morales, Biochemistry, 5, 515 

(1966); (b) E. G. Richards, C.-S. Chung, D. B. Menzel, and H. S. Oloott, 
ibid., 6, 528 (1967). 

(11) R. J. Henry, "Clinical Chemistry, Principles and Technics," Hoeber 
Medical Division of Harper and Row, New York, N. Y., 1964, p 190. 

(12) R. H. Dreisbach. Anal. Biochem., 10, 169 (1965). 
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Figure 1.—Ca2+ dependence of myosin methy triphosphatase 
Experimental conditions: 0.5 M KC1, 0.5 m.V MTP, pH 8.2, 25° 

activity was still at 70% of the original value while the MTPase 
had declined to 27%. The loss of MTPase activity with time 
appears to be a first-order reaction with a half-life period of 
about 19 days in our conditions of storage of the myosin. 

The dependence of MTPase activity on Ca2 + concentration 
is shown in Figure 1. Maximum activity was obtained when 
Ca 2 + was about 5 mlif. No activity was observed in the absence 
of Ca2 + . Green and Mommaerts,13 working in somewhat 
different conditions (0.15 M KC1, pH 9.0), have reported an 
optimal Ca 2 + concentration of approximately 1 mM in the case 
of ATP. 
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and to Dr. AI. Morales who sponsored this work and to 
Dr. G. Richards for gifts of myosin and much helpful 
advice. 
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The development of fluorogenic substrates for histo
chemistry of normal and cancer cells is of importance 
because of the inherent sensitivity of fluorescence 
measurement over that of the absorbance measure
ment. Several years ago, Rutenberg, et al., reported2 

the use of 2-hydroxy-3-naphthoic acid anilide phos
phate for histochemical demonstration of phosphatase. 
Because of the presence of a small amount of naphthol-
AS, a simultaneous coupling procedure was recom
mended and fluorescent study was not possible. A 
more detailed study was therefore undertaken in order 

(1) This work was supported by Research Grant AT-30-1-3784 from the 
U. S. Atomic Energy Commission and U. S. Public Health Grant CA 07339. 

(2) A. M. Rutenberg, R. J. Barrnett, K. C. Tsou, B. Moms, and R. 
Teague, J. Histochem. Cytochem., 6, 90 (1958). 


