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SUMMARY 

2-(Dansylamino)ethanol, which was obtained after the reaction of dansyl 
chloride with ethanolamine, was phosphorylated by using tetrachloropyrophosphate, 
and the resulting 2-(dansylamino)ethyl monophosphate was further phosphorylated 
by using Pi and N,N'-dicyclohexylcarbodiinlide to obtain 2-(dansylamino)ethyl 
triphosphate (DTP). 

DTP was hydrolyzed by heavy meromyosin-ATPase at a rate similar to the 
hydrolysis of ATP in the presence of Ca 2+. In the presence of IO mM Mg 2+, the Km 
of the DTP hydrolysis by heavy meromyosin was 1. 9. Io -5 M, the hydrolysis appar- 
ently being abolished by the addition of ATP. 

Marked increases in the intensity of the maxima of the excitation and emission 
spectra of DTP were observed after the addition of heavy meromyosin in the presence 
of 83.4 mM Mg 2+ at IO °. The peak of the emission spectrum shifted froni 54 ° to 530 nm 
accompanied by an increase in intensity, thus suggesting that the polarity around 
DTP became rather hydrophobic. Energy transfer from tryptophan and/or tyrosine 
to the dansyl group of DTP was assumed. 

INTRODUCTION 

Tile structure of the active site of myosin-ATPase (EC 3.6.I.3) has been 
investigated by using substrate analogs, all of which contained purine or pyrimidine 
bases or their derivatives. TONOMURA et al .  1 concluded from their study that the 
N-6 or 0-6 of purine and pyrimidine bases is necessary for the interaction of the 
substrate analogs with the active site, and that the appropriate distance between 
the triphosphate and the base should be maintained for a desirable fit of the substrate 
analog with myosin. 

On the other hand, it has been known since the observations of SINGI~R AND 
BARRON 2 and of KIELLY AND BRADLEY a that the sulfhydryl groups of myosin are 

Abbrev ia t ions :  DTP,  2 (dansy lamino)e thy l  t r i phospha t e ;  DDP,  2 (dansy lamino)e thy l  di- 
p h o s p h a t e ;  DMP, 2 - (dansy lamino)e thy i  m o n o p h o s p h a t e .  

* P resen t  address :  B iochemis t ry  Division,  Research In s t i t u t e  for Tuberculosis ,  Hokka ido  
Univers i ty ,  Sapporo,  J apan .  
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essential for its ATPase activity. Recently, MURPHY AND ~'~/[ORALES 4 have shown 
by affinity labelling to the SH group using 6-mercapto-9-/~-D-ribofuranosylpurine 
5'-triphosphate as the substrate analog that low-molecular-weight components a 
included in the myosin molecule may be indispensable for its enzymic activity. 

As an approach to clarify the structure of the enzyme's active site, fluorescent 
substrate analogs have sometimes been used with success6,L It is now expected that 
fluorescent reagents will be most useful in the study of the enzyme's active site. 

In this paper the synthesis of a new fluorescent substrate, 2-(dansylamino)ethyl 
triphosphate (DTP), of myosin-ATPase is presented. It was hydrolyzed by heavy 
meromyosin-ATPase at a comparable rate to the hydrolysis of ATP. The qualitative 
nature of DTP hydrolysis resembles more that of ITP than that of ATP. It was also 
shown that the environment around the bound DTP was rather hydrophobic. Some 
of the results have been presented elsewhere s,,~. 

M A T E R I A L S  A N D  M E T H O D S  

Heavy meromyosin was prepared from rabbit skeletal muscle by the method 
similar to that described by SZENT-GY(~RGYI l°. 

The dephosphorylation reaction was stopped by addition of trichloroacetic 
acid at a final concentration of 5 %, and the Pi liberated was determined by the 
methods of EIStCE AND SUBBAROW n or MARTIN AND DOTY 12. The enzymatic activity 
of heavy meromyosin-ATPase measured at 25 o was expressed in units, which were 
defined as/2moles Pi liberated l~er rain per mg of protein. The concentration of heavy 
meromyosin was determined by using the absorbance at 28o nm of o.63 for x mg 
protein per ml solution. 

Paper electrophoresis was performed at pH 7-8 (5o mM triethylammonium 
bicarbonate buffer) and at 3o V/cm for I-2 h using the Mitsumi electrophoresis 
instrument. Paper chromatography was performed by using Toyo Roshi 3 A paper 
(16 cm × 6o cm), following the descending technique. The spots were detected under 
ultraviolet light from a Manasul lamp. 

The carbonate form of DEAE-cellulose was soaked in o. 5 M ammonium 
carbonate for I-2 h with stirring and then washed with water in a column (2 cm )< 
6o cm) until the wash water became neutral. The height of DEAF-cellulose(bicar- 
bonate form) in the column was 47 cm. 

The Pi content in 2-(dansylamino)ethyl phosphates was analyzed by the 
method of ALLEN 13. 

Absorption spectra were measured with a Hitachi i24 spectrophotometer. 
Fluorescence measurements were carried out with a Hitachi 2PF-3A spectre- 

fluorimeter and the temperature of the cell holder was regulated by circulating water. 
The fluorescence spectra shown in this paper were not corrected for the spectral 
response of the photomultiplier and the Xenon lamp. Excitation bandwidths were 
3 or 4 nm and the emission band width was I2 nm. 

NMR spectra were measured by a JEOL 3 H 6o high resolution NMR spectrc- 
meter. 

Organic solvents were all purified by distillation. 
ATP was purchased from Sigma Chemical Company. I-Dimethylaminc- 

naphthalene-5-sulfonyl chloride (dansyl chloride) was purchased from Mann Research 
Laboratories 
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RESULTS 

Preparatio~ of 2-(da~zsvlamiJzo)etha~lol 
3.5 g of e thanolamine  were added  to an equal  amount  of dansyl  chloride 

dissolved in 3oo ml of ethanol ,  and the mix ture  was allowed to s t and  for 2 h at  room 
tempera ture .  The solution was evapora t ed  to 5o ml by  heat ing it to 8o 8 5 .  Af ter  
cooling, a small  amount  of water  was added  to the solution and a prec ip i ta te  of the 
produc t  appeared.  By further  addi t ion  of water  to 2 1, the t)reeipitate was again 
solubilized and a solution giving green fluorescence was obtained.  The solut ion was 
fi l tered through a glass filter, and the f i l t rate was evapora ted  to 3oo ml at  Ioo °. 
Yellowish green crystals  were ob ta ined  from the solution after  s tanding  it overnight  
in the cold room. The prec ip i ta te  was collected and dr ied in a desiccator.  Yield was 
94 %- The molar  absorpt ion  coefficient of the  produc t  a t  32o nm was 54Io mole ~. cm 
(reference ~t value:  53IO mole ~. cm ~). Only one spot,  whose Rt,, was o.9, was ob ta ined  
b y  paper  ch roma tog raphy  developed b y  ammonium aceta te  e thanol  (2:7, by  vol.).  
Melting point  Ioo ° (referencela: Io2°). An NMR q)ee t rum measured in d imethyl  
sulfoxide has shown alcoholic OH at the 4-()5 ppm tr iplet ,  amide N H  at the 7-!) ppm 
singlct,  and  naph tha lene  6 protons  at  7.1 8.6 ppm. The OH and N H  signals disap-  
peared by  the addi t ion  of °-H,.,O. 

Preparation of e-(da;~svIami;zo)ethyl moJzophosphate ( DMP) 
I mmole  of 2- (dansylamino)e thanol  was dissolved in 22 ml of acetoni t r i le  at 

- - 5  % i0 mmoles  of t c t rac l f lo ropyrophospha te  were added  slowly to the solution with 
stirring. The synthesis  of DMP was followed by  paper  electrophoresis.  After  react ion 
for 2 h 2-(dansylamin~,~)etlmnol d i sappeared  complete ly  and one large spot  moving 
to the  anode was obtained,  with small  spots  conta ining more anionic conatx~unds. The 
react ion was s topped  by  adding i0  vol. of water.  I ) e r iva t ivesof  2-(dansylamino)-  
e thanol  in the s,~lution were adsorbed on to 2 3 g of charcoal  by  shaking vigorously. 
The charcoal  was washed 3 t imes with ioo  ml of a mix ture  of water  e thanol  benzene  
( 4 : 8 : I ,  t)y vol.), with vigorous stirring. 72 ' ;  of the mate r ia l  could be desorbed.  
Benzene and ethanol  were removed  by  evapora t ion  under  reduced pressure at  3o'L 
The 2- (dansylamino)e thanol  and  its der ivat ives  were f rac t iona ted  by  D E A E -  
cellulose colunm chromatograt )hy under  a concentra t ion gradient  of t r ic thyl -  
ammonium b icarbona te  buffer (pH 7.o). I )MP was ob ta ined  as the first main peak at  
o.14 o.2o M t r i e thy lan lmonium bicarbonate .  The concentra t ion  of t r ie thyl -  
ammonium b icarbona te  at  the peak was ra ther  var iable  due to evolut ion of CO,, gas 
dur ing the exper iment .  The yield from 2-(dansylamino)e thanol  was 65 %. Frac t ions  
of the  first peak were collected and the solvent  ( t r i e thy lammonium bicarbonate)  
was removed  by  evapora t ion  under  reduced pressure at  3 o'~. The residue was dissolved 
in a small  volume of water.  The d i sso lu t ion-evapora t ion  cycle was repea ted  until  the 
p H  of the aqueous solution became neutral .  The final product  showed only one sp,~t 
on paper  electrophoresis  and also on paper  chromatogra t )hy (Rr, o.65) developed by  
ammonium ace t a t e - e thano l  (2:7, by  vol.). The molar  rat io  of dansyl  group to Pi in 
the  I)SIP prepara t ion  was I.o. 

Preparalion of DTP 
Synthesis  of DTP  was performed according to tim well-known condensat ion 

me thod  of nucleot ide monophospha te  and Pi using N ,N ' -d i cyc lohexy lca rbod i imide  
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as a condensing agenO 5. DMP and Pi in final concentrations of o.I mM and I mM, 
respectively, were dissolved in 2 ml pyridine containing 2.I mM tri-n-butylamine. 
Tri-n-butylamine was added to dissolve the Pi in the pyridine. The DMP was converted 
from a triethylammonium salt to a pyridine salt by repeating the dissolution in 
pyridine-evaporation cycle. Phosphorylation of DMP was started by the addition 
of 5o mnloles of N,N'-dicyclohexylcarbodiimide with stirring. After continuous 
stirring in the dark at room temperature for 2 days, the light-yellow solution became 
white and turbid, the turbidity being due to the formation of cyclohexylurea. The 
precipitate was removed by filtration through a glass filter and was washed with an 
appropriate amount of water (20-30 ml). An equal volume of ethyl ether was added 
to the combined filtrate and the water layer was obtained after shaking 2 or 3 times. 
Any organic solvent in the water layer was removed by evaporation and the aqueous 
solution was fractionated by DEAE-cellulose colunm chromatography. As shown in 
Fig. I, DTP was separated from DMP and 2-(dansylamino)ethyl diphosphate (DDP). 
Properties of the components of the first three peaks have not yet been examined. It is 
presumed that the components are 2-(dansylamino)ethanol and the pyro-type of DMP. 

The yield of DTP from DMP was 78 %. When the amount of N,N'-dicyclo- 
hexylcarbodiimide used was less then 5o mmoles, the yield of DTP was less. Only one 
spot was detected with the DTP preparation by paper electrophoresis and by paper 
chronmtography. The molar ratio of the dansyl group to Pi was I : 3-3. DTP was used 
as the triethylammonium salt. Aqueous DTP solution was rather stable, i.e. after 
3 months in the deep freezer at --2o °, more than q7 % of the DTP remained unhy- 
drolyzed. 

A bsorptio~ aud ]7uoresce~tce .spectra 
Fig. 2 shows the absorption spectrum of 2-(dansylamino)ethanol. Absorption 

maxima were obtained at 215, 245, and 328 nm in 2o mM Tris-HC1 buffer (pH 8.o). 

c 

8-  
E~ 

. c  E ~g 
E lc  -c~,  
c ~ u 
o o n 

o 

Q3 o ~ . ~  

02 .~ ~ b 

0~ 1000 2000 - 3(~00 
Elut ion v o l u m e  (ml) 

Fig. i .  DEAE-ce l l u lose  co lumn c h r o m a t o g r a p h y  of 2 - (dansy lamino)e thy ]  phosphates. Aqueous 
solu t ion  of a m i x t u r e  of 2 - (dansy lamino)e thy l  phospha tes  was appl ied  to the  co lumn (COOH form, 
2 cm X 47 cm). E lu t ion  was performed under  a l inear  concen t ra t ion  g rad i en t  of t r i e t h y l a m m o n i u m  
b ica rbona te  f rom o.~ to o. 4 M (- - - - ) .  DMP(a),  DDPCo ), and  DTP(c) were e lu ted  a t  o.2o, o.27, 
and  o.32 M t r i e t h y l a m m o n i u m  bicarbonate ,  respect ive ly .  F rac t ions  of 2o ml were collected. I t  
took  36 h to comple te  th is  ch roma tog raph i c  f rac t ionat ion .  Three  peaks  e lu ted  in f ront  of DM P 
were not  e x a m i n e d ;  see tex t .  
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The absorpt ion  spec t ra  of phosphory la t ed  der ivat ives  of 2- (dansylamino)e thanol  
were indis t inguishable  from tha t  of 2- (dansylamino)e thanol  in the range 23o to 
4oo nm. Since the molar  absorpt ion  coefficients of the  phosphory la t ed  der iva t ives  
at  328 nm were appa ren t ly  ident ical  wi th  tha t  of 2-(dansylamino)ethanol ,  absorbance  
at  328 nm of these compounds  was ad jus ted  to o.o3 and the fluorescence intensit ies,  
which were exci ted  at  328 nm and  measured  at  54 ° n m ,  were compared.  The fluores- 
cence intensi t ies  of DMP, D D P  and DTP were only 4, 2 and I o~, higher, respect ively,  
than  tha t  of 2-(dansylamino)ethanol .  

Increase in the  concentra t ion  of e thanol  up to 7 ° O//o at  neut ra l  p H  increased 
9-fold the  in tens i ty  of the fluorescence of 2- (dansylamino)e thanol ,  which was 
measured  in the  range 44 ° to 62o nm (Fig. 3). At  the same time, the peak of the 
fluorescence emission spec t rum shif ted from 54 ° to 523 nm. The fluorescence in tens i ty  
of 2-(dansylamino)  ethanol ,  wich was exci ted  at  328 nm and  measured  at  485 nm, was 
increased by  the add i t ion  of bovine serum albumin in 4 ° mMTr i s  buffer (pH 7 .8 )a t  
25 °. As shown in Fig. 4, the  in tens i ty  at  485 nm increased 82-fold by the add i t i on  of 
the protein  in a final concent ra t ion  of 5 mg/ml.  The fluorescence emission spec t rum 
m a x i m u m  was at  485 nm in the presence of 5 mg/ml  of the protein,  but  it shif ted to a 
longer wavelength  with a decrease in prote in  concentra t ion  being at  54 ° nm in the 
absence of the  protein.  

A small  decrease in the fluorescence in tens i ty  was observed by  adding  KC1 or 
MgC12 to 2- (dansylamino)e thanol  and its phosphory la ted  der ivat ives .  When  MgC12 
was added  in a final concent ra t ion  of o.2, o. 5 or I.O M, tbe  ex ten t  of quenching of 
phosphory la t ed  der ivat ives  was 9, 20 or 28 %, respect ively,  bu t  when the same 
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Fig .  2. A b s o r p t i o n  s p e c t r u m  of 2 - ( d a n s y l a m i n o ) e t h a n o l .  C o n c e n t r a t i o n  of 2 - ( d a n s y l a m i n o ) e t h a n o l  
w a s  5 . 2 '  i o  ~ M. S o l v e n t :  2o m M  T r i s - H C 1  b u f f e r  ( p H  8.o) .  

Vig. 3. E f f e c t  of  e t h a n o l  o n  t h e  f l u o r e s c e n c e  e m i s s i o n  s p e c t r u m  of  2 - ( d a n s y l a m i n o ) e t h a n o l .  E x c i -  
t a t i o n  a t  328  n m .  C o n c e n t r a t i o n  of  e t h a n o l  in  p e r c e n t a g e  (v/v)  : a ,  7o; b, 5o ;  c, 3o ;  d,  1o; e, n o n e .  
C o n c e n t r a t i o n  of  2 - ( d a n s y l a m i n o ) e t h a n o l  w a s  6. 4 .  i o  6 M. 
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concentrations were added to 2-(dansylamino)ethanol itself, quenching was 4, 13 or 
22 %, respectively. No difference in the effect of KC1 was observed between 2- 
(dansylamino)ethanol and the phosphorylated derivatives, and the quenching with 
2 M KC1 was less than 15 %. In the presence of 0. 5 M KC1 and IOO mM MgC12, the 
quenching of DTP was 5-IO %. 

Fig. 5 shows the effect of pH on the fluorescence intensity of DTP, which was 
excited at 328 nm and measured at 54 ° n m .  The quenching of dansyl group 
fluorescence by decreasing the pH to the acid region has already been reported by 
FORSTER 16. I t  was explained by the protonation of the dimethylamino group. 
Quenching of the fluorescence intensity of DTP was clearly observed below pH 6, 
while no fluorescence was observed below pH 3. The absorption at 328 nm was also 
decreased by decreasing the pH. 

Hydrolysis of DTP by heavy meromyosin 
Hydrolysis of DTP by heavy meromyosin was measured in a reaction mixture 

containing o.I mg/ml heavy meromyosin, 0.3 mM DTP, 4.85 mM CaCI2, 0.5 M KC1 
and 50 mM Tris-maleate buffer (pH 7.o), at 25 °. As shown in Fig. 6, Pi was liberated 
from DTP at the same rate as from ATP. Pi liberation from DDP under the same 
conditions was negligible. Pi liberation from DTP was hardly observed when heavy 
meromyosin which was inactivated by preincubation in 0.5 M KC1 (pH 7.0) at 80 ° 
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Fig .  4. E f f ec t  of b o v i n e  s e r u m  a l b u m i n  on  f luo rescence  e m i s s i o n  s p e c t r u m  of 2 - ( d a n s y l a m i n o ) -  
e t h a n o l .  C o n c e n t r a t i o n  of 2 - ( d a n s y l a m i n o ) e t h a n o l  w a s  1. 7. lO ~ M. C o n c e n t r a t i o n  of b o v i n e  s e r u m  
a l b u m i n  in  m g / m h  a, 5 .0;  b, 3.3;  c, 2.5;  d, 1.7; e, 1.25; f, 0 .84;  g, 0 .63;  h, 0 .42;  i, o .31;  j, o .21;  
k,  none .  I n s e t  s h o w s  t h e  r e l a t i o n  b e t w e e n  t h e  f luo rescence  i n t e n s i t y  a t  485 n m  a n d  t h e  concen -  
t r a t i o n  of b o v i n e  s e r u m  a l b u m i n  (BSA).  

F ig .  5- E f fec t  of p H  on  t h e  f luo rescence  i n t e n s i t y  of D T P .  T h e  p H ' s  a b o v e  i o  w e r e  a d j u s t e d  b y  
KOt-I  a n d  p H  2 w a s  a d j u s t e d  b y  HC1. 2o m M  c i t r a t e  buf fe r  w a s  u s e d  for  t h e  p H  in  t h e  r a n g e  
f r o m  2.8 t o  6.o, a n d  2o m M  T r i s - H C 1  buf fe r  was  u s e d  f ron l  p H  7.1 t o  8 . i .  T h e  a b s o r b a n c e  of D T P  
(6. 4.  lO -6 M) a t  328 n m  w a s  o.o 3 in  t h e  s o l u t i o n  a t  p H  7.6. 
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Fig. 6. I )TP hydro lys i s  by h e a v y  Ineromyosin.  Reac t ion  m i x t u r e  consis ted of o.l  mg/ml  h e a v v  
meronlyosin ,  0. 3 mM D TP  (or ATP, DDP),  o. 5 M KCI, 4.85 mM CaC12, and  5 ° nlM Tris-maleat-e  
buffer (pH 7.o). Tempera tu re ,  25~. O, A ; DTP. o ,  /.. ; ATP. 11 ; I ) I )P.  ~k, G ; hea t -dena t u r ed  
h e a v y  meronlv,,)sin was used. 

Fig. 7- Effect of ~ [ g 2 +  inh ib i t ion  on I )TP hydro lys i s  by he~tvy nleronayosin. Re,ration m i x t u r e  
consistect of o.I mg/ml  h e a v y  meromyosin ,  0. 3 nlM I)TP, 0. 5 M I<C1, i n  mM Tris HCI buffer 
(p i t  7.6) and var ious  concen t ra t ions  of MgC1, 2. Tempera tu re ,  9.8% 
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Fig. 8. I n h i b i t o r y  effect of ATP on D TP  hydro lys i s  by  h e a v y  meromyos in .  Reac t ion  m i x t u r e  
consisted of o.o2 111g/ml h e a v y  meromyos in ,  o. 3 mM D T P  and/or  ATP, o. 5 M I<C1, 1o mM MgCl.~, 
and 5 ° mM T r i s - m a l e a t e  buffer (pH 7.o). Tempera tu re ,  25 ' .  Subs t r a t c :  O, DTP;  o ,  AT1); 
X, o.3 mM DTP  and o.3 mM ATP. Broken  line, t ime  course of Pi l ibera t ion  from ATP in the  
presence of Ca 2+ in place of Mg 2~ . The ver t ica l  b roken  line shows the  level of DTP  concen t ra t ion  
added.  

Fig. 9. Effect  of NaC1 or KCI concen t ra t ion  on D T P  hydro lys i s  by  h e a v y  meromyos in .  React ion  
n l ix tu re  used for the  expe r imen t  wi th  NaC1 consis ted of o.o 5 nlg/ml  h e a v y  meromyos in ,  o.58 hiM 
DTP,  io  mM MgCI~, 2o mM Tr i s -HCl  buffer (pH 7.6) and  var ious  concen t ra t ions  of NaCI ( 0 ) .  
Tempera tu re ,  9 °. Reac t ion  m i x t u r e  used for the  expe r imen t  wi th  KC1 consis ted of o.o25 mg/ml  
h e a v y  ineromyosin ,  o.93 nlM DTP, 4.85 mM CaC12, 2o mM Tris--HC1 buffer (pH 7.0) and  var ious  
concen t ra t ions  of I<C1 (O).  Tempera tu re ,  25 °. In  order to save the D T P  its  concen t ra t ion  was k e p t  
as low as possible. Reac t ion  m i x t u r e  used for ATP hydro lys i s  in the  presence of KC1 consis ted 
of o.o25 nlg/ml h e a v y  meromyosin ,  2 mM ATP, 5 mM CaC12, 5 ° nlM T r i s - m a l e a t e  buffer (pH 7.o) 
and var ious  concen t ra t ions  of KC1 (11t). Tempera tu re ,  25 ~'. 
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for 60 rain was used in place of native heavy meromyosin. As shown in Fig. 7, DTP 
hydrolysis was inhibited by the addition of MgC12 in 0. 5 M KC1 and 20 mM Tris-HC1 
buffer (pH 7.6) at 9.8 °. 70 °o of the original activity was preserved after the addition 
of MgCI,z in a final concentration of io raM, but only 7 % or less was observed in tile 
presence of IOO mM MgC12. The rate of ATP hydrolysis by heavy meromyosin in 
0.35 M KC1 at pH 8.2 decreased to less than 30 % of the original activity with tile 
addition of MgCl,z in a final concentration of IO mM (ref. 17). As shown in Fig. 8, 
ATP hydrolysis was inhibited nearly completely in the presence of IO mM MgC12, 
while under the same conditions DTP hydrolysis was clearly shown. When both 
DTP and ATP were added at an equal concentration of 0.3 raM, the rate of Pi 
liberation was the same as that obtained in the presence of ATP as the only substrate. 
Tile result strongly suggests that ATP and DTP compete for the same active site and 
that the affinity of ATP for the site is stronger than that of DTP. This conclusion was 
confirmed by the measurement of Km's for ATP and DTP as described below. 

Heavy meromyosin-ATPase activity in the presence of Ca 2+ is simply decreased 
by increasing the concentration of KC1. When DTP was used as the substrate in place 
of ATP, the level of Pi liberation was nearly one-half that of ATP hydrolysis in the 
absence of KC1. As shown in Fig. 9, this level increased with increase in the concen- 
tration of KC1 and, after the maximum activity was attained at 0.2 M KC1, it 
gradually decreased. Graphs of the decrease in the rate of ATP hydrolysis and of the 
increase in DTP hydrolysis intersected at o.I M KC1. The rate of DTP hydrolysis was 
also examined in the presence of IO mM MgC12 at various concentrations of NaC1 
(Fig. 9). An effect similar to that of KC1 was obtained and the maximum activity was 
attained at 0.3-0.4 M NaC1. 

DTP was not hydrolyzed by heavy meromvosin in the presence of IO mM 
EDTA and 0.5 M KC1 at pH 7, 25 °, while ATP hydrolysis was activated under the 
same conditions. 

The Michaelis constant (Kin) and the maximum velocity ( v ~ )  of DTP 
hydrolysis by heavy meromyosin were measured in the presence of Mg 2+ or Ca 2+ at 
pH 7.0 and 25 °. In the presence of IO mM MgC12 and 0. 5 M KC1, the Km was 1.9.1°-5 
M and Vm~ ~ was 0.24 unit. In the presence of 4.85 nlM CaC12 and 0.5 M KC1, the Km 
was found to be 1.8. IO 4 M and Vm~ ~ was 1.56 units. In the case of ATP hydrolysis 
by heavy meromyosin, K,n and Vma ~ with 2 mM Mg 2+ were less than IO -6 M and 0.02 
unit, respectively 17,~s, and those with 5 mM Ca 2+ were of the order of magnitude of 
io 5 M and 0.5-0.6 unit, respectively (T. NAKATA, unpublished observation). 

Fig. Io shows the pH-act ivi ty relationship of DTP hydrolysis by heavy 
meromyosin with that of ATP hydrolysis as a reference. The pH dependency of DTP 
hydrolysis was similar to that of ATP hydrolysis, i.e. a maximum at around pH 
6- 7 and a minimum at around pH 8- 9 were observed with DTP. 

Dependence of the Vm~ ~ of DTP hydrolysis on temperature was measured in 
the presence of 4.85 mM CaCL, and 0.5 M KC1 at pH 7.6. As shown in Fig. i i ,  the 
temperature dependence gave a biphasic plot curving sharply near 14 °. The activation 
energies were obtained as 12 and 34 kcal/mole above and below 14 °, respectively. 

Fh,toresceuce of the DTP-heavv meromyosiu system 
Fluorescence excitation and emission spectra were measured before and after 

tile addition of heavy meromyosin in a final concentration of 0.39 mg/ml to the 
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Fig. lO. p H - a c t i v i t y  re la t ionsh ip  of D TP  hydro lys i s  by  h e a v y  meromyosin .  Reac t ion  m i x t u r e  
consis ted of o.1 mg /ml  h e a v y  meromyos in ,  o. 3 mM DTP, o. 5 M IKC1, 4.85 mM CaC12, and  2o mM 
T r i s - m a l e a t e  buffer (pH 5. i -7 .3)  or 2o inM Tris HC1 buffer (pH 7.9 9.1). Tempera tu re ,  25 . The 
broken  line shows the  p H  a c t i v i t y  curve  of ATP hydro lys i s  as a reference under  the  same con- 
di t ions.  

Fig. 11. Tempera tu r e  dependency  of the  Vmax of DTP hydro lys i s  by  h e a v y  merolnyosin .  The Vm,~x 
was measured  using a react ion m i x t u r e  of o.o 5 mg/ml  h e a v y  meromyosin ,  o. 5 M KCI, 4.85 mM 
CaC12, 2o mM Tris-HC1 buffer (pH 7.6) and  var ious concen t ra t ions  of DTP, a t  t e m p e r a t u r e s  
f rom 6 to 25 o. D a t a  of [TP  hydro lys i s  (a) and  ATP hydro lys i s  (b) were t a k e n  from the  resul ts  
of AZUMA AND TONOMURA 22 ob ta ined  in 0.6 M KCI, 7 mM CaC12, and  25 mM Tr i s -HCl  buffer 
(pH 7.o5). 
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Fig. [2. l : luorescence exc i t a t ion  and emission spec t ra  of DTP obta ined  af ter  addi t ion  of heavv  
meromyosin ,  a, b, c, emissiou spectra ,  exc i t a t ion  at  34 ° n m .  d, e, f, exc i t a t ion  spectra ,  emission 
a t  537 urn. Reac t ion  m ix tu r e  consis ted of o.39 mg/ml  h e a v y  meromyos in ,  7.95 ffM 1)TP, 83. 4 mM 
MgC12, and  33.3 mM Tr i s -HCl  buffer (pH 7.6). Tempera ture ,  IO'L Time elapsed unt i l  the  measure-  
men t  of the m a x i m u m  of each spec t rum af ter  addi t ion  of heavy  meromyos in  : a, 2o sec ; b, 9o sec : 
c, It)o sec; d, 33 sec; e, 89 see; f, T59 sec. 

ISiochim. Biophys..dcta, 253 (i97x) 254-265 



DTP: a FLUORESCENT SUBSTRATE OF MYOSIN-ATPase 263 

reaction mixture containing 2-(dansylamino)ethanol, DDP or DTP in the presence 
of 83.4 mM MgC12 and 33.3 mM Tris-HC1 buffer (pH 7.6), at IO °. The molar ratio 
of the added 2-(dansylamino)ethanol, DDP or DTP, to heavy meromyosin was 
nearly 7. The fluorescence excitation spectrum was obtained by the measurement 
of fluorescence at 537 nm, and the fluorescence emission spectrum was obtained by 
excitation at 34o nm. 

The excitation and emission intensities increased a little with the addition 
of heavy meromyosin to 2-(dansylamino)ethanol (7.1/~M) or DDP (6.8 #M). Fig. 12 
shows the fluorescence excitation and emission spectra obtained by the addition of 
heavy meromyosin to DTP (8.o /~M). In contrast to the above experiments using 
2-(dansylamino)ethanol or DDP, an enhancement of about 6o % in these intensities 
was observed immediately after the addition of heavy meromyosin to DTP, followed 
by a rapid decrease to the level obtained in the presence of DDP. The peak of the 
emission spectrum shifted from 54 ° to about 53o nm along with the increase in 
intensity. 

The fluorescence excitation spectrum measured 33 see after the addition of 
heavy meromyosin to DTP, clearly showed a peak at 29o nm which was not observed 
at 89 sec. When DDP (6.8 #M) or 2-(dansylamino)ethanol (7.1 #M) was present in 
place of DTP, the peak at 29 ° n m  was not observed. The intensity at 29 ° n m  was 
measured continuously after addition of heavy meromyosin in a final concentration 
of 0.39 mg/ml to various concentrations of DTP in the presence of 83.4 mM MgC12 
and 0. 5 M KC1 at 16 °. The first measurement was made 3-5 sec after the addition of 
heavy meromyosin. When the concentration of DTP was more than 19.8 /~M, a 
plateau of intensity at 29 ° nm was observed which gradually decreased to a certain 
low level. The half-life of the decrease in intensity was obtained from a series of 
experiments as 26, 48, 62, or lO2 sec with 8.0, 19.8, 31.8, or 39.8/~M DTP, respectively. 

DISCUSSION 

The molecular structure of DTP is shown in Fig. 13, together with that of 
ATP. The sizes of the compounds appear to be very close to one another and the 
similarity implies that DTP could be a substrate analog of ATP. 

Like ATP, DTP was actually hydrolyzed easily by heavy meromyosin, and 
the competition between ATP and DTP in the heavy meromyosin-ATPase reaction 
indicates that DTP binds to the ATP binding site (Fig. 8). DTP was not hydrolyzed 
by heavy meromyosin in the presence of IO mM EDTA and 0.5 M KC1, while ATP 
hydrolysis was activated by EDTA. The nucleotide polyphosphates tested so far 
show a marked difference in their rates of hydrolysis depending on the structure of 
the purine or pyrimidine ring, those possessing an amino group in the 6-position 
being highly preferable for hydrolysis in the presence of EDTA 19. The marked 
inhibition of DTP hydrolysis by EDTA might therefore be due to the lack of any 
amino group in the naphthalene ring in DTP. 

The dansyl group is known as a fluorescent reagent, but it is also useful as an 
indicator of a hydrophobic environment. The addition of an organic solvent (ethanol) 
or bovine serum albumin to 2-(dansylamino)ethanol increased the fluorescence 
intensity and induced the blue shift of the fluorescence emission spectrum. When 
heavy meromyosin was added to 2-(dansylamino)ethanol, DDP or DTP, increase 
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in intensity and the blue shift in the fluorescence spectrum of the dansyl group were 
also observed. The increment of fluorescence intensity obtained with DTP was much 
higher than that obtained with other compounds, and the fluorescence intensity 
once increased with DTP decreased to the level of a mixture of DDP and heavy 
ineromyosin after the hydrolysis of DTP to DDP. Since it was indicated that DTP 
binds to the ATP binding site, DTP is expected to be a hydrophobic probe of the 
active site of heavy meromyosin. 

H3C H 3 

~ I ~  H H H ? ? o 
O2S - N H -  C H 2 - C H 2 - O - -  P - - O - -  P - - O - - P - - O N  

U U II 
O O O 
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Nt• H H N ? ? o 
I 

~ C H 2 - - O - - ~  - O -  P - O - P - O - H  O II o II 

OH OH 

Fig. I 3. Molecular structures of DTP and ATP. 

(ATP) 

CHEUNG AND MORALES 20 have shown that the maximum binding of 8-aniline- 
I-naphthalene sulfonate to myosin was obtained as 2 (mole/mole) and that the binding 
sites were located towards the head region of the myosin molecule. The results suggest 
that the hydrophobic region of the myosin molecule is very restricted and that the 
noncovalent binding of dansyl compounds to heavy meromyosin would also be 
limited. 

The maxima of absorption and fluorescence emission spectra of DTP were at 
328 and 534 nm, respectively. The absorption of DTP overlaps with the fluorescence 
of tyrosine and tryptophan. Energy transfer from the protein chromophore (tyrosine 
and/or tryptophan) to the dansyl group of DTP can therefore be assumed to occur. 
When heavy meromyosin was added to DTP, a particular excitation spectrum that 
rapidly disappeared was observed around 29o nm. The result shows that the 
excitation spectrum around 29o nm may be related directly to the energy transfer 
from the protein chromophore to DTP and that DDP is no longer able to participate 
in energy transfer after DTP hydrolysis. The rate constant of the decay of fluores- 
cence intensity at the 29o nm peak was o.o6 unit in the presence of ioo mM MgC12 
and o. 5 M KC1 at 16 ° using CHANCE'S 21 formula. This value was similar to the rate 
constant of DTP hydrolysis by heavy meromyosin under the same conditions. 

According to MORITA 17, a red shift of the absorption spectrum around 29o nm 
is observed accompanied with the formation of Michaelis complex of heavy mero- 
myosin. This shift is decreased by the hydrolysis of ATP to ADP. She explained 
the phenomenon of red shift by the displacement of tryptophan and tyrosine to the 
hydrophobic region. Binding of DTP to the active site might cause a displacement 
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of the tryptophan, which moves by the binding of ATP, and the t ryptophan probably 
participates in the energy transfer to the dansyl group of bound DTP. 
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