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S U M M A R Y  

~ ~ t ~  of: PPi and ATP on the spectrophotometric titration curve and the optical- 
~tttmui~ dispersion curve of myosin A were investigated.  In o. 5 M KC1 the number 
~fff"Mh~x~md" tyrosine increased from 3 .6-3 .7  moles to 6 .2-7 .0  moles and 5-5 moles 

m~'g~ protein on adding PPa and ATP,  respectively,  while it did not change on 
~--'~SEA. in  0.5 M NaCI "normal" and "'abnormal" tyrosine could not be 

, t | ~ d ~  and no significant change in the dissociation state of tyrosine could be 
,dban~emlt on~ adding ATP.  The electrostatic interaction factor, w, of the dissociation 
, ,ff"immm£" tyrosine was  measured under various conditions. 

l]mo~6,~l~ KCI, PPt decreases the helical content  of myosin A, while ATP increases 
~ content  by  several percent. However,  the content  does not change on 

• adlEmg~A~?~ in  o.6 M NaC1 ATP increases the helical content  of myosin A by  several 
~ m m  ina t h e  presence and absence of Mg 1+ and even in the presence of E D T A ,  
wdtm~iII]?' was  not decomposed by  myosin A. 
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I N T R O D U C T I O N  

I t  is well known tha t  the size and  shape of recons t i tu ted  actomyosin ~ ~ 
are changed by the  addit ion of ATP and  PPt  x-~. The  size and  sh&pe ,o~ miy~fima ~-~ ~ 
however,  no t  changed by ATP and  PPt  and  binding of ATP and  ~P:~ ~ ~ a w ~  .~ 
has been inves t iga ted  by the luciferin-luciferase method  ~ and the  
methodS, ~. The  conformat ion change of enzyme by  its binding wi th  ~ ~  ~ 
general ly suggested only on the basis of indirect evidences s-~x. In  t he  ,case ,~ff ~ _~ 
the  change in the  in t ramolecular  s t ruc ture  on its binding wi th  ATP ~r F ~  ~ 
inferred from their  protect ing effect to the hea t  inact iva t ion  of A~t~a~e ~ ~ 
t empera tu re  dependence of ATPase and ITPase  ~a. Therefore, i t  seems ~o 1~ ~ -  
impor t an t  to demons t ra t e  by  more direct evidences the s t ruc tu ra l  ~ ~off ~ _~k 
by its binding wi th  ATP and PPt. In the present  studies the s p e ~ o ~ m m ~  ~ 
t i t ra t ion  and  the  opt ica l - ro ta tory  dispersion curves of myosin A wewe ~ 
it was found t h a t  the  amoun t  of " a b n o r m a l "  tyrosine and  excess ' m ~ g ~ t t ~  
~-helical content  of myosin A change on its b inding with ATP and  PPa. 

E X P E R I M E N T A L  P R O C E D U R E  

Materials 

Myosin A was prepared from rabbit skeletal muscle according ,o ~e ~ 0,8 
PERRY 14 wi th  slight modifications 15. I ts  molecular  weight  was ~ , o  .~e 4t~o*~, 
(see refs. x6, XT). Crystall ine disodium salt of ATP was the  product  of S"o~m~ C ~ m m ~  
Co. Guanidine  hydrochlor ide and  urea  were recrystall ized by ~ e  ~ 0 ~ l l  o,tJ 
KOLTHOFF et al. m. Other  reagents  were of reagent  grade. 

:t,[etkods 

The solution for spect rophotometr ic  t i t r a t ion  conta ined o.~-i  ~ g  ~ ~  .~/;'~ 
and  5o mM piperidine buffer, of which pH was ad jus ted  by  c a r e ~  ~ ~5 a ~  
propr ia te  a m o u n t  of acid or base. The ionic s t r eng th  of the  s o - ~  ~ ~ ~  
to o.5 by  add ing  KCI. The  absorbancy  a t  ~95 m p  was measured  :~ _~ ~- x ~ ~ 
Shimazu type  QB-5o Spec t rophotometer  I h af ter  changing p H  lw~m ,~..~ lt~0~ 
desired one. Acid-base  t i t r a t ion  was made on a Radiomete r  pH mete r  (( l -y~ ~ k:)~ 
equipped wi th  a glass electrode (G zoz B). All measuremen t s  were = ~  ~ ~ t  2~5". 

Opt ica l - ro ta tory  dispersion measurements  of myosin A solutio~ ~ e  m m ~  ~t  ~ °  
and  pH 7 b3" .+.he me thod  described in ref. 19 and  the  results  are ,extracted in  ~ m  
of the  equat ion  of MOFFITT AND YANG ~°. The excess r igh t -handed  ~k~lic~ ~ ~ 
ob ta ined  by  dividing the  b o te rm of the  MOFFXTT--YAI~'G equat ion b y  - - ~ o ~  ~ ~  
by  DoTY m. The  molecular  ro t a to ry  power of ATP is different ~ o m  ~ ~ff .~LDPm.. 
However ,  t he  change in r o t a t o r y  power by  spl i t t ing of ATP  m~o A D P  ~m~ ]P~ 
neglected, since under  our  exper imenta l  condit ions the  change ~ ~ j  ~ oa 
even 6o% of the  ATP added was found to be  wi thin  e x p e r i m e n ~  ~r~e~ ~-~ ±®llx~)).. 

ATPase  ac t iv i ty  was  measured  by  determining the  amoun~t off Pa ~ ~ 
me thod  of MARTIN AND DOTY ~. 

RESULTS AND DISCUSSION 

CRAMMER AND NEUBERGER ~ developed a spect rophotometr ic  t z r ~  ~ ~ e  
the  ionizat ion of phenolic groups in ovalbumin and  insuline. ~ 
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have since been performed on serum albumin 25, ribonuclease2e, 2v, lysozyme~,  ~ 
chymotrypsinegen s°, trypsinogen 3~ and trypsin 3~. The spectrophotometric titration of 
myosin A has already been made by STRACHER 33. Fig. I shows the ultraviolet absorp- 
tion spectra of myosin A solution at different pH, which were measured by  a Hit&chi 
model EPS z recording spectrophotometer, and Fig. "- the experimental results of 
spectrophotometric titration of myosin A under various conditions. As reported by 
STRACH~R, one type of tyrosyl residue ionizes at pH xo, whereas another type 
("abnormal" tyrosine) at pH ix.6.  In the presence of I.z M urea and 5 M guanidine- 
HC1 (see ref. 34), the titration curve is given by  a dissociation curve of a single group 
whose pK is 9.85. According to KOMINZ et al. 35, myosin A contains x8 moles of tyrosine 
per IO 5 g of protein. From the value of Fig. z the amount of molar extinction change 
at ~95 m#,  which is due to dissociation of tyrosyl residue, is given as 2. ~o a, in good 
agreement with that of free tyrosine, 2.3"'ro a (ref. 24). 

The change in the spectropbotometric titration curve of enzyme on adding 
substrate or substrate analog has so far been studied only in case of the binding of 
polyvalent amine and polyamine with ribonuclease a~. The effect of PPt and ATP on 
the titration cur:,e of myosin A has therefore been investigated. The experiment could 
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Fig. I. Ul trav io le t  absorpt ion 
s p e c t r u m  of m y o s i n  A as a funct ion  
of  p H .  p = o. 5, 0 .538 m g  m y o s i n  A f  
ml at 25 °. ~ ,  p H  6.90 ; . . . . .  , 

p H  1o.88; . . . .  , p H  x2.3 x. 

Fig.  2. Spectrophotomct.~ic  t i trat ion of 
m y o s i n  A. 0.5 M KCI, 50 m M  piperidine 
buffer, I m g  m y o s i n  A/ml ,  25% O - - O ,  
control;  " < - -  × ,  1.2 M u r e a - 5  M guani -  
d ine-HCI.  T h e  l ine is a theoret ica l  one  
for d i s soc ia~on  of  a s ingle  group whose  
p K  is 9 .85;  @--@. 0.5 m M  MgZ+-PPI.  
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be carried out only under  linfited condi t ions ' ,  since about  x h was required to the 
measurement ,  protein ~oncentrat ion was high (x mg/ml), and  the solubility of phos- 
pha te  cempound in the  presence of divalent  cat ion ~ as very low at  high pH. 

As represented in Fig. z~ t h e  amount  of " 'abnormal"  tyrosine increased great ly  
on adding o.5 n~M Mgz-~-PP~. The  result  was unchanged  by  decreasing concentra t ion 
of PP~ to o.x raM. Similar r e s e t s  were a~so obta ined in the presence of o.I  mM Mg ~-÷ 
and  I mM ATP as shown in Fig_ 3- In  the  presence of ATP, the t ransi t ion from 
" n o r m a l "  to " abno rma l "  ~nmsh~  was ~ess dis t inct  t han  in the presence of PPI. To 
measure  the  optical density- a t  295 m ~  of myosin A the  value due to Mg'~+-PPI and 
Mg-~+-ATP was sub t rac ted  from t h a t  of the  react ion mix ture  a t  respective pH. 
In  Table  I are summarized  the  re~nmlts obta ined under  various conditions. As evident  
from this table, the  n u m b e r  of " 'abnormal'" tyrosine increases from 3.6-3. 7 moles to 
6.z-7.o moles and  5-5 moles/Ios g protein on adding PPt  and  ATP. respectively. 
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Fig. 3- S p e c t r o p h o t o m e t r i c  t i t r a t i o n  of  m y o s i n  A 
in t h e  p r e s e n c e  ~-.f A T E .  0-5 M KCI, o . I  m M  Mg 2+, 
E m M  A T P ,  5 ° m M  p i p e r i d i n e  bLffer ,  I m g  m y o s i n  

A /ml ,  25 ~. 

Addition of x mM E D T A  to  0. 5 M KC1 solution of myosin A did not  change the 
t i t r a t ion  curve. The  direct  b inding of PPt  or  A T P  wi th  tyrosine might  be a cause of 
the  increase of " 'almotmal'" ~,rosine on adding PPt  or ATP. However,  the amoun t  of 
binding of PPI  a n d  A T P  wi th  myosin A is x-z  moles/4.z- xo 5 g of myosin A 5-~, which 
is much  smaller t han  the  a m o u n t  of the  increase in " a b n o r m a l "  tyrosine on adding 
PPI amd ATP. Accordingly, i t  m a y  be concluded t h a t  the  binding of PPI or ATP 
changes the  secondary  and  tertian_, s t ruc tu re  of the myosin A molecule as a whole and, 
as a result ,  increases the  n u m b e r  of t ~ o s i n e  which is bur ied in the  protein s t ructure ,  
though  it is not  obvious whe the r  " 'abnormal"  tyrosines are hydrogen-bonded with 
carboxyl  groups~,  i or  emlmdded in the  myosin A molecule mak ing  hydrophobic  
bonds ~°. i n  o.5 M NaCI the  d i n n e r / o n  between "no rma l "  a n d  " a b n o r m a l "  tyrosine 

* I n  t h e  p r e s e n c e  o f  Mg  ~+ . / i 'm  o f  m~amin  A A T P a s e  w a s  5" xo-~ M in  0 .6  M KCI  a n d  a t  13 ° a n d  
p H  7.o,  a n d  i t  decrcmaod  i n  ~ tg~timL T h e  d iaa¢~ia t ion  c o n s t a n t  o f  t h e  b i n d i n g  of  A D P  w i t h  
m y o s i n  A,  i n f e r r e d  f r o m  t i m  o ~ m t i t m ~  3a ichae l l s  k i n e t i c s  o n  t h e  c o m p e t i t i v e  i n h i b i t i o n  o f  
A T P a s e  b y  ADlmn,  a s  w a s  a b ~ t  3o  ~ ~ h / g h  a s  Nta.  T h e  d i s s o c i a t i o n  c o n s t a n t  of  t h e  b i n d i n g  
o f  PPI to m y o s i n  A w a s  I o  -~-~ M a t  p H  7-5 and 5 ° (ref.  7)- Therefore, under our experimental 
c o n d i t i o n s  a l l  t h e  b i n d i n g  ~ ~ [  m ~  A w~fv o c c u p i e d  b y  A T P  o r  b y  P P I .  

Biock im.  B iophys .  A c ~ .  69 ( I963)  3o5--312 
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was not  so r emarkab l e  as t h a t  in  0.5 M KCI, and  the  significant change in dissociat ion 
s ta te  o f  tyros ine  was not  observed  on add ing  ATP.  

In  the  control  solution the  abso rbancy  changed  immed ia t e ly  af ter  changing  p H  
to 11.1-11.8 and  r ema ined  cons tan t  for more  t h a n  2 h. In  the  presence of PPt ,  the  
absorbancy  changed  i n s t an t l y  to cons tan t  value a t  p H  i i  and  11.3, whereas  at  p H  
I1.63 it increased g r adua l l y  wi th  t ime to a cons tan t  value.  Therefore,  even in the 
presence of PPt  the  a m o u n t  of " n o r m a l "  tyros ine  could be precisely ca lcula ted  by  our 
me thod ,  since " a b n o r m a l "  tyros ine  begins to ionize in the region of p H  II.O. Effect  of 
alkal ine dena tu r a t i on  *l is, howe~:er, involved in the  t i t r a t ion  of " a b n o r m a l "  tyrosine.  

"FABLE I 

E F F E C T  OF A T P  A N D  P P !  ON D I S S O C I A T I O N  OF TMROSINE OF MYOSIN m 
o.5 M KC1, 5o mM piperidine buffer at 25 ¢. 

Condition PreparatioP~ 
Number  o 1" tyrosine (moles/zo s g) 

" A lmovmal" " N o r m a l "  

Control c 3.6 x 4.4 
Control d 3- 7 [ 4.3 
Control f 3.7 t4.3 
Guanidine. HC1 + urea a o I8 
Guanidine-HCI + urea b o i8 
Guanidine-HCI + urea d o 18 
Guanidine-HCI + urea f o t8 
PPi b 6.2 t 1.8 
PPI c 6.2 t t .4 
PPt d 7.0 x r.o 
P P i  I 6 ,  5 t I .  5 
ATP e 5.5 12.5 

Therefore,  the  e lect ros ta t ic  in te rac t ion  factor,  w ,  in the  LINDERSTROM--LANG 
equationm,az, 43 was  ca lcu la ted  only  on the  dissociat ion of " n o r m a l "  tyros ine .  

In  Fig.  4, p H  + log (x - -~) /~ is p lo t t ed  agains t  Z, where  ~ is t he  degree of dissociat ion 
and Z is the  net  charge of the  myos in  A molecule a t  given pH.  The  in.o.e~ed fi~_~re t'_~ 
Fig. 4 is the ac id -base  t i t r a t ion  curves  of myos in  A in the  presence of o.5 M KCI, 
o.5 M KCI + o.5 mM Mgz+-PPt and  1.2 M urea  + 5 M guanid ine  hydrochlor ide .  
(Blank t i t r a t ions  were sub t r ac t ed  f rom t h a t  of the  react ion mixture . )  In  this  figure the  
isoionic point  of myosin. A under  all the  condi t ions  was a s sumed  to be 5.75 according to 
tile ~e~ult of MIHALY144. In  the  control  solut ion the  w t e rm  changed  f rom posi t ive to  
nega t ive  in the  range of smal l  Z, and  p K  0 and  w were lO.6 a n d  o.ooo62, respect ively ,  
in the  range of Z larger t h a n  16o. In  the  presence of MgZ+-PPt, the  w t e r m  changed 
also f rom posit ive to nega t ive  in the  range  of smal l  Z and  p K  o and  w were xo.i  and  
zero, respect ively ,  in the  region of Z larger  t h a n  17o. t h o u g h  s t r i c t ly  q u a n t i t a t i v e  
conclusion cannot  be d r a w n  because of inaccuracy  in measur ing  m. 

A typ ica l  example  of the  effect of P P t  on the  op t i ca l - ro ta to ry  dispersion of 
myos in  A is shown in Fig. 5- A smal l  bu t  d is t inct  decrease in the  --b o t e r m  of the  
MOFFITT--YANG equa t ion  was  observed on add ing  x mM Mg~+-PPt, t h o u g h  the  r o t a t o r y  
power of myos in  A was not  changed  on add ing  5 mM Mg 2+ alone. Thus ,  the  excess 
f i gh t -handed  helical con ten t  of myos in  A (about  58 %, see ref. 45) decreased b y  several  
percent  on add ing  Mg2+-PPt. 

Bioehim. Biophys. ,,ic~a, 69 ( 1 9 6 3 )  3 o 5 - 3  j 2 
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OPTICAL ROTATION OF MYOSIN. IIII. 3x~ 

As r ep re sen t ed  in Fig. 6, no s ignif icant  change  w a s  d e t e ~ t t t a ~ l ] t i i m t ~ r o t a t o r 3 -  
d ispers ion curve  of myos in  A on the  add i t ion  of 2 0  an~]~I ~ amdi ~ m l ~  A D P  (as 
m e n t i o n e d  above,  t he  dissocia t ion c o n s t a n t  of the  :binflJng,tff ~A!YlPm>m~sin A was  
x.5 raM). .. 

T h e  effect of A T P  on the  op t i c a l - ro t a to ry  power  ofr rnyosin2h~mii i lBe m e a s u r e d  
u n d e r  l imited condi t ions ,  as in t he  case of the  s p e c t r 0 p h c r t o m a r ~ ~ m  C o n t r a r y  
to the  add i t ion  of Mg2+-PPI, t he  --bo t e r m  was  increasei : I thy~u~nal l  i ]er~ent  on t he  
add i t i on  of 3 mM Mg~+-ATP in 0.6 M KCI (Fig. 6) ( d u r i n g t t h e ~  4 o %  of 
A T P  was  decomposed  b u t  t he  change  in r o t a t o r y  ~ o w e r , l i l ~  tt~ ~ d ~ o m p o s i t i o n  
could  be neglected) .  I n  0.6 M NaCl the  A T P a s e  acti,city=~a~xa~33_ -Iln~-andltiie opt ical-  
r o t a t o r y  dispers ion could  be m e a s u r e d  u n d e r  v a r i o u s  c o n d i t i m m . - ~ a l i ~ m i n ~ F i g .  7, in 
0.6 M NaCl solut ion A T P  inc reased  t h e  ~ b  0 t e r m  o f m y o s i n _ ~ , l ~ _ y ~ i ~ a ~ e n t  in the  
presence a n d  absence  of Mg e+ a n d  even  in t h e  p r e s e n c e , ~ f f ~ w ~ i ~ r ~ , A ~ I ~ w a s  no t  
decomposed  by  myos in  A ~.  Accordingly ,  i t  m a y  b e  e ~  ~ t l ~ .  difference 
be tween  the  effect of A T P  a n d  PP~ is due  to  b i n d i n g  ~/~TIW_ w~___m~, mdia~z~not on ly  
a t  t he  t r i p h o s p h a t e  g roup  bu t  also a t  t h e  aden ine  g r o ~ - ~ r m t i l m r t l l m m  l lydrolysis  
of ATP.  

As descr ibed  above,  in 0 .5-0 .6  M KCI PPI  d e e r , e a ~ l  tlthe l~d|i~z~ c o n t e n t  oi 
myos in  A, while  A T P  inc reased  the  c o n t e n t  by  s e v e r e l y .  ~ , I m t h  PP~ 
a n d  A T P  increased  r e m a r k a b l y  the  n u m b e r  of " a b n ~ r m d l " ~ . ~ t t i ~ v ~ t r y d i l f i e u l t  
a t  p resen t  to  es tab l i sh  t h e  m e c h a n i s m  of molecu la r~dhan~.  ~ d i ~ i ~ A k l i y .  PP~ a n d  
A T P  from these  two  resul ts ,  s ince op t ica l  r o t a t i o n  can~thnwc. f l tAv~mn~increase  or  
decrease  of hel ical  c o n t e n t  and  does no t  revea l  o t h e r ~ c , , d f , . . . . ~ t l ; ; . . . ~  t ~ w e v e r .  
these  resu l t s  c lear ly  show t h a t  the  s e c o n d a r y  a n d  t h e & e x ~ d m s y ~ ~  myos in  A 
molecule  change  on i ts  b i n d i n g  w i t h  PP i  or  ATP.  The~etmmflt~m~v_ l~ei inLmrtant  for 
e luc ida t ing  t he  molecu la r  m e c h a n i s m  of n o t  on ly  ~TIII~..~ ~ - ~  also t h e  
physiological  func t ion  of myos in  A, since myos in  A/tram ~ a r a i i d ~ ;  P P t  is a 
compe t i t i ve  inh ib i to r  of A T P a s e  a n d  t h e  i n t e r a c t i o n ~ d f ~ _ - ~ a m d ~ . _ ~ Y P ' s e e m s  to  
be an essent ia l  s tep  in muscle  c o n t r a c t i o n  (c/. reI. =35)- 
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