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(NATURAL 

SUMMARY 

I. Methods have been developed for tile isolation of contractile protein from 
equine leucocytes resembling na tura l  actomyosin of the smooth nmscle. 

2. This protein exhibited ATPase (EC 3.6.1.3) act ivi ty  and underwent  super- 
precipi tat ion at low ionic s trength in the presence of ATP, Mg 2+ and Ca"+, but  revealed 
no superprecipi tat ion in the absence of either Ca 2+ or Mg ~-+ even in the presence of 
ATP. Superprecipi tat ion of this protein was enhanced by an increase of Ca ~+ con- 
centrat ion in a medium containing Mg 2+ and its in tens i ty  was closely associated with 
enhancement  of the Mg~+-dependent ATPase (EC 3.6.1.3) act ivi ty  of this protein 
by an increase of Ca 2+. The free Ca 2+ concentrat ion at which the Mg~+-dependent 
ATPase act ivi ty  of the protein was half act ivated was about  I- io 4 M. Superprecipi- 
ta t ion of this protein was enhanced by  an increase of Mg 2+ concentrat ion in a medium 
containing Ca 2÷. In  this case, too, the superprecipi tat ion was closely associated with 
enhancement  of the ATPase act ivi ty  of this protein t33: increasing Mg 2+ with a constant  
Ca ~- concentrat ion.  The ATPase act ivi ty  was half act ivated in the presence of about  
3 mM Mg 2+. 

3. Electron micrographs of the protein showed thick and thin filaments at low 
ionic s t rength and a relatively high ATP level condit ions in which muscular  actomyo- 
sin was dissociated into myosin aggregates and fibrous actin. At a relat ively low ATP 
level, both  thin and thick filaments were aggregated with each other, as in actomvosin 
from the muscle, which seemed to be subject to superprecipitation.  

INTR~ ) D U C T I O N  

On the basis of the s tudy of the motile form and function of leucocytes, we have 
suggested that  leucocvtes are most  likely to possess a motile organ, a mechanochemical  
system coupled with ATP l, of which the essential substance may  be a k ind of acto- 

Abbreviations: I';GTA, t,2dois-(2-dicarboxymethylarninoethoxy)ethane; KIU, trypsin 
l(allikrein inhibi~corv unit. 

* An outline of this paper was reported at the 8th Annual Meeting of the Japan Society of 
the l{cticuloendothelial System Research in ()saka, Japan, 197 o. 
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myosin- l ike contract i le  pro te in  s imilar  to tha t  of tile muscle". A contract i le  protein  
was first isolated by  us from equine leucocytes a in I967. The protein had var ious  bio- 
physical  and biochemical  proper t ies  character is t ic  of ac tomyosin  from the muscle. 
However,  it did not show any  Ca 2+ sens i t iv i ty  in superprec ip i ta t ion ,  unlike na tura l  
ac tomyos in  or nlyosin B from muscle. This f inding posed the problem of whether  
"na t ive  t roponlyos in" ,  consist ing of t ropomyosin  and t roponin< s, in the presence 
of which Ca e+ effects the in terac t ion  of myosin  and actin from the muscle, was sub- 
s t an t i a l ly  absent  in leucocytes or inac t iva ted  during the ex t rac t ion  process. 

Thus, an a t t e m p t  was made to ex t rac t  a contract i le  protein  from leucocytes 
possessing Ca e~- sens i t iv i ty  silnilar to na tura l  actomyosin.  

EXP/~;RIMENTAL PROCEDURE 

Isolation of leucocytes from whole blood 
Leucocytes  were collected from fresh equine ar ter ia l  blood. The isolation pro- 

cedure of leucocytes from whole b lood  was the same as tha t  employed previously  
except  for some points  3. The modif icat ions were the use of blood suspending solut ion 
conta ining d i th io thre i to l  and Trasylol< ~ of a s t rong inhibi tor  for protease.  Tha t  is, 
IO.O g of E D T A  ( te t rasodium salt), &5 g of NaC1, 3.6 g of cysteine,  2 mg of di thio-  
thre i to l  and  IO 5 K I U  (I K I U  corresponds to o.I  4/~g of Trasylol)  of Trasylol  dissolved 
in 1o ml of o.15 M saline solution were dissolved in I 1 of dist i l led water  into which 9 1 
of the  blood was mixed.  

The w)tume of leucocyte buffy coat  collected from a s ta r t ing  volmne of i~ t of 
b lood was 40-5 ° m l .  As in the previous exper iment  a, ttle leucocytes  (I.O- IO4-i.3 • lO 4, 
m m  a in whole blood) were concent ra ted  to I.O. IoG-I.3 • Io6/mm a in the bu l ly  coat  at  
the  final s tep of isolation.  Contamina t ion  with  red cells in the huffy coat  was less 
than  5 °o, and tha t  of p la te le t s  was negligible. Abou t  9o % of the  collected leucocytes  
were usual ly  counted to be neutrophi les  on the smear  prepara t ion .  

Extraction of contractile protein possessing Ca 2+ sensitivity from leucocytes 
All procedures  were conducted  at  about  4 ' .  The buffy coat  of leucocytes was 

first mixed  with  ¼ vol. of Trasy lo l  in o.15 M NaCI (lO 5 K I U  in IO mI), 2 mM dithio-  
thre i to l  and 2.5 vo]. of tlle ex t rac t ion  solution containing I mM ATP and 20 mM 
his t idine buffer (pH 7.0). The final ionic s t rength  of tllis mix ture  was about  0.o5. 
The leucocytes were homogenized in a Virtis homogenizer  at  half the maxinaum 
speed and,  further,  in a P o t t e r - E l v e h j e m  homogenizer  for 30 sec each. This homo- 
genizat ion procedure  was very  impor t an t  for obta in ing  contract i le  protein  possessing 
significant sens i t iv i ty  for Ca 2÷ in superprec ip i ta t ion ,  so it was carried out  very  
carefully. The contract i le  protein  prepared  wi thout  the  above care with regard to 
the homogenat ion demons t r a t ed  only a pa r t i a l  Ca ̀ ,+ sensi t ivi ty,  a l though it was never 
devoid of Ca "~+ sensi t ivi ty.  The result ing homogenate  was not  as viscous as tile 
leucocyte homogenate  prepared  by  the previous procedure  a. The f iomogenate was 
then centr i fuged at  4oo00 7< g for I h to remove cell f ragments  and corpuscular  
mater ia l ,  leaving a pink superna tan t  fluid. This supe rna tan t  was dia lysed for 2 days  
against  about  25 vol. of 5 mM hist idine buffer (pH 7.o), conta ining 0.05 M KC1 and 
2 mM di t l l io thre i to l  in order  to remove ATP. The resul tant  flocculent p rec ip i ta te  was 
collected by  centr i fugat ion at  3000 :>,~ ,~ for 20 rain. The sediment  was dissolved in an 
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appropr ia t e  volume of 2. 4 M KCI solut ion couta ining 2 mM di th io thre i to l  whose ionic 
s t rength  was finally ad jus ted  to o.6 wi th  water ,  The indissoluble ma te r i a l  was removed  
by  cent r i fugat ion  at  1oooo 7< g for Io  rain. The supe rna tan t  was again dia lvsed for 
about  I(~ h against  about  Ioo vol. of 5 mM his t idine buffer (pH 7.o) conta ining o.24 M 
KC1 and 2 mM di thiothre i to l .  The  resu l tan t  flocculent prec ip i ta te  was collected bv 
cent r i fugat ion  at  3ooo z: g for I5 rain. The sediment  was again dissolved in o.(i M 
KC1 (pH 7.o) conta ining 2 mM di thiothre i to l .  The hard ly  dissolved mate r ia l  was 
removed  b y  centr i fugat ion at  33ooo ~, g for 3 o rain. Prec ip i ta t ion  and dissolut ion 
~f the  above supe rna tan t  fluid was repea ted  at  least  twice in KCI solut ion containing 
2 mM di th io thre i to l  at  the final ionic s t rength of o.o6 and o.6, respect ively.  The 
pro te in  dissolved in o.0 M KC1 was kep t  a t  o '  and  used for exper iments  within a day  
af ter  the ext rac t ion .  The prote in  ex t r ac t ed  from 4 ° ml of the buffy coat  of leucocytes 
usual ly  amoun ted  to ahout  I6o mg. 

The amount  of prote in  was de te rmined  b y  the lnethod of LOWRY el al. 8 using 
bovine serum a lbumin  as s tandard .  

.1 T P a s c  ac t i v i ( v  

The effect of Ca ~+ on the Mg'~+-dependent ATPase  (EC 3.6.i .3) ac t iv i ty  was 
de te rmined  in the  coupled sys tem with p y r u v a t e  kinase as an ATP genera t ing  sys tem 
by  measur ing  the  t ime dependence  of py ruva t e  l ibera t ion according to the  method  
of RZYXA~I~ d alY.  The react ion medium was composed of 0.4-0. 7 mg prote in  per ml, 
0.6 #g p y r u v a t e  kinase per  ml, • m M  phosphoenolpyruva te ,  Io  mM T r i s -ma le a t e  
(pH 7.o), Io  mM MgC12, different amounts  of Ca 2~ set up  bv Ca-EGTA buffer (E(iTA, 

raM), 0.06 M KC1 and o.I  mM ATP. The react ion was s t a r t ed  by  an addi t ion  of 
ATP and was carr ied out at  3 7 .  At  appropr i a t e  t imes, o.5 ml of the react ion mix ture  
was t ransfer red  to a solut ion conta in ing o.2 ml of 2.5 mM 2,4-d in i t rophenylhydraz in  
in 3 M HCI to s top the react ion.  This coupled sys tem was not  influenced by  the Mg ~+ 
concent ra t ion  in the  med ium over the  range from 0.5 to 2o raM. The effect of Mg 2+ 
on the  ATPase  (EC 3.6.I.3) ac t iv i ty  under  a constant  Ca ~+ concentra t ion  was likewise 
de termined.  

In  the  de te rmina t ion  of the  ATPase  ac t iv i ty  of the  react ion medium wi th  ~ mM 
ATP as subs t ra te ,  the  react ion was in i t i a t ed  b y  adding ATP and was s topped  b y  add-  
ing 5 %, t r ichloroacet ie  acid at  appropr ia t e  t imes. In  this  case, the coupling sys tem 
consist ing of phosphoeno lpyruva te  and p y r u v a t e  kinase was omi t ted .  Then,  the  
amoun t  of Pi l ibera ted  was de te rmined  by  the me thod  of MARSIt 1°. 

~ u p e r p r e c i p i t a t i o n  

The ionic s t rength  of the  react ion mix ture  used for observat ion  of superprec ip i ta -  
t ion was brought  to 0.06 by  mixing  the prote in  solut ion into an appropr ia t e  react ion 
medium indica ted  in the  text .  The superprec ip i ta t ion  was followed with a Hi tach i  
UV-VIS spec torophotomete r  by  measur ing the change in absorbanee  at  660 nm in 
the  react ion mix ture  on addi t ion  of ATP at room t empera tu r e  following the me thod  
developed by EBASH111. In some exper iments  the  superprec ip i ta t ion  in the react ion 
mix ture  conta ining the  protein  was also macroscopical ly  s tudied.  

I " i s cos ime t r i c  d e t e r m i n a t i o n  

This was per formed in an Ostwald  viscosimeter  with I ml capac i ty  at  25 :'. The 
re la t ive  viscosi ty was measured  at  pH 7.0 first in 0.6 M KC1 (~re0 and then af ter  
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addi t ion  of o .oi  nil of a solution conta ining 0.5 M MgC12 and o.~ M ATP in o.0 M 
KC1 (t]rel ATP). The sens i t iv i ty  to ATP was calcula ted (in %) according to PoR'rzmm 
el al. 12 with the  fornmla:  

logdb~, - l og~q~ATP 

Iog~q~jATP 
X IOO 

( ~ltracentrif~tgc 
A Hi tach i  Model UCA-I ana ly t ica l  u l t racent r i fuge  was employed  for the 

sed imenta t ion-ve loc i ty  measurements .  

Eleclronmicrophotographs 
Micrographs of the prote in  were taken  by  the negat ive-s ta in ing  technique of 

HvxLI~v '3. One drop of an ice-cold prepara t ion  of the  protein  was placed on a micro- 
grid coated with collodion carbon. The p repara t ion  was nega t ive ly  s ta ined with 1 %  
uranyt  acetate ,  and examined  in a Nihon I)enshi Model J E M  6(; e lectronmicroscope 
with  an accelerat ion vol tage  of 80 kV. 

Chemicals 
The chenficals used were ana ly t ica l  grade.  Trasylot,  was ob ta ined  from B a y e r  

Leverkusen,  Germany  and EGTA of a Ca2+-chelating agent  from Dojin Igaku  Ins t i -  
tute,  J apan .  Various free Ca 2+ concentra t ions  were set up b y  means of Ca-EGTA 
buffer p repared  in the manner  described by P(mTZmtL el aI. '4. The wate r  used in 
prepar ing  the solution was redist i l led in a glass vessel. 

RESULTS 

Nuperprecipi tat ion 
I t  is a well-known character is t ic  of na tu ra l  ac tomyosin ,  the contract i le  prote in  

of the  muscle, to undergo superprec ip i ta t ion  at  low ionic s t rength  in the  presence of 
not  only Mg 2+ and ATP but  also Ca 2+ (ref. rx). 

As shown in Fig. ~, the ex t r ac t ed  prote in  from leucocytes  showed a marked  
superprec ip i ta t ion  on addi t ion  of o.x mM ATP in a react ion mix ture  with low ionic 
s t rength  (0.06) of Io  mM Tr i s -ma lea t e  buffer (pH 7.o) conta ining io  mM MgC12 
and x. xo-4 M Ca "2+ (Fig. I,  right),  but  failed to demons t ra te  superprec ip i ta t ion  in the 
medium wi thout  free Ca 2+ (addi t ion of x mM EGTA alone ins tead of I mM Ca-EGTA 
buffer) (Fig. I ,  middle).  Tha t  is, immedia te ly  after  the addi t ion  of ATP, t u rb id i t y  of 
the  react ion mix ture  rap id ly  increased in tbe  vessel conta ining I .  i o  -4 M Ca 2+ (Fig. i ,  
upper  right),  whereas it decreased to exhibi t  clearing when Ca 2+ was e l imina ted  by the 
addi t ion  of on ly  EGTA ins tead  of Ca-EGTA buffer (Fig. I . ,  upper  middle).  ~.o rain 
af ter  the  addi t ion  of ATP, the prote in  showed a marked  superprec ip i ta t ion  (Fig. I, 
lower right),  bu t  i t  kep t  clearing in the  medium not  conta ining free Ca ~+ (Fig. i ,  lower 
middle) and  no superprec ip i ta t ion  was observed in the control  (left) conta in ing no 
added  ATP. 

I t  was evident  tha t  the degree of superprec ip i ta t ion  which was measured  by  an 
increase in absorbance  at  660 nm (Fig. 2) was associated with  the  concentra t ion of 
free Ca ~+ in the  medium.  Tha t  is, a superprec ip i ta t ion  occurred signif icantly at con- 
cent ra t ions  above  i .  IO * M Ca "-~- and increased up to i .  Io  -4 M Ca z+, whereas the 
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l:ig. ~. Superprec ip i ta t ion  of t he  na tu ra l  ac tomyos in - l ike  cont rac t i le  pro te in  ex t rac ted  from leuco- 
cytes .  The  uppe r  series shows changes  in t u r b i d i t y  j u s t  af ter  an addi t ion  of ATP.  The  lower 
s imws s ed imen ta t i on  of the  pro te in  2o rain af ter  an  addi t ion  of ATP.  The  left vessels in each series 
are controls  for each con t a i n i ng  no added  ATP. The  middle  vessels in each series con ta in  i n151 
lCGTA ins tead  of Ca-EGTA buffer. The cont ro ls  con ta in  I - lo -4 M Ca 2+. Pro te in  concen t ra t ion ,  
1.75 mg /ml ;  ionic s t r eng th ,  o.o6; MgC1 z, io raM; Ca e~ concen t ra t ion ,  i .  IO - 4 M  by  ~ mM Ca- 
t : ( ;TA buffer  (pH 7 .o ) ;Tr i s  malea te  buffer, io mM (pH 7.o). ATt ~concen t r a t i on  used is o.l  raM. 
Total  vol., 1. 5 1111; t emp. ,  zo:.  

e l i m i n a t i o n  o f  C a  2+ in  a m e d i u m  c o n t a i n i n g  _~.o m M  E G T A  r e s u l t e d  in  a c o m p l e t e  

i n h i b i t i o n  o f  s u p e r p r e c i p i t a t i o n .  

F ig .  3 s h o w s  t h e  e f f ec t  o n  s u p e r p r e c i p i t a t i o n  of  t h e  e x t r a c t e d  p r o t e i n  f o l l o w i n g  

t h e  a d d i t i o n  of  MgC12 t o  a r e a c t i o n  m i x t u r e  w i t h  l ow  i o n i c  s t r e n g t h  (o .o6)  c o n t a i n i n g  

i o  h i M  T r i s - m a l e a t e  b u f f e r  ( p H  7.o) ,  o . z  m M  A T P  a n d  z .  I o  -~ M C a  ~+. U p  t o  2o m M  

MgCI, ,  a d d e d ,  t h e  s u p e r p r e c i p i t a t i o n  w a s  e n h a n c e d .  I n  a m e d i u m  c o n t a i n i n g  5 m M  

E D T A ,  o.~ m M  A T P  a n d  T. - o  -~ M C a  2+, b u t  n o  M g  2~-, t h e  p r o t e i n  s h o w e d  n o  s u p e r -  

p r e c i p i t a t i o n .  
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From the above results, it was evident that the presently extracted protein 
required not only Mg ~+ and ATP but also Ca ~+ for superprecipitation. 
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Fig. 2. Fffects of Ca 2÷ on superprec ip i t a t ion  a t  2o '  o[ t h e  e x t r a c t e d  p r o t e i n .  P r o t e i n  concen t ra t ion ,  
o.65 mg/ml ;  ionic  s t reng th ,  o.o6; T r i s - m a l e a t e  buffer, To mM (pH 7.o); ATP, o.[ raM; p h o s p h o -  
e n o l p y r u v a t e ,  ~ raM; p y r u v a t e  kinase,  Eo pg;  MgCli, [o raM; to ta l  vol., i. 5 ml. The reac t ion  
w a s  s t a r t e d  b y  t h e  a d d i t i o n  of ATP. Free Ca ~ c o n c e n t r a t i o n  w a s  s e t  u p  by Ca-EGTA buffer, 
EGTA concen t r a t i on  being 2 raM. Concen t ra t ions  of Ca % in t h e  r e a c t i o n  m e d i u m  were I • Io -4 M 
(X x) ,  T-to SM ( O - - O ) ,  5 " t o * M  ( / ~ - - - ~ ) ,  t . ~ o  6M ( Q - - - Q ) ,  i - [ o  ~3I (A ~k) a n d  
near ly  zero ob ta ined  wi th  on ly  P;GTA w i t h o u t  added  CaC12 ( ~ - - -  < ). 

Fig. 3. Effects of added  Mg 2~ on the  supe rp rec ip i t a t i on  at  20 ° of the ex t r ac t ed  pro te in .  Prote in  
concen t r a t i on ,  o.45 mg /ml ;  ionic  s t reng th ,  o.o6: T r i s -ma l ea t e  buffer, To mM (pH 7.o); ATP, 
o.t raM; phosphoeno lpy ruva t e ,  I raM; p y r u v a t e  kinase,  lo  fig; Ca 2+ concen t r a t i on ,  ~- io  -~ M 
(Ca-EGTA buffer); to ta l  vol.,  L 5 ml. The reac t ion  w a s  s t a r t e d  by the  add i t i on  of ATP. Iqna l  
c o n c e n t r a t i o n  of added  MgC12 were 20 mM (L" (~), ro nl3I ( x - - x ) ,  5 mM (O -O), 2.5 h im 
(p j__ ,A) ,  [ nl3f ( (  -- (9), 0. 5 ii1~[ ( x  - - x ) .  ~ - - - ~ ,  wi th  [ mM EDTA. 

.4 TPase activity 
F w m  the above results, it is reasonable to expect that there may be  s o m e  cor- 

relations between the activation of the Mg2+-dependent ATPase act iv i ty  or the ATPase 
act iv i ty  under a constant Ca 2+ concentration of the protein and the enhancement  of 
superprecipitation due to an elevated concentration of Ca 2.  or Mg 2+ in the reaction 
medium. 

The Mg2+-dependent ATPase act iv i ty  was act ivated by  an elevation of Ca"+ 
concentration in a medium containing the ATP-generating system consisting of 
phosphoenolpyruvate,  pyruvate  kinase and Mg 2+. It increased rapidly at i . i o *  M 
reaching a m a x i m u m  at I.  i o  4 M (Fig. 4), showing correlation with the enhancement  
of the superprecipitation. That is, the ATPase act iv i ty  was o.o2o 7 and o.o283 #mole  
pyruvate per mg protein per min without  added Ca z+ and at I .  Io 4 M Ca e+, respec- 
t ively.  The free Ca 2+ concentration at which the Mg"+-dependent ATPase act iv i ty  
of the protein was half act ivated was about ~ • io  ~ M. This value was almost the same 
as that of muscular actomyosin with Ca 2+ sensit ivi ty  'a and actomvosin reconstituted 

t3~ochhm Hiophy,< .4cla, 256 (t972) 565 576 



CONTRACTILE PI{OTEIN FROM LEUCOCYTES 571 

(ref. 16) from myosin and the actin/tropomyosin-troponin complex of the heart or 
skeletal muscle with regard to the above organs. 
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Fig. 4" Effects  of 171 e+ c o n c e n t r a t i o n  on  the  Mg~+-dependent  A T P a s e  a c t i v i t y  of the  e x t r a c t e d  
protein.  I ' ;xperimental c o n d i t i o n s  are the  s a m e  as t h o s e  in Fig. 2, except tha t  the t e m p e r a t u r e  
is 37 ° and  the  r e a c t i o n  t i m e  is 5 rain. 

Vig. 5. Ef fec t s  of a d d e d  Mg 2+ on  t h e  A T P a s c  a c t i v i t y  u n d e r  a c o n s t a n t  Ca 2~ c o n c e n t r a t i o n  ot 
the  e x t r a c t e d  p r o t e i n .  E x p e r i m e n t a l  c o n d i t i o n s  are the  same  as t h o s e  in ]rig. 3, e x c e p t  tha t  the 
t e m p e r a t u r e  is 37 ° and  the  reac t ion  t i m e  is 5 rain.  

Up to 20 mM added MgCI~, the ATPase activity of the protein was also activated 
by an increase of Mg ~+ concentration in a medium containing the ATP generating 
system and a constant amount of Ca 2+ (Fig. 5). The ATPase activity was O.OLO 7 and 
0.0338 ffmole pyruvate per nag protein per rain at medium concentrations of 0.5 mM 
and 20 mM MgC12, respectively. This effect of Mg ~+ on tim ATPase activity was similar 
to that seen with an arterial contractile protein of the smooth musclOL 

The extracted protein showed ATPase activity activated by Ca 2+ and inhibited 
by Mg 2+ at high concentration of KC1. At low KC1 concentration, the ATPase activity 
of the protein was slightly activated by Ca ~+ and Mg 2+ (Table I). 

The Ca"+-activated ATPase activity of actomyosin from striated muscle was to 
be greater at low ionic strength than at high ionic strength is, but in the extracted 

TABLE I 

ATPase ACTIVITY OF NATURAL ACTOMYOSIN LIKE CONTRACTILE PROTEIN FROM LEUCOCYTJ~;S AT 

D I F F E R E N T  K C I  CONCENTRATIONS 

A T P a s e  a c t i v i t y  w a s  m e a s u r e d  u n d e r  the  f o l l o w i n g  c o n d i t i o n s :  IO m M  T r i s - m a l e a t e  buffer 
(pH 7.o) w i t h  or  w i t h o u t  i m*I MgC12 or Ca.C12, I mM ATP at  37°;  pro te in  c o n c n . ,  i . Io  mg/ml;  
reac t ion  t ime ,  5 nl in.  

A'Cl conch. 
(M) 

Split P (ffmoles/mg protein per rain) 

No metal ,$lgCl 2 CaCl 2 
ions added added added 

0 . 0 6  0 . 0 2 0 1  0 . 0 2 0 5  0 . 0 2 6 8  

0 . 6 0  0 - 0 2 9 3  0 . 0 2 6 8  0 . 0 6 4 7  
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1)rotein from leucocytes,  the ATPase  ac t iv i ty  was higher at  high ionic s t rength  than 
at low. The same thing was t rue  for ac tomyosin  from the smooth muscle L%'°. 

I t  seems reasonable to postulate that the contractile protein extracted from 
leucocytes exh ib i t ed  ATPase  ac t iv i ty  of the actomvosin  type  which was ac t iva ted  by 
Mg "~+ and Ca 2+ at  low ionic s trength,  and  also ATPase  ac t iv i ty  of the myosin type  which 
was inhib i ted  by  Mg 2+ and ac t iva ted  by ( 'a  ")+ at high ionic s t rength,  under  condi t ions 
in wlfich ac tomvosin  is dissociated into myosin  and actin.  

Change in viscosi O, by addition of A TP 
The re la t ive  viscosi ty of the protein was decreased by  the addi t ion of ATP and 

3Ig ~+ at  high ionic s trength.  This was followed by  a gradua l  increase in viscosi ty to- 
wards the  ini t ia l  level, p robab ly  being brought  about  by the hydrolys is  of ATP 
(Fig. 6). The sens i t iv i ty  towards  ATP computed  according to the  formula  of PoIcrzl,: uJ 
et al? z was 19o %. This value was ahnost  the same as tha t  ob ta ined  for ac tomvosin  
from s t r ia ted  musclO 2 or smooth musclO 7. 

A nalvlical ultracentr@,gal pattern 
The ul t racent r i fugal  pa t t e rn  of the prote in  in Io  mM Tr i s -ma lea t e  buffer 

(pH 7.0) with ionic s t rength of 0.6 at  20 shows two peaks (Fig. 7) corresponding to 
5.8 S and 37 S in the  presence of ATP  and Mg 2+. The former peak corresponded fair ly 
well to tha t  of myosin  from s t r ia ted  2~ and smooth musclO 7,2° and the la t te r  near ly  
to tha t  of F-ac t in  from the smooth muscle 22 or from p lasmodium "3. 

200 
ATP 

1.50 /*/ 

1.00 

0 
- 2 0  0 30 60 90  120 

rime (rain) 
150 180 210 

FiR.(i. Effect o f A T P o n t l l e  ~ i scos i ty  of the p ro te in  from leucocytes  a t  25 . Protein concen t ra t ion ,  
4.o mg/ml ;  ionic  s t rength ,  o.0; T r i s -m a le a t e  buffer, 1o mM (pH 7.o). For de ta i l s  see text .  

[:ig. 7" Ul t racent r i fuga l  p a t t e r n  of the ex t r ac t ed  prote in .  The een t r i fuga t ion  was carri('(l out  a t  
542oo rev . /min  in io  h im T r i s - m a l e a t e  buffer (pH 7.o) con t a in ing  6.5 mg pro te in  per  ml, o.0 M KC1, 
IO mM 3IgCl 2, and  5 mM ATP. S e d i m e n t a t i o n  proceeds from left to r ight .  The pho tog raph  was 
t a k e n  at  z5 nlin af ter  t o p  speed was reached.  

Electronmicroscopic fi~zdit~gs 
The prote in  at  low ionic s t rength  was s tudied  by  e lec t ronmicroscopy I rain 

af ter  an addi t ion  of the prote in  solution. 
The prote in  dissolved in o.6 M KC1 was added  to IO mM Tr i s -ma lea te  buffer 

(pH 7.o) containing IO mM MgCI2 and ei ther  5 mM ATP and I mM EGTA or o.I  mM 
ATP and o.I  mM CaC12. The final KCI concentra t ion in these p repara t ions  was o.o6 M. 

t3iochim. 13iophy,< Hera, 256 (1972) 565 .576 



CONTRACTILE PROTEIN FROM I.EUCOCYTEg 57.3 

Fig. 8. F.lectron micrograph of the extracted protein in clearing phase at low ionic strength.  
The prepara t ion contained o. I5 mg of protein per ml, 0.06 M 1<(21, io mM MgC12, i mM EGTA, 
5 mM ATP and :o mM Tris maleate buffer, p H  7.0. 

In the preparation containing 5 mM ATP and I mM EGTA, the protein showed 
a clearing response. In the electron micrograph of this preparation, thick (1~I) and 
thin (A) filaments were seen about I5o A and 8o .~ in diameter, respectively (Fig. 8). 
I t  is suggested that  the former corresponds to myosin aggregates and the latter to 
F-actin filaments. 

In the preparation containing o.I mM ATP and o.I mM CaC12, electron micro- 
graphs of negatively stained material showed the formation of many large aggregates, 
apparently due to joining together both myosin aggregates and F-actin filaments, 
as observed in the superprecipitation of skeletal actomvosin ~4, 2~ (Fig. 9)- 

DISCUSSI()N 

From the above experimental findings, it may be concluded that  the protein 
under investigation corresponds to a so-called natural actomyosin-like contractile 
protein of leucocytes. 

The viscosity of the extracted protein was somewhat lower than that  of acto- 
myosin from striated muscle reported by MOSISrA~;i~TS 2a. In this point, there arises 
an argument that  the extracted protein should not be called natural actomvosin. 
Reconstitution of myosin- and actin-like protein obtained separately from the extract- 
ed protein of leucocytes demonstrated the superprecipitation characteristic of syn- 
thetic actomyosin2L This finding, together with biopl~ysical and biochemical features 
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Fig. 9. Electron micrograph of the extracted protein superprecipitated at low ionic strength. 
The preparation contained o.15 mg of protein per ml, o.o6 M KC1, io mM Mg('l,,, o.~ mM Ca('l,,, 
o.I mM ATP and [o mM Tris maleate buffer (pH 7.o) 

of the  protein  described a l ready  in results, m a y  indicate  tha t  the ex t r ac t ed  prote in  
ac tua l ly  corresponds to na tura l  ac tomyosin  from muscle. 

In  order  to ex t rac t  the na tu ra l  ac tomyosin- l ike  protein  from leucocytes,  
leucocytes were homogenized in a solut ion with low ionic s t rength  conta ining ATP 
and his t id ine  buffer (pH 7.o) ins tead  of Weber-F2dsal l 's  solution 40 with  high ionic 
s t rength  used for the ex t rac t ion  of skeletal  myosin B. This procedure was based on the 
finding tha t  the ac tomyosin- l ike  contract i le  protein ex t r ac t ed  previously  bv us from 
leucocytes exhib i ted  biophysical  and biochemical  features similar  to those of carot id  
myosin B, except  for the absence of Ca ̀ '.+ sens i t iv i ty  3. Superprec ip i ta t ion  of the carot id  
myosin B was accelerated b y  increasing the concentra t ion  of added  l~'Ig 2+ (ref. I7). The 
contract i le  protein  with Ca 2+ sens i t iv i ty  from carot ids  was capable  of being ex t r ac t ed  
with  a low ionic s t rength  solution conta ining ATP and his t id ine  buffer (pH 7.o) ~,°s. 
Fur the rmore ,  the Ca'~÷-sensitizing protein  conta ined in na tu ra l  ac tomyosin ,  a so- 
called t roponin,  is repor ted  to be very  labile to prote inase  digest ion 2" and,  since the 
ATPase  of myosin is an SH enzyme 30, Trasylol ,  a na tu ra l  prote inase  inhibi tor ,  and 
di thiothrei tol ,  an SH protector ,  were added  to the  above ex t rac t ing  solution. 

The protein  thus  prepared  exhib i ted  the Ca 2+ sens i t iv i ty  in superprec ip i ta t ion  
(Figs. I and 2) and the Mg2+-dependent ATPase  ac t iv i ty  (Fig. 4), as well as bio- 
physical  and  biochemical  proper t ies  character is t ic  of myosin B or na tu ra l  ac toinyosin  
from muscle. 

In  na tu ra l  ac tomvosin  or myosin B from s t r i a ted  muscle the  op t imal  Mg -°+ 

Biochi~z. l~io[~h.vs. ,4cla, 256 (I97 z) 565 -576 



COXTRACT1LE PROTEIN FROM LEUCOCYTES 3 7 5  

concentration necessary for superprecipitation is considerably low at, whereas it was 
very high in the extracted protein from leucocytes (Fig. 3), just as observed in carotid 
smooth musclelL Furthermore, as described in 1~1~.svl:rs, the extracted protein demon- 
strated features resembling actomyosin from smooth muscle in the behaviour of 
the ATPase and analytical ultracentrifugal pattern. Thus, the presently extracted 
contractile protein from leucocytes seems to be similar to natural actomyosin from 
smooth muscle rather than that from striated muscle. 

In the analytical ultracentrifugal pattern (Fig. 7), the s°2o.w value of the 
retarding peak of the extracted protein was almost the same as that of the retarding 
peak of an actomyosin-like protein extracted previously from leucocytes a, but the 
value of the foregoing peak in Fig. 7 was somewhat greater than that of the foregoing 
peak of the protein prepared by the previous method a. This increase in s value of the 
foregoing component observed in the extracted protein having Ca '2+ sensitivity, may 
be explained by the assumption that the F-actin of the protein may be endowed with 
a native tropomyosin-like substance, 

The contractile protein has been extracted, so far, not only from muscle but 
also from free cells, for example from platelets 32, plasmodium as, fibroblasts a4, sarcoma 
cells a~, and leucocytes 3, dc.. These contractile proteins, however, showed requirement 
for Mg -°+, ATP and no Ca 2+ unlike natural actomyosin from muscle, which has a Ca "+ 
requirement for superprecipitation. Therefore, it has been posed that the question 
of whether or not the contractile protein of free cells other than muscle is different 
from that of muscle is decided on the basis of a need for a Ca ̀)+ concentration in the 
superprecipitation. From the nature of tire contractile protein presently extracted 
from leucocytes, it is suggested that even the contractile protein of free cells may be 
susceptible to Ca ')+ as observed in the contractile protein from the muscle. H.\T.xx~ 3" 
demonstrated that the movement of plasmodial fragments was subject to the specific 
effect of Ca ~'+ following caffeine treatment, although the contractile protein possessing 
( 'a" '  sensitivity for the superprecipitation had not been isolated from plasmodium. 

From findings obtained in morphological, physiological and phylogenetic 
studies concerning the motility of leucocytes, we have reported that the mntile 
form and function of leucocvtes are coordinately controlled by ATP and that leuco- 
cx'tes po.~sess a motor organ consisting of an actomyosin-like contractile protein 
acting as a mechanochemical system coupled with ATP", a7 a~. In this paper, it has 
become evident that the contractile protein of leucocytes, as well as of the natural 
act.myosin of smooth muscle, exhibits the contraction and relaxation regulated by 
concentrations of free Ca 2 ~ in the presence of ATP and Mg 2.. It is conceivable that 
the motor organ of leucocytes consists of natural actomyosin-like contractile protein 
similar to that of muscle and that the movement of leucocvtes is achieved by con- 
traction and relaxation of the natural actomvosin-like contractile protein. 
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