
voI.. 28 (1958) BIOCHIMICA ET BIOPHYSICA ACTA 627 

D E T E R M I N A T I O N  O F  T H E  M O L E C U L A R  W E I G H T  O F  M Y O S I N  

I N T E R F E R E N C E - O P T I C A L  'MEASUREMENTS D U R I N G  T H E  APPROACH TO 

U L T R A C E N T R I F U G A L  SEDIMENTATION AND D I F F U S I O N  E Q U I L I B R I U M *  

W. F. H.  M. M O M M A E R T S * *  AND B R I G I T T E  B L A N K E N H O R N  A L D R I C H  

Los Angeles County Heart Association Cardiovascular Research Laboratory, and 
Department of Medicine, School of Medicine, University of California, Los Angeles, Calif. ( U.S.A .) 

Determinations of the molecular weight of myosin have, so far, not led to results that  
have found general acceptance. The value of 850,0001, ~ often cited as the standard 
figure (e.g.~-5), was based upon a sedimentation constant of 7.1. io -la (see alsoe,7), 
a diffusion constant of 0. 9. IO -~, and a partial specific volume of 0.74. These results 
became doubtful when higher figures for the diffusion constantS, 9, and lower ones for 
the sedimentation constant were reported s-n. The uncertainties increased when 
PARRISH AND MOMMAERTS 8 described dynamic anomalies in the sedimentation 
behavior of such a nature that  no explicit answer would seem obtainable, while LAKI 
AND CARROLL 9 noted time-dependent changes occurring in myosin in the temperature 
range normally employed in sedimentation analysis. 

The light-scattering method, apart  from yielding the reproducible result of 16oo 
Angstrom for the molecular lengthl2,18, has likewise failed to contribute reliable 
weight data. RuPP AND MOMMAERTS 13 discovered progressive changes in turbidi ty 
at room temperature;  but even when those were prevented, the results were highly 
erratic, permit t ing only the conclusion that  the molecular weight would be 650,000 
or less; a lower range was obtained by  HOLTZER 14,15. 

In  the present work (preliminary publication16), we have succeeded in obtaining 
consistent molecular weight values from studies on the approach toward the sedi- 
mentat ion and diffusion equilibrium according to the ARCHIBALD 17 theory, on the basis 
of measurements of the displacement of Rayleigh interference fringes. 

METHODS 
Preparations 

Myosin  was  p repa red  in c rys ta l l ine  fo rm  (SZENT-G'C6RGyIlS), f r om rabb i t  skeletal  musc le  wi th  
t h e  rou t ine  p rocedure s  of th i s  l a b o r a t o r y  TM. I t  was  d issolved in a m e d i u m  of t he  following compos i -  
t ion :  o. 4 M KC1, o.o18 M KH2FO4,  o.o27 M K z H P O  4, to ta l  ionic s t r e n g t h  0.5, p H  6.8, in wh ich  the  
p ro t e in  appea r s  to  be molecu la r ly  d i spersed  w i t h  a m i n i m a l  t e n d e n c y  t o w a r d  aggrega t ion  TM. All 
s a m p l e s  appea red  u l t r acen t r i f uga l l y  h o m o g e n e o u s .  The  concen t r a t i on  of t he  p ro te in  in solut ion,  
a f t e r  d ia lys is  aga i n s t  a n  excess  of so lvent ,  was  de t e rmined  re f rac tomet r i ca l ly  or  by  t h e  Kje ldah l  
p rocedure  accord ing  to  HILLER, PLAZIN AND VAN SLYKE 20, modif ied  by  t he  use  of s o d i u m  
th io su l f a t e  21 i n s t e a d  of z inc d u s t  for t h e  r educ t i on  of mercur ic  c o m p o u n d s  which  would  b ind 
a m m o n i a  du r ing  t h e  dis t i l la t ion.  

* Th i s  i nves t i ga t i on  was  s u p p o r t e d  by  g r a n t s  n u m b e r  H-2837 a n d  H-3o67 of t he  Na t iona l  H e a r t  
I n s t i t u t e ,  Na t iona l  I n s t i t u t e s  of Hea l t h ,  a n d  by  a g r a n t  f rom the  Life  I n s u r a n c e  Medical  Resea r ch  
F u n d .  

** E s t a b l i s h e d  I n v e s t i g a t o r  of t h e  A m e r i c a n  H e a r t  Associa t ion .  
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Ultracentrilugal sedimentation 
S e d i m e n t a t i o n  s tud ies  were done  in the  Spinco model  E a n a l y t i c a l  u l t r acen t r i fuge ,  equ ipped  

wi th  p rov i s ions  for m e a s u r i n g  and r e g u l a t i n g  t he  t e m p e r a t u r e  du r ing  t he  run.  This  r egu la t ion  
cons i s t en t l y  p roved  ~eliable w i th in  a few h u n d r e d t h s  of a degree even over  per iods  of severa l  days  
in the  low speed runs.  I n  c onve n t i ona l  s e d i m e n t a t i o n  s tud ies  w i t h  t he  sch l ie ren-opt ica l  s y s t e m  and  
phase  pla te ,  two  samples  a t  different  concen t r a t i ons  were  run  s imul t aneous ly ,  one be ing  con ta ined  
in  a wedge -window cell. 

In te r fe rence- f r inge  obse rva t ions  were done in the  same  i n s t rumen t ,  p rov ided  wi th  an op t ica l  
s y s t e m  for record ing  R a y l e i g h  fr inges f rom a double-sec tor  cell, con ta in ing  so lven t  in the  one and  
m y o s i n  so lu t ion  in the  o the r  l imb. The meniscus  in t he  so lven t  co lumn s tood a b o u t  I m m  h ighe r  
t h a n  t h a t  of the  solut ion,  and  a per fec t ly  a rc - shaped  in te r face  a t  the  b o t t o m  of the  so ln t ion  co lumn 
was  c rea ted  b y  i n t roduc ing  o. i  ml  of Dow Corning No. 555 si l icone oil ~2. These  runs  were per formed 
a t  low ro tor  speeds,  o b t a i n e d  by  means  of the  s t a n d a r d  speed-se t t ing  a r r a n g e m e n t  and  a i : 3 speed 
reduct ion .  Since the  speeds employed  were reached  w i th in  a few m i n u t e s  af ter  s t a r t ing ,  and  the  
runs  e x t e n d e d  over  t h o u s a n d s  of minu tes ,  i t  was  deemed unnecessa ry  to  a p p l y  a zero- t ime 
cor rec t ion  as p rac t i ced  by  KLAINER AND KEGELES 23. Before the  expe r imen t ,  the  ro tor  was b r o u g h t  
close to the  des i red t e m p e r a t u r e ,  and  was  t h e n  left  to cool or warm,  in the  ro tor  chamber ,  to  the  
e x p e r i m e n t a l  t e m p e r a t u r e  (5 ° or 20 ° ) p r e d e t e r m i n e d  by  the  r egu l a t i ng  circuit .  

Evaluation of fringe patterns 

The ARCHIBALD method. Fr inge  p a t t e r n s  (Fig. I) were measured  by  means  of a t r ave l l i ng  
microscope,  af ter  carefnl  a l i g n m e n t  of the  p l a t e  by  m a t c h i n g  the  cen t ra l  reference fr inges ( t rans-  
m i t t e d  t h r o u g h  holes in the  c oun t e r ba l a nc e  cell, above  and below the  so lu t ion  fringes) w i th  the  
d i rec t ion  of measu remen t .  The cross ha i r s  of the  microscope were then  set  to  coincide w i t h  the  
cen t ra l  fr inge t h r ough  the  so lu t ion  which,  in our e x p e r i m e n t s  of r e l a t i ve ly  shor t  dura t ion ,  a lways  
ran  w i t h o u t  de fo r m a t ion  over  a cons iderab le  d i s t ance  cor responding  to the  p la t eau- reg ion  of the  
s e d i m e n t a t i o n  d iagram.  The to t a l  fr inge n u m b e r  ~*o cor responding  to  the  or ig ina l  concen t r a t i on  co, 
was de t e rmined  e i ther  in a s epa ra t e  run a t  h igher  speed (or somet imes  by  acce le ra t ion  af ter  a low- 
speed run  of shor t  dura t ion) ,  sufficient to  comple t e ly  r emove  the  b o u n d a r y  f rom the  meniscus ;  
or l/y means  of the  s y n t h e t i c  b o u n d a r y  cell a t  low speed, p e r m i t t i n g  a few hours  of b o u n d a r y  
sp read ing  for sufficient s epa ra t ion  of the  fringes. In  the  former  case, m a r k e d  s e d i m e n t a t i o n  h a v i n g  
occurred,  the  observed  fringe n u m b e r  a t  t ime  t, s t ,  was decreased because  of the  d i lu t ion  due to  
s e d i m e n t a t i o n  and  was  corrected wi th  the  formula  no ~ nt (xt/xo) 2 ; t he  m a g n i t u d e  of th i s  correc t ion  
was  of the  order  of 500 . In  the  s y n t h e t i c  b o u n d a r y  ceil, the  d i lu t ion  cor rec t ion  was  c o m p u t e d  by  
the  fo rmula  n,  = ~?te2.~(o~'t; for runs  a t  a b o u t  4000 r .p.m, du r ing  a few hours,  t h i s  correc t ion  was  
umaecessarv  since it was well w i th in  the  accuracy  wi th  which the  t o t a l  fr inge n u m b e r  was  es t imated .  

t l 

ref. air  m b ref.  
Fig. I. E x a m p l e  of fringe p a t t e r n  t raced  from or iginal  p h o t o g r a p h ;  concen t r a t i on  changes  in 
ARCHIBALD t y p e  e x p e r i m e n t :  Myosin  0. 5 %,  5 °, 60 h s e d i m e n t a t i o n  a t  4,196 r .p .m.  The d i s t a n c e  
be tween  the  two  ver t i ca l  m a r k s  above  the  p a t t e r n  corresponds  to t cm in the  cell. For  measu remen t ,  
the  p la te  is a l igned a long the  line a-a wi th  the  aid of the  reference fr inges ref, M easu remen t  of 

fr inge pos i t ions  is a long  the  line d-d, beg inn ing  from the  meniscus  m to the  b o t t o m  17. 

Beg inn ing  at  the  top  of the  p a t t e r n  (Fig. 1), the  pos i t ions  of the  meniscus ,  of all  fringes, and  
of the  b o t t o m  in te r face  were measured  w i th in  2 to  3 / t on the  plate ,  co r re spond ing  to  I t t  in the  cell. 
This  prec is ion  was  i l lusory,  since the  loca t ion  of the fringe m a x i m a  invo lved  sub jec t ive  judgemen t .  
The real  precis ion was, in general ,  s a t i s f ac to ry  for the  top  p a r t  of the  d i ag rams ,  b u t  in the  b o t t o m  
p a r t  the  fringes were crowded,  and  i t  was  often adv i sab l e  to proceed pai rwise .  

The ARCHIBALD t r e a t m e n t  requi res  express ion  of these  m e a s u r e m e n t s  in to  r e l a t ive  concen- 
t r a t i o n s  nx,t/~o as a func t ion  of d i s t ance  x. In  all our exper iments ,  there  was  a p l a t eau  region in 
the  cell cha rac te r i zed  by  the condi t ions :  

dn dn 
~1-~ =o ,  ~ - # o  

so t h a t  the  c o n c e n t r a t i o n  here  is no t  equa l  to  the  or ig inal  c o n c e n t r a t i o n  as seems impl ied  in Fig. i 
or ARCHIBALD'S pape r  Iv. Ins t ead ,  the  concen t r a t i on  in the  p l a t eau  region is g iven  by :  

r ip ,  t ~ noe-2sto2t 

for the  app l i c a t i on  of which  we h a v e  used a s e d i m e n t a t i o n  coefficient va l id  for the  concent ra t ion ,  
t e m p e r a t u r e  and  ro tor  speed of t i le  e x p e r i m e n t  in ques t ion .  As a rule, th i s  coefficient was  ob t a ined  
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f rom the  same or a similar run,  wi th  the procedures described below. However ,  the  correct ion 
factor  is so small  t h a t  no significant error  is introduced by  es t imat ing the  value of s on the basis 
of o ther  informat ion  available. The concentra t ion in the plateau region being determined,  it is 
clear t ha t  a t  a poin t  x, which is ix  ̀fringes above or below the plateau, the  concentra t ion will be 

nx` n ~ , -  ix nl, + ix, 
or - - ,  respectively. 

n o r / .  0 n o 

F u r t h e r  t r e a t m e n t  was  done by  numerical  tabula t ion  as is i l lustrated (but for omission of the  
initial columns which conver t  the measurements  on the  plate into distances f rom the  center of 

I An 
rotat ion)  in Table I. The last  column provides the quan t i t y  ~nx` ~x"  The value ~ which this quan t i ty  

assumes upon  ext rapola t ion  to the  top  or b o t t o m  meniscus is used for the  calculation of the  
molecular  weight :  

R T  

An example  of such an  extrapolat ion,  derived f rom a series of measuremen t s  at  different t ime inter- 
vals, is given in Fig. 5. According to the  ARCHIBALD theory,  and  to ac tual  exper imenta t ion  ~2-~, 
curves  like these change in the  course of t ime and eventual ly  approach  horizontal  lines wi th  a 
cons tan t  value 6 as equi l ibr ium is reached. The accuracy of the  ext rapola t ion  increases pari  passu.  
However ,  in the  case of myos in  it is not  convenient  to extend the  runs  so far since it  can be 
calculated (ARCHIBALD ~) t h a t  in this  case several weeks would be required to reach equilibrium. 

T A B L E  I 

E X A M P L E  O F  T A B U L A T I O N  O F  D A T A  F O R  C A L C U L A T I O N  A C C O R D I N G  T O  T H E  A R C H I B A L D  M E T H O D  

Expe r imen t  MI- I  7 : o.5 % myosin,  5 °, 24 h sedimenta t ion  a t  4,19o r .p.m. ; no = 18.68, n~ = 18.54 ; 
top  p a r t  of pa t t e r n  only*. 

n . - - i  An  x z An  
x A x  nl, - -  i x,,]n o _ _ °  . . . .  

no Ax  no xn  An  

6.1274 (meniscus) 
6.1474 o.o153 13.54 0.7249 3.497 4.453 (0.7863) 
6.162o o.o193 14.54 o.7785 2.772 4.797 o.578 
6.1851 o.o231 15.54 o.832o 2.316 5.I46 0.450 
6.2143 0.0292 16.54 o.8855 1.832 5.5o3 0.333 
6.2603 0.0460 17.54 o.9391 I. 163 5-88o o. I98 
6.54 18.54 o.9926 

* The first fringe posi t ion represents  a par t ia l  fringe distance only; the value result ing f rom it is 
not  used for the  ex t rapola t ion  toward  ~. 

Determination o] the sedimentation coel~cient 

The GUTFREUND-OGSTON method. The ARCHmALD theory  also provides  fur ther  ca lcula t ion  
by  which the  sed imenta t ion  coefficient can be obtained f rom the  same measurements .  We found, 
however,  t h a t  the  location of the  fringe m a x i m a  was  not  carried out  accurately enough to allow 
these addit ional  evaluat ions.  On the  o ther  hand,  GUTFREUND AND OGSTON ~ have  devised a simpler 
procedure to calculate the  sedimenta t ion  coefficient in cases where  no definite bounda ry  is formed, 
and  KLAINER AND KEGELES ~ have  combined their  me thod  wi th  the  ARCHIBALD principle. We 
find t h a t  the  interference me thod  pe rmi t s  the  same approach  in a considerably simpler fashion, 
since the concent ra t ion  dis t r ibut ion in the  cell is obtained explicitly, r a the r  t h a n  in differential 
form. 

The same figures were used as for the  ARCHIBALD procedure,  up  to the values of nx/no 
(Table II). To obtain nx/no, n~ was needed as before, and was  calculated by  means  of a value of s 
obta ined f rom other  knowledge. I f  no such figure is a t  all available, one can first proceed by  using 
n~ and no in te rchangeably  in the  computa t ion  of a pre l iminary  value of s, which is then employed 
to  go t h rough  the  same calculations rigorously. I n  most  experiments ,  the difference between no 
and  np was  of the  order  of 1%, so t h a t  ei ther successive approximat ion ,  or the  use of a value of s 
obta ined otherwise,  are fully sat isfactory.  

In  analogy wi th  the  procedure  of GUTFREUND AND OGSTON, a plot was made  of the funct ion 
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T A B L E  I I  

E X A M P L E  O F  T A B U L A T I O N  O F  D A T A  F O R  T H E  C O M P U T A T I O N  O F  S E D I M E N T A T I O N  C O N S T A N T  

Same e x p e r i m e n t  as in  T a b l e  I 

6.1274 Resu l t  of i n t e g r a t i o n  by  p l a n i m e t r y :  

6.1474 0.7249 0.2677 1.6444 Q't 
- - =  o.1468 

6.162o 0,7785 o.2141 1.3193 n o 

2 "~oo 
6.1851 0.8320 o.16o6 o.9933 log I -- = - -o .0o34  ° 
6.2143 0.8855 O.lO71 0.6656 xo 2 

6.2603 o,9391 0.0535 0.3349 

6.54 0.9926 o.oooo o.oooo 

x , x p d n  I_ f x p d n  
- -  J - -  dx aga ins t  x. In  our  case, these  po in t s  are  ob t a ined  qu i t e  d i rec t ly ,  s ince j dx 
no xi dx no x¢ dx 
s imp ly  equals  n ~ - - n z  n~ nz B y  g raph ica l  i n t e g r a t i o n  of the  curve  be tween  xo and an  

n o  ~/o n o  

a r b i t r a r y  absc issa  x~ in the  p l a t e a u  region, we ob ta ined  ~--~'-~ : i Xo~( I __ e-2so*t), f rom which  s 
~t o 2 

was ca l cu la t ed  accord ing  to  GUTFREUND AND OGSTON. This  can e i ther  be done  for one exposure  a t  
a s ingle t ime ,  or for va r ious  m o m e n t s  in the  course of a run  (Fig. 2). 

12 

tO 

8 

4 

2 

0 

f 

t 
I 0 0  2 0 0  

TIME IN SECONDS x I0 -~ 

Fig. 2. D e t e r m i n a t i o n  of t he  s e d i m e n t a t i o n  c o n s t a n t  w i t h  the  GUTFREUND-OGSTON procedure .  
2Q,t / _ 2~21s 

Plo t  of - - l o g  I - -  nox2 j 2.303, ob ta ined  as  in  Tab le  I I ,  as a func t ion  of t ime.  

The di~usion coe$cient 

W h e n  ~ and  s are  b o t h  known,  t he  diffusion coefficient can be o b t a i n e d  b y  the  express ion  1~ : 
D = w~s/~. However ,  t h i s  does no t  c o n s t i t u t e  a s epa ra t e  d e t e r m i n a t i o n  of D. To p rov ide  for such 
an  i ndependen t  m e a s u re m e n t ,  we h a v e  m e a s u r e d  the  sp read ing  of t he  fr inges in a run  wi th  the  
s y n t h e t i c  b o u n d a r y  cell a t  4.19o r .p.m, a t  which  ro tor  speed the  b o u n d a r y - s h a r p e n i n g  effect s 
shou ld  be negligible.  The  t i m e  i n t e r v a l  over  which  diffusion could be obse rved  was  l imi t ed  by  
t h e  he igh t  of t he  cell and  t he  a p p r o a c h  to  s e d i m e n t a t i o n  equ i l i b r i um;  good m e a s u r e m e n t s  a t  
o.5 % concen t r a t ion  were  ob t a ined  by  hou r ly  ob se rva t i on  for 6 h. No c la im is m a d e  t h a t  th i s  
p rocedure  is a d v a n t a g e o u s  in  compar i son  to  the  emp loy  of s t a t i o n a r y  diffusion appa ra tu s .  At  t he  
same t i m e  i t  m a y  be no ted  t h a t  the  presence of a dens i t y  g rad i en t  in a cen t r i fuga l  field m a y  s tabi l ize  
the  s y s t e m  to  such an e x t e n t  as to  compensa t e  for some of the  d i s a d v a n t a g e s  of t he  m e t h o d  ; w i th  
regard  to  speed, the  m e t h o d  seems qu i t e  superior .  The  zero- t ime correc t ion  was  u sua l l y  high,  since 
t he  fo rma t ion  of the  b o u n d a r y  was  no t  perfect .  

The  eva lua t i on  of the  p a t t e r n s  was  done in ana l ogy  wi th  the  m e t h o d  of SVEDBERG AND 
PEDERSEN z7 for the  l i gh t - abso rp t ion  m e t h o d  (Table  I I I  and  Fig ,  4). The  c a l c u l a t i o n s  were based  
on measu r ing  the  d i sp lacements ,  #,  of po in t s  co r respond ing  to  va r ious  r e l a t ive  concen t ra t ions  o. i,  
o.2 etc., expressed  as f rac t ions  of the  t o t a l  concen t ra t ion .  These  d i sp l acemen t s  were read from 
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plo ts  of c o n c e n t r a t i o n  vs. dis tance ,  or, a l t e r n a t i v e l y ,  f rom such p lo ts  on p r o b a b i l i t y  func t ion  p a p e r  
(Keuffel a n d  Esser ,  No. 358-23). I n  the  l a t t e r  case, an idea l  diffusion b o u n d a r y  appea r s  as a 
s t r a i g h t  line. I n  our  e xpe r im e n t s ,  t he  l ine was  s l i g h t l y  cu rved  cor responding  to  skewness ,  b u t  was  
s t i l l  a d v a n t a g e o u s  because  i t  could be d r a w n  w i t h  g r ea t e r  a c c u r a c y  t h a n  a t r a d i t i o n a l  ogive.  

T A B L E  I I I  

E X A M P L E  OF TABULATION OF DATA FOR ESTIMATION OF DIFFUSION CONSTANT 
FROM BOUNDARY SPREADING 

E x p e r i m e n t  MI-29, o.5 % myos in  in  s y n t h e t i c  b o u n d a r y  cell  a t  4 , I ~  r .p .m.  ; diffusion for 3 h a t  5 °" 
F r inge  pos i t ions  p l o t t e d  to  d e t e r m i n e  t he  d i s t ances  /* be tween  t he  cen te r  of the  b o u n d a r y  and  
po in t s  of r e l a t i ve  c o n c e n t r a t i o n  Cre 1 o.I,  0.2 etc. ;  y = p r o b a b i l i t y  func t ion  f rom Table  I in 

SVEDBERG AND PEDERSEN 27. Tota l  f r inge n u m b e r  19.8o 

Crel 

o. i  ; 0. 9 0.0497; 0.0527 
0.2; o.8 o.o32o; o.o335 
0.3; 0.7 o.o197; o.o2o7 
o.4; o.6 o.0o98; o.oo98 

~a/4y2 
7.68. lO-4 
7.58" lO -4 
7-39" IO -4 
7.45" IO-4 

Average  7.52" IO - i  

RESULTS 

The sedimentation and diffusion coe~cients 

The results b y  PARRISH AND 1V[OMMAERTS s on the sedimentat ion anomalies of myosin,  
which were the original reason for reinvestigating in this field, were affected by  un- 
certainties regarding the actual  rotor  tempera ture  during the measurements.  Wi thou t  
a t t empt ing  to cover the full scope of their observations, we have repeated certain 
crucial ranges, with continuous regulation and measurement  of the rotor  temperature.  
Different f rom the earlier work which was restricted to the temperature  range 15 to 
30% the present measurements  were done at 6 ° and 20% Consequently, the anomalies 
might  b.e expected to be somewhat  less. The results m a y  be summarized as follows: 
at  59,780 r.p.m., the tempera ture  dependence of s20, w, a l though suggested, was not  
statist ically significant, and the most  probable value at zero concentrat ion equals 
(6.08 ± o,Io)-  lO -13. At  29,500 r.p.m., there was a significant increase of s~0, w with 
rising temperature ,  and the most  probable  value near o ° is (6.1o ± o. io) ,  lO -13. The 
rotor-s~peed dependence was not  stat ist ically significant at 6 °, and the probable value 
of s20, Jofor c = o at  this tempera ture  was (6.18 ± o.Io) ,  lO -13. At 20 °, the rotor-speed 
dependence, a decrease of s with increasing angular velocity, was pronounced;  the 
ext rapola ted  value of s~0, w at w = o and c = o, might  be about  6.5. These sample 
experiments  are in complete accord with those of PARRISH AND MOMMAERTS. A con- 
siderable program of measurements  would be required for a complete description of 
the phenomena,  bu t  it does appear  as if the anomalies play a relatively small role at 
low temperature,  and it seems unlikely tha t  the valid magni tude  of s20, w, c = o would be 
much  below the given figures. A similar conclusion is reached from our measurements  
with the GUTFREUND-OGSTON procedure,  an example of which is in Fig. 2. Table IV 
gives all results of s so obtained, and  also contains values for the diffusion constant  
obta ined with the  relation D = ~o~s/3. The s and D values obtained in the single ex- 
periments  in Table IV are only approximate  since such separate determinations of s 
m a y  be inaccurate  by  I0  % or more, while those of D are in addit ion afflicted by  the 
possible error of ~. However,  the results from the serial experiments (Table IV, 
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T A B L E  IV 

C O M P I L A T I O N  O F  M O L E C U L A R  W E I G H T S  O B T A I N ] ~ D  W I T H  T H E  A R C H I B A L D  M E T H O D  

Also t a b u l a t e d  are  t h e  s e d i m e n t a t i o n  c o n s t a n t s  ca lcu la ted  f rom the  s ame  runs ,  a n d  t h e  diffusion 
c o n s t a n t s  c o m p u t e d  fo rm s a n d  ¢5. T he  s and  D va lues  are  correc ted  for wa t e r  a t  20 °, b u t  are  val id  

for t h e  concen t r a t i ons  of t he  respec t ive  e x p e r i m e n t s  

Comentragion Temperature Rotor speed Dura¢ion S2o, X xo  TM D , o ,  X lO 7 
% o C r.p.m, hours at/in#e concentration 

Molecular weigkt × xo-* 

Top Bottom 

0. 5 20 8,21o 4 37.9 36.0 
3.1 0.8 

6 37.2 38.4 
0.38 2o 8,21o 5 37.5 - -  

3.3 0.8 
6 39.o - -  

0.25 20 8,21o 4 39-3 37.8 
4.0 I .O 

6 38.6 38.6 

0.5 5 4,196 I O ~  - -  38.0 
2.6 0. 7 

23 37.1 - -  
0-38 5 4,196 24 2.6 o.6 41.2 37.o 
o.25 5 4,196 15 3.3 0.8 - -  39-4 

0.5 5 4.196 24 39-4 37.5 
2.9 0.8 

42 35.2 37.5 
0-5 5 4,196 42 3.1 o.8 38.5 37.o 
0.38 5 4,196 3 ° 3 .2 0.74 38.5 38.4 

Ave rage  of all s ingle va lue s  38.4 37.8 

o.5 5 4.196 12 to 72 3.33 o.82 38.5 38.o 
0.5 5 4 , I96 24 to 72 3.51 0.89 37.5 36-5 

15 - . 

Fig. 4- B o u n d a r y  sp read ing  in syn t he t i c  b o u n d a r y  cell, 
as  in Tab le  I I I .  P lo t  of ,22/4y ~ as a func t ion  of t ime.  

The  diffusion coefficient is t h e  slope of t he  l ine.  
i 

0 llO 2 0 
T I M E  IN S E C O N D S x  10"3  

tO 

x 

5 

x 
~. 4.2 
o 

u) 3 . 8  

0 I0 20 3 0  40  
w z x I 0  "6 

Fig. 3- S e d i m e n t a t i o n  c o n s t a n t  of m y o s i n  in 0. 5 % 
solu t ion  a t  5 ° as  a func t ion  of angu l a r  velocity.  

b o t t o m )  a r e  s o m e w h a t  m o r e  e x a c t .  T o  c o m p a r e  t h e  r e s u l t s  f o r  s w i t h  t h o s e  o b t a i n e d  

f r o m  d i r e c t  m e a s u r e m e n t s  o f  b o u n d a r y  d i s p l a c e m e n t s ,  w e  r e f e r  t o  F i g .  3 w h i c h  g i v e s  

t h e  r o t o r - s p e e d  d e p e n d e n c e  o f  sz0, w m e a s u r e d  a t  l o w  t e m p e r a t u r e  a n d  a t  f i n i t e  c o n -  

c e n t r a t i o n .  I t  i s  s e e n  t h a t  t h e  v a l u e s  l i s t e d  i n  T a b l e  I V  ( b o t t o m )  a r e  n o t  o u t  o f  l i n e  

w i t h  t h e s e  r e s u l t s .  T a b l e  I V  a l s o  l i s t s  t h e  d i f f u s i o n  c o e f f i c i e n t s  t h a t  a r e  c o n j u g a t e  w i t h  
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the experimentally obtained s and 8. In  addition, a few direct determinations of D 
were performed as described (Fig. 4), yielding figures of 1.o4" IO -~ and 0.95" IO -~ at 
0.5 % and at i % myosin respectively. 

Molecular weight 
In  most experiments aiming at a molecular-weight determination with the 

ARCHIBALD procedure, one or two fringe pictures were taken after arbi t rary times of 
sedimentation. These were evaluated separately, so that  values for 8 were obtained 
from single ARCHIBALD plots, both for the top and bot tom interface. I t  was estimated 
that  the uncertainty in each individual extrapolation was of the order of 5 %. The 
molecular-weight values so obtained are collected in Table IV. The experiments 
represent a certain variation in concentration, rotor speed and temperature.  The 
data  are fully consistent, within the limits of accuracy. In  all cases, approximately 
the same value is obtained from the top and the bot tom of the cell, as would be 
required for a pure substance not engaged in association or dissociation equilibrium 
(see below). The average of all these single experiments amounted to 382,ooo. In  other 
extensive experimental  series (e.g. Fig. 5), measurements were made at regular inter- 
vals, and the curves were used jointly to obtain 8 with greater certainty by  simul- 
taneous extrapolation as advocated by  ARCHIBALD 17. These series led to molecular 
weight values likewise listed in Table IV. Combining all our results, we shall accept 
a figure of 380,000 as the experimental  value of the molecular weight. 

1.0 

0 .8  

0 .6  

0 .4  

0 .2  

0 .0  I I I 

6.1 6.7 6.8 6.9 7 .0  

1< 

i i \ : \ i  

I I ! 

6.2 6,3 6,4 

X I N  C M  

Fig. 5. Example  of ARCHIBALD plots obtained f rom measurements  af ter  12, 24, 48 and 72 h of 
sedimenta t ion  at  4,196 r .p.m, at  5% 0-5 ~o myosin.  Abscissa: distance in cm from axis of rotat ion.  

DISCUSSION 

Since this s tudy represents the first application of the interference-fringe method for 
the s tudy of the concentration gradients with the ARCHIBALD procedure, it will be 
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advisable to discuss first those technical limitations encountered which limit the ac- 
curacy of the results. Limitations originate from the imperfect rotor-speed constancy 
and  the relative inaccuracy with which the fringe positions were measured. The need 
for a reasonable number  of fringe shifts limits the applicability to concentrations not 
much below 0.25 %; measurements at 0.5 % were more nearly optimal. Significant 
inaccuracy resulted also from the arbitrariness with which the curves (Fig. 5) were 
drawn. While these approach straight lines near the meniscus and bottom, the 
ARCHIBALD theory contains no explicit analytical expression for the actual course 
of the curves, and arbi trary free-hand extrapolations had to be resorted to. The 
scatter of the values in Table IV illustrates the extent of these uncertainties. 

The value of 380,000 for the molecular weight of myosin, obtained as a result of 
this study, is in marked disagreement with any experimental figure published so far, 
although close to the one anticipated by  LAKI AND CARROLL 9. While extensive 
research would be required to explain all discrepancies, the following tentat ive con- 
siderations may  be offered. 

In  the evaluation of sedimentation velocity and diffusion data, the kinetic 
anomalies recorded by  PARRISH AND IV[OMMAERTS have caused much ambiguity. 
However, our present data  suggest that  these anomalies may  become small at  low 
temperature;  the valid sedimentation coefficient may  be 5.8 to 6.0. IO -~1. With such 
figures, one would still obtain molecular weight close to 500,000 unless the available 
diffusion coefficients were also in error, as LAKI AND CARROLL have considered. Our 
orientating measurements do indeed indicate that  the diffusion coefficient m a y  be 
somewhat higher than was previously measured. Concerning the deviating and 
erratic results obtained with the light-scattering method, we now propose that  these 
were due to a methodological factor. GERGELY ~ has found that  dilution of an acto- 
myosin solution into a larger volume of solvent may  cause partial  aggregation; the 
same may  occur with myosin. We have no explanation for the higher molecular weights 
obtained by the osmotic pressure method ~a and must leave the explanation of this 
discrepancy to future investigation. 

The majori ty of our determinations has been performed at a relatively high 
concentration, mostly 0.5 %. Although the elementary theory does not foresee a con- 
centration dependence for the molecular weight obtained from equilibrium measure- 
ments, it is likely that,  when activities instead of concentrations are considered, the 
results at finite concentrations are affected by  the same interaction constant B that  
appears in the theory of osmotic pressure or, at twice the numerical value, in light 
scattering. There is, indeed, a trend in our results (Table IV) to yield somewhat lower 
values in the bot tom of the cell where the concentration is higher than at the meniscus. 
From the slope of the light-scattering plots 13 it may  be estimated that  the apparent 
molecular weight at 0.5 % concentration may  be depressed by  about IO %, but the 
real difference is likely to be less if aggregation had occurred in those scattering 
measurements. Our few measurements with the ARCHIBALD method at lower concen- 
trations likewise exclude a significant concentration dependence. Until these factors 
have been investigated more exhaustively we shall, for the purpose of discussion, 
accept a molecular weight of 420,000. The fact that  this is just one half of the value 
which resulted from several earlier studies 1,2 gives rise to the thought that  under 
certain circumstances myosin dimers may  arise,just like higher paucimers have been 
detected e. 
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The molecular weight here proposed* agrees quite closely with the sum, 424,ooo, 
of the one H- and two L-meromyosins which are assumed to constitute the myosin 
molecule (LAKI AND CARROLLg). Furthermore, adding the accepted length-values of 
i heavy and 2 light meromyosins s one obtains 154o A, in agreement with the 16oo A TM 

experimentally found for myosin. However, the molecular weights and dimensions of 
these constituents themselves shay not be fully accurate and will be reinvestigated.** 

In a recent paper, •ANNINGA AND MOMMAERTS ~ have reported that  one mole of 
ATP, in its physical and enzymic interaction with actomyosin, reacts with 5o4,0o0 
g of this protein complex. The proportion of actin and myosin in actomyosin is still 
not known with certainty, and may not be same in all cases, but  is probably about 
1:3 or 1:4. Hence, the molecular weight of myosin compares fairly accurately with 
the presumable weight of the myosin moiety of the actomyosin that  reacts with one 
mole ATP. Myosin, therefore, would have one active center for the interaction with 
nucleotides. 
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SUMMARY 

Procedures  have  been described for the  use of an  interference-fringe optical sys t em in the  ul tra-  
centrifuge, for the  de te rmina t ion  of molecular  weights  according to ARCHIBALD, and of sedimenta-  
t ion coefficients according to  GUTFReUND AND OGSTON, as well as of diffusion constants .  

Applied to myosin,  th is  me thod  yields a molecular  weight  of 380,000, which m a y  have  to be 
corrected to abou t  42o, o ° °  because of in terac t ion  effects. This corresponds to  the  a m o u n t  of myosin  
which, as ac tomyosin ,  reacts  wi th  one mole of adenosine t r iphosphate .  
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Short Communications 

The properties of algal and sperm flagella obtained by sedimentation 

Flagella from the alga Polyloma uvella have been reported by  the au thor  to contain abou t  0.6 % 
ribonucleic acid phosphorus  1. This was in cont ras t  wi th  the tails of fish sperm,  f rom which this 
subs tance  appeared to be absent.  The reason for the difference was  not  apparent ,  bu t  it now seems 
tha t  the algal nucleic acid was  cytoplasmic in origin. Previously,  flagella mater ia l  had been 
isolated from a suspension by  precipi ta t ion wi th  alcohol and acetic acid, and in the  electron 
naicroscope this suspens ion  seemed reasonably  pure. If, however,  the flagella are isolated by  sedi- 
menta t ion ,  the nucleic acid phosphorus ,  on a lipid-free basis, measured  by  u.v. absorpt ion,  falls 
to 0.22 % -~ 0.o 4 % (6 determinat ions) ,  and if the intact  c e l l s  are shaken wi th  o. 5 lkr sucrose instead 
of d{stilled wate r  and two or three drops of chloroform, this  value falls again to O.lO% =~ 0.o2 % 
(4 determinationsy. The small residual  phosphorus  is not  considered significant. 

Other  propert ies  of flagella obta ined by  sedimenta t ion  are compared  in Table I wi th  those 
,of the original precipitated material .  Methods are as described previously wi th  the exception tha t  
evstine was determined by  the s l ight ly more sensitive and more  convenient  Fleming reaction as 
used by VASSEL 2. 

Thus  lipid, which is left behind during precipitation, is present  in the  sedimented flagella. 
The ra the r  high value of 20 % for Polytoma flagella can ha rd ly  arise f rom the  very  th in  shea th  bu t  
mus t  come more p robab ly  f rom the  ma t r ix  and/or  the  fibrils themselves.  

Tim cystine content  of flagella appears  to be i % or less. Lower  values were obta ined f rom 
sedimented material  bu t  hydrolysis,  especially in the  presence of carbohydrate ,  destroys a propor-  
tion of the cystine. More ca rbohydra te  was present  in the sedimented Polytoma prepara t ions  t han  
in material  obtained by  precipitation, and it seems likely t ha t  the  lower cystine values obtained in 
the former  case were due to a greater  b reakdown of this amino acid during the  pre l iminary  hydrol-  
ysis. Hydrolyses  were all performed in a HCl-formic acid mix ture  a, which would reduce bu t  
certainly not  eliminate the  dest ruct ion of cystine. 


