
D E S I O D A T I O N  D E  LA T H Y R O X I N E  E T  C O M P L E X E  PROTF, IQUW- ~-~2~ 

B I B L I O G R A P H I E  

t j .  NUNEZ ET CL. JAEQUEMIN, Compt. vend., 252 ( I961)  802.  
2 j .  ROCHE, J. NUNEZ ET CL. JACQUEMIN, Biochira. Biophys. Acla, 64 ( :962)  475.  
3 j .  NU~EZ ET CL. JACQUEMIN, Compt. rend., 249  ( I959)  I32 .  

C. R.  HARINGTON ET G. BARGE:~, Biochem. J . ,  zI  (1927) 169. 
J .  NUNEZ, CL. JACgUErnIN ET J .  ROCHE, lntern. J .  Appl .  Radiation and Isotopes, soxts ~ e _  

6 N.  F .  MACLAGAN ~T D.  REXD, Ciba Foundation Colloq. on Endocrinol., ~o (1956) ~9o. 
L.  G.  PLASKEZT, Biochem. J . ,  78 (196I)  652.  

s W .  C. SCHNEIDER ET V. R .  P o r T E R ,  J.  Biol. Chem., ~77 (~949) 893.  
S. LmStTZKY, M. ROGUES ~T M. T.  BENEV~NT, Bull. soc. chim. biol., 43 (~961) 727.  

t0 j .  NUNEz  V.T CL. JACO, UEMIr% J.  Chromatog., 5 (1961) z 7 t .  
~l K .  YAMAMOTO, S. SHtMtZU EZ i .  I s m K a W A ,  Japan.  J .  Physiol., i o  (196o) 594.  
~ S. L~SSlTZKY, M.  T .  BENEVENT ET M. ROGUES, Bull.  soc. chim. biol., 43 (196I)  743. 
tz V.  A. GALTON ET S. H .  Ir~GBAR, Endocrinology, 70 (1962) 2 i o .  
t~ J .  R .  TARA, Nature, xC 7 (196o) lO25.  
~'~ J .  R .  TATA, Biochem. J . ,  77 (196o) 214.  
~ V.  A. GALTON ET S. H .  INGBAR, Endocrinology, 69 ( I 9 6 t )  30.  

Biochim. Biophys. ,4 eta, 69 (1965) ~77a--~3~ 

BBA 3904 

P H Y S I C O - C H E M I C A L  P R O P E R T I E S  OF ~ - C R Y S T A L L I ~  

F R O M  O X  L E N S ' , * "  

S A L I L  K.  N I Y O G I  AND V I R G 1 L  L.  K O E N I G  

Department of  Biochemistry, Northwestern U~civersily il/Iedical School, 
Chicago, Ill. ( U.S A.)  
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S U M M A R Y  

a-Crystallin was isolated from ox lenses and purified by repeated p r e c i ~ e m  ~t 
isoelectric point. Electrophoretic analyses in acid and alkaline solutions ~ 
ionic strengths indicate ~-crystaliin to be a single component. Sedimem~tion 
above pH 3.0 at various ionic strengths also indicate that  ~ - c r y s t ~  is a 
component. At pH 3.0 ~.nd below, depending upon the ionic strength, ~ o  ~ 
components appear during sedimentation. Sedimentation and v i s ~  
suggest that  this dissociation is reversible. Sedimentation, viscosity, ~ ~ghlt- 
scattering data at pH 2.0 at various ionic strengths indicate an u n f o l d i n g t o f f ~ ~  
molecule ul t imately leading to dissociation. Sedimentation and l i g h t - s ~  
at pH 9.1 at six ionic strengths (O.l-O.6) indicate nearly a two-fold a g g r ~ i o a a  ~ f f~e  
protein at the higher ionic strengths, possibly accompanied by  a change ~m ~ 
of the moMcule. Molecular weights and dimensions have been c a l c ~  ~ 
mentation, viscosity, and partial-specific-volume data obtained at pH 9.x ~ a t  
ionic strengths. 

* T h e  d a t a  p r e s e n t e d  in  t h i s  p a p e r  a r e  t a k e n  f r o m  a d i s s e r t a t i o n  s u b m i t t e d  ,b3" ~ .  K .  ~ m  
to  t h e  F a c u l t y  o f  N o r t b w e s t e r n  U n i v e r s i t y  in  p a r t i a l  f u l f i l l m e n t  f o r  t h e  d e g r e e ,  Doc~r , c f fF~a~m~-  
o p h y ,  in  1961. 

* * R e q u e s t s  f o r  r e p r i n t s  s h o u l d  b e  a d d r e s s e d  t o  Dr .  V.  L .  KOENI•, J .  F .  BeA1 , R ~  ~Uamtm~,. 
G e n e r a l  Mil ls ,  I n c . ,  9 o o o  P l y m o u t h  A v e n u e  N o r t h ,  M i n n e a p o l i s  27, M i n n .  ( U . S . A . ) .  
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I N T R O D U C T I O N  

A l t h o u g h  a cons iderable  a m o u n t  of w o r k  has  been  done  on t h e  lens p ro te ins  in general .  
c o m F a r a t i v e l y  few s tud ies  h a v e  been  m a d e  on the  i nd iv idua l  lens prote ins .  Recen t  
s tud ies  x-x1 on , , -crystal l in  ind ica t e  d i s a g r e e m e n t  a m o n g  t h e  i nves t i ga to r s  especial ly  
wi th  r ega rd  to  i ts phys ico-chemica l  proper t ies .  T h e  p re sen t  i nves t i ga t i on  was,  the re - .  
fore, u n d e r t a k e n  to  e luc ida te  some of the  phys ico -chemica l  p rope r t i e s  of x-crystal l in .  
A t h o r o u g h  knowledge  of the  phys ico-chemica l  cha rac te r i s t i c s  of , - c ry s t a l l i n  could 
conce ivab ly  c o n t r i b u t e  to  t h e  u n d e r s t a n d i n g  of i ts  physio logica l  func t ion .  P r e l i m i n a r y  
repor t s  on these  s tud ies  h a v e  a p p e a r e d  t2, t3 

M E T H O D S  

Preparation of pure ~-crystallin 

Fresh  ox eyes were o b t a i n e d  i m m e d i a t e l y  af te r  s l a u g h t e r  f rom local aba t to i r s .  
The  eyes a r r ived  p a c k e d  in d r y  ice a n d  were  i m m e d i a t e l y  t r ans f e r r ed  to a freezer 
m a i n t a i n e d  a t  - - 1 5  °. T h e  lenses were  r e m o v e d  in a cold room at  5 ° while t h e  eyes 
were frozen. ~-Crysta i i in  was  i so la ted  as needed  f rom the  lenses b y  a m e t h o d  s imi la r  to 
t h a t  used  b y  FRANCOIS et al. 14. E x t r a c t i o n  of t he  soluble  p ro te ins  was accompl i shed  by 
slow (to p r e v e n t  foaming)  s t i r r ing  of the  lenses in cold dis t i l led wate r .  F o u r  succe.~sive 
2-h e x t r a c t i o n s  were employed .  A b o u t  125 ml  dis t i l led w a t e r  were  used  wi th  each 20 g 
lenses for each  ex t r ac t i on .  On ly  the  p e r i p h e r y  of the  lenses d isso lved  while t he  nuclei  
r e m a i n e d  in t ac t ,  especia l ly  if t h e  e x t r a c t s  were  gent le .  Af te r  each  ex t r ac t i on ,  the  
s u p e r n a t a n t  was  d e c a n t e d  as c o m p l e t e l y  as  possible  a n d  cen t r i fuged  for o. 5 h in a 
Serva l l  cen t r i fuge  a t  IOOOO r e v . / m i n  to  r e m o v e  the  insoluble  mate r i a l .  T h e  e x t r a c t s  
t h u s  o b t a i n e d  were  pooled to  serve  as the  s t a r t i n g  ma te r i a l .  T h e  insoluble  res idue  ai~d 
u n b r o k e n  nuclei  were  d iscarded .  The  p H  of t h e  pooled  e x t r a c t  was c:~rofully a d j u s t e d  
f rom 7-5 to  5.~ by  slow add i t i on  of  o . i  M HC1 un t i l  t he  ~-crys ta l l in  p r e c i p i t a t e d  a t  
i ts isoelectr ic  po in t .  The  p r e c i p i t a t e  was  r ecove red  in a Serva l l  cen t r i fuge  a t  IOOOO 
rev . /min  for 2o min .  T h e  s u p e r n a t a n t  was  d i scarded .  T h e  p r e c i p i t a t e  was  w a s h e d  wi th  
cold dis t i l led w a t e r  a d j u s t e d  to  p H  5.z. T h e  wash ings  were  d i scarded .  The  p r e c i p i t a t e  
was  r e - suspended  in dis t i l led w a t e r  a n d  b r o u g h t  i n t o  so lu t ion  by  a d d i n g  smal l  a m o u n t s  
of cold o . I  M N a O H ,  t a k i n g  care  t h a t  the  p H  did  n e t  go a b o v e  9.0. F r o m  th is  a lka l ine  
solut ion,  t he  ~-crys ta l l in  was  aga in  p r e c i p i t a t e d  as desc r ibed  above .  The  process  was  
r e p e a t e d  un t i l  t h e  p ro te in  on p rec ip i t a t i on  left  a c lear  s u p e r n a t a n t .  T h e  h o m o g e n e i t y  
of t h e  p r e p a r a t i o n  was t e s t ed  b o t h  u l t r a c e n t r i f u g a l l y  a n d  e lec t rophore t ica l ly .  The  
a p p e a r a n c e  of a single b o u n d a r y  in the  p rope r  so lven t  i nd i ca t ed  homogene i ty .  

Determination of protein concentration 
T h e  p ro te in  c o n c e n t r a t i o n  of the  ini t ia l  so lut ion was  d e t e r m i n e d  b y  e v a p o r a t i n g  

a l i quo t s  of t h e  d ia lyzed  so lu t ion  a n d  the  d ia !ysa te  a t  xxo ° un t i l  c o n s t a n t  we igh t  was  
ob;~.ained. F r o m  t h e  we igh t s  of the  dr ied  res idues  f rom t h e  t w o  solut ions ,  t h e  con-  
c e n t r a t i o n s  were  ca lcu la ted .  T h e  p ro te in  c o n c e n t r a t i o n s  of d i lu t ed  so lu t ions  were  
d e t e r m i n e d  r e f r a c t o m e t r i c a l l y  us ing  a Br i ce -Phoen ix  di f ferent ia l  r e f r a c t o m e t e r  wi th  
light of w a v e l e n g t h  of 436 mr,.  

;.~,loving-boundary electrophoresis 
A Spinco  Model  H E lec t rophores i s  diffusion a p p a r a t u s  was  used,  Mobit i t ies  

were  d e t e r m i n e d  acco rd ing  to t h e  m e t h o d  of KOENIG AND HOGNE~S 15. 

Biochim. Biophys. Acta, 69 ( t 9 6 3 )  2 8 3 - 2 9 5  
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Sedimentation 
- .  ~ .  

All s e d i m e n t a t i o n  e x ~ m t i m ~ m ,  ~ m ~  I~dtomned~ a t  5978o rev . /min  a n d  a t  2o ~ 
The  Spinco  Model  E anal~ic~xtlllmmmmtmiiff~lg~zowided wi th  a u t o m a t i c  t e m p e r a t u r e  
con t ro l  wi th in  o . I  ° was  used .  A ~%m2mmmmr m i i ~ e o p e  was used to m e a s u r e  the  dis- 
tances  m o v e d  b y  the  bounda-~ie,z ii~ n t ~  ~ piet-uxes. T h e  fo rmula  of SVEDBERG 
AND PEDERSEN 16 was  used  ~O,(3Olr_~ftttt~fit~il]~li[lllRll~ .~_'0n coefficients to  w a t e r  as so lven t  
a t  2o °. The  e q u a t i o n s  of t h e  aines ~dt ~ m  t b r  s~,w on c were ca lcu la t ed  by  t h e  
m e t h o d  of least  squares .  

Viscosity 

The  flow t imes  were  measx~eda iim . ~ e ~ ~  ©s twa ld  v i scomete r s  a t  25 ° in a b a t h  
t h e r m o s t a t e d  to  wi th in  o~o~°.. Wthe ~ o f  t h e  so lu t ions  were  d e t e r m i n e d  b y  
p y c n o m e t r y .  The  d a t a  were  ~ e d t i l ~ t t t h e m m ~ n d l o f  least  squa res  to  t he  equa t ion ,  

where  9jr is re la t ive  v i s c o s i t y , / K i i s a ~ g t t ~  ~ ~ viscosi ty ,  a n d  c is c o n c e n t r a t i o n  in 
g ] Ioo  ml. V o l u m e  in t r ins ic  ~ ¢ r ~ ' ~  ii~ ~((a~)/ l~artf ia l  specific vo lume .  

Partial specific volume 

T h e  m e t h o d  of D R u c ~  ~mms mmm]t tt~ dt~tletm~ine t h e  a p p a r e n t  pa r t i a l  specific 
vo lume.  O s t w a l d - t y p e  pycnemelmms ~ mindS. T h e  m e t h o d s  of p r o c e d u r e  a n d  cal- 
cu la t ion  were s imi la r  to  t h o s e  m e ~ ~  ~ ] K o ~ m ;  

Light-scattering 

The  A m i n c o  Microphotoro_ e a m ~  ~ m a ~  lion t h e  l i g h t - s c a t t e r i n g  m e a s u r e m e n t s .  
T h e  p r o c e d u r e  fol lowed was  ailaatt ~ l t ~  SOwn~sI~I, OHARE~rKO A~rD KOI~NIG ~a. 
T h e  d i s s y m m e t r y  m e t h o d d e s c ,  i t l a ~ ' ~  ~ a s  used  for t h e  d e t e r m i n a t i o n  of t h e  
molecu la r  weight .  Dus t - f r ee  sd lmf im~ ~ ~ t k t a i i m d J  b y  f i l t ra t ion  u n d e r  air  p ressure  
t h r o u g h  coarse m e m b r a n e  ~tor~cffltam~sii~,o~4Ct~.'irtxe r e f rac t ive  i n d e x  i n c r e m e n t  was  
d e t e r m i n e d  in a B r i c e , P h o r w ~  ~ ne f rac tome te r  a t  436 mtL. T h e  l ight -  
s ca t t e r i ng  m e a s u r e m e n t s  wore  a ~ m a t d t e ~ t t  4 I ~ m ~  T h e  d a t a  were  f i t t ed  to  t h e  follow- 
ing  e q u a t i o n  b y  the  mefahod ,eft lleau/t smt/mm~:: 

where  c is p ro t e in  concen t ra~ ien  Jim ~J~, , r i g  t n m b ~ y ,  M is w e i g h t - a v e r a g e  molecu la r  
weight ,  

n is r e f rac t ive  index  of s01velit ,  2~ '~ r i i~ t l t~nnfm-ae~e index  i n c r e m e n t  for t h e  p ro te in ,  
N is A v o g a d r o ' s  n u m b e r ,  :azxa ~ i i s ~ I k ~ i ~ ¢ m  (436 m/~). T h e  s lope of t h e  a b o v e  
l ine is t h e  i n t e r a c t i o n  constaaxt ,~, ,mikikt la i i~atmmasare of t h e  d e p a r t u r e  of t h e  so lu t ion  
f rom ideal  behav io r .  T h e  iirrtmmelt~ tdt ~ Itime ii~: t~te rec iprocal  of t h e  w e i g h t - a v e r a g e  
molecu la r  weight .  

E s t i m a t e s  of t h e  m d l e m i t m r x ~ a m d l d t k m m . ~ i o n s  were  m a d e  f r o m  t h e  s e d i m e n -  
t a t ion ,  viscosi ty ,  a n d  p a ~ i a l  ~ m t i l m m e d i r t t ~  "Fne m e t h o d  of ca lcu la t ion  w a s  t h a t  

~ t i i m .  Biophys. Aaa, 69 (t963} 283-295 
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used  by P E R R Y  ANI) K O E X I ( ;  !( . I n  the  present  s t u d y ,  ca lcu la t ions  were m a d e  a s s u m i n g  

the  molecu le s  to be bo th  u n h v d r a t e d  prelate  and  oblate  e l l ipsoids  of re , ,o lut ion.  
M o l e c u l a r  weight s  were a l s o  c a l c u l a t e d  a c c o r d i n g  t o  the  e q u a t i o n  of  SCHERAGA AXI~ 
. ' ~ ] ~ A * ' D E L K E R N  23 w h i c h  h a s  been  r e c o m m e n d e d  b y  S C H A C H M A S  24. A v a l u e  o f  2 . 1 0 "  I(# 
w a s  a s s u m e d  fo r  a n  a v e r a g e / 3  in t h e  S('HERAGA AND 3[ANDELKERN equat ion .  

Phosphorus determination 

T h e  p h o s p h o r u s  c o n t e n t  o f  ~ - c r y - s t a l l i n  w a s  d e t e r m i n e d  according  to the m e t h o d  

o f  G O M O R 1 2 2 .  

R E S U L T S  

W h e n  =-crystal l in  o b t a i n e d  b y  a s ing le  prec ip i tat ion  at p H  5.2 was  d isso lved  in o.I  31 
N a z H P O  a (pH 9-x} a s lowly  s e d i m e n t i n g  i m p u r i t y  appeared  upon  e x a m i n a t i o n  in rite 
u l tracentr i fuge .  Reprec ip i ta t ion  of this  ce-crystallin at p H  5.2 r e m o v e d  the  i m p u r i t y  
so that  a s ingle  b o u n d a r y  was  observed  upon  r e - e x a m i n a t i o n  in the  ul tracentr i fuge .  
~-Crystal l in,  h o m o g e n e o u s  c~n the  u l tracentr i fuge  w h e n  d isso lved  in o .I  M N a ~ H P O ~  
(pH 9.r) ,  p r o d u c e d  t w o  or thrce boundar ies  on the  u l tracentr i fuge  w h e n  d isso lved  ir: 
N a C I - H C I  (pH 3.0) and below.  The  d issoc iat iop  of the  ~e-crvstallin begins  b e t w e e n  

DESCENDING A S C E N D I N G  

VERONAL OH 8.6,M0.I 

NaCt  - HCt OH 2.0,  /a. 0.1 

F i g .  t .  Electrophoretic  patterns  o f  o x - l e n s  a t - c r 3 , s t a l l i n  i n  b a s i c  a n d  a c i d i c  b u f f e r s .  

T A  B L E  I 

E L E C T R O P H O R E T I C  . M O B i L I T I E S  OF 0 g - C R Y S T A L L | N  IN V A R I O U S  S O L V E N T S  

Solven t  

Coraposition pH 

l o f  ic Mobi:. Ity 
s l r e t = g t h  ,c/t) (cm-'/V ." sec)  r o  a 

N a a H P { } ~  9.  i o .  i o  - -  5 . 2 3  

N a z H  l}{J4 9 .  t o .  2 o  - -  5- 7 9  

Na=HPO~ o. t o.3o -- 4-74 
NazH PO4 9. l o.4o - 4.7o 
Veronal buffer 8.6 o. ~o -- .5.60 
P h o s p h a t e  buffer 7- 7 o .  2 o  - -  4 . 8 6  
N a C I  - H C I  2. o 0 . 0 5  7 . 3 9  
N a C i  -- H C I  .-'.o o.  I o  6 . 6 2  
N a C I - - -  H C I  z . o  o .  t 5  .5 .34  
N a C l  - H C I  a. o o .  2 o  6 . 0 3  

~_3:ochim. B i o p h y , ~ .  ~q;la,  o 9 ( I 9 0 3 )  - _ 8 3 - - 9 5  
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pl~ 3.0-3.5 and continues below pH 3.0. This dissociation is apparently reversible, 
because ~-crystallin appearing as two components in NaCI-HCI (pH z.o, tz = o.o5) 
~ d i m e n t e d  as a single boundary when the pH was increased to 4.0 and above. Re- 
adjustment of t h e  s o l u t i o n  to  pH 2.o c a u s e d  t h e  a - c r y s t a l l i n  to  s e d i m e n t  as  two, 
b o u n d a r i e s .  

~ - C r y s t a l l i n  e x i s t e d  as  s ing le  b o u n d a r i e s  e l e c t r o p h o r e t i c a l I y  w h e n  e x a m i n e d  e i t h e r  
;r~ acid pH or at alkaline pH. Electrophoretic patterns in veronal buffer (pH 8.6, 
/ ~ - -  o.xo) a n d  N a C 1 - H C 1  (pH 2.o, /x - -  o.xo) a re  s h o w n  in Fig .  x. T h e  m o b i l i t i e s  a r e  
l i s ted  in  T a b l e  I. 

.Studies in solutions of Na2HP04 (pH 9.z) at various ionic strenghts 

A single  b o u n d a r y  was  o b t a i n e d  w h e n  ~t-crys ta l l in  w a s  a n a l y z e d  e l e c t r o p h o r e t i -  
, :a l ly  a t  /x : o.x,  o.z ,  0. 3 a n d  o.4. T h e  m o b i l i t i e s  a re  g i v e n  in  T a b l e  I. 

S ingle  b o u n d a r i e s  were  o b t a i n e d  w h e n  a - c r y s t a l l i n  w a s  e x a m i n e d  on  t h e  u l t r a -  

T A B L E  i [ 

P I t Y S I C A L  D A T A  F O R  0 c - C R Y S T A L L I N  I N  S O L U T I O N S  O F  N a . , H P ( ) ~  ( p H  9 .  t )  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

SedimcJttat ion 

Ionic Correlaion .N'uraber o f  Co~centration r~ng," 
strength LDte of regression coefficient determina. 

t ion ~ (g/D 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

0 . 1 0  S . ~ O .  w = I I . 0 8  -~- 0 . 0 2 2 C  0 . 1 2 5  9 0 . 4 2 - - 2 . I 5  

o . 2 o  s.,0 u. = 12.I_" + o . 5 1 9 c  0 . 8 7 4  8 0 . 9 3 - 3 . 0 5  
0 . 3  ° so.0. , .  = 1 8 . 8 z  - -  o . 5 o 6 c  o . 9 1 7  t o  0 . 8 4 - 8 . 3 5  
0 . 4 0  See. w = I 7 . 6 !  - -  o . 3 o 6 c  0 . 9 0 9  t o  - ' - 3 4 -  ~ ~-73  
0 . 5 ~ 0  52.0 .  ,e = 2 2 . 1 6  - -  0 . 2 9 5 ¢  0 . 9 7 5  S 3 . o z - 1 3 . 5 7  
o.(>o s.~0. ~,. = 1 8 . 9 I  ~ o . 3 8 o c  0 . 8 2 2  t o  4 . 1 6 - 8 . 3 o  

Visc~osit3, 

h m i c  l 'artial Correlation .Vu)nbcr of  Concentrution 
str('neth specific L ine  of regression ,.oet~cien t dctcrmma- range 

vo/umc tio)~s (g/zoo mr) 

o . ~ o  0 . 7 4 -  I / ) j r  = t - -  o . o 8 3 c  o . 9 7  ! 8 o . o 6 6 - o . 6 5 6  
o . - ' o  0 . 7 5 7  I / ) ] t  - -  I - -  o . o 8 5 c  0 . 9 2 0  8 0 . 0 2 6 - - 0 . 2 6 2  
0 . 3  ° 0 . 7 4 2  I / j i r  = t - .  o.  o 8 4 c  0 . 9 8 6  S 0 . 0 4 8 - 0 . 4 7 7  
0 . 4 0  0 . 7 4 2  l [ ) l r  = I - -  o . o 8 4 ¢  o . 9 7 1  8 o . o 3 5 - o . 3 1 7  
0 . 5 0  0 . 7 2 8  l / , l r  -~ I - -  0 . 0 8 4 C  0 . 9 7 8  8 0 . 0 . 5 9 - 0 . 5 2 7  
o . 6 o  0 . 7 4 8  t / q r  = t - -  o . o 8 1 c  0 - 9 7 6  8 0 . 0 9 0 - 0 . 6 2 7  

Light-Scatte=,ing 

Correlation Molecular lon/c LDlc of  r,'gression Diss~'mmetry . ln/c 
,'t rength t oel~fcient weight " 

-_ 

o,  t o  * H c / - r  ~- 0 . 3 9 9  - -  o . o 2 6 c  0 . 8 7 5  2 5 0 5  o o o  1 . 7 2 6  o . o o l 8 -  
o . z o  H c / 7 "  = o . 4 o o  - -  o . o l o c  o . 3 9 8  2 4 9 9  o o o  1 . 9 3 1  o . o o i 8 8  

0 . 3 0  H c / - r  = o . 4 1 9  - -  o . o 6 7 c  0 . 9 5 4  , 3 8 4  o o o  i . 6 7 8  o . o o 1 8 5  
0 . 4 0  H c j ' r  = o .  I 9 7  - -  o .  163 c 0 . 9 7 0  5 0 8 2  o o o  t . 7 8 9  0 . 0 0 1 9 6  
o . 5 o  Hcl.~" ~ o .  I 6 4  - -  o . 1 8 5 c  o . 9 - ' 7  6 o 8 9  o o o  1 . 8 6 5  o . o o x 8 ' . "  
o . 0 o  H c t y  -=- G . I 9 6  - -  o . z t 2 c  o . 9 5 1  5 114  o 0 0  1 . 7 6 3  0 , 0 0 2 0 9  

" H c / ' r  i s  m u l t i p l i e d  b y  t o  s. 

B i o c h i m .  B i o p h . v s . . 4 c i a ,  o 9  ( I 9 6 3 )  2 8 3 - 2 9 3  ~ 
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cen t r i fuge  a t  /~ ~-~ o . I ,  0.2, 0. 3, 0. 4. o. 5 a n d  0.6. The  b o u n d a r i e s  were  s_~'mrnetricat a t  
- -  o . I  a n d  0.2. At  /~ - -  0. 3 a n d  above ,  t he  b o u n d a r i e s  were  less s y m m e t r i c a l  ~Sth a 

cura,ed base- l ine  wh ich  is c h a r a c t e r i s t i c  of p h o s p h a t e  buffers .  W h e n  s ~  was  p l o t t e d  
-,,ersus c o n c e n t r a t i o n ,  a s t r a i g h t  l ine was  o b t a i n e d .  T h e  regress ion  l ines for s=-o tr on 
c o n c e n t r a t i o n  are  g iven  in "Fable II .  In  a d d i t i o n  to t h e  e q u a t i o n s  for  t h e  lines,  t he  
co r r e l a t i on  coefficients ,  n u m b e r  of d e t e r m i n a t i o n s ,  a n d  t h e  r a n g e  of  c o n c e n t r a t i o n s  ar,: 
l is ted.  T h e  i n t e r c e p t s  of the  l ines a re  t he  s e d i m e n t a t i o n  c o n s t a n t s  a t  inf in i te  d i lu t ion .  

T h e  regress ion  l ines for I/~1r on c o n c e n t r a t i o n  a t  each  "ioni-'~ s t r e n g t h  s t u d i e d  b y  
s e d i m e n t a t i o n  a re  g iven  in Ta b l e  II .  The  co r r e l a t i on  coefficients,  n u m b e r  of de te r -  
ru ina t ion% range  of c o n c e n t r a t i o n s ,  a n d  t he  p a r t i a l  specific volurne~ (f) a re  also Hsted. 

T h e  re su l t s  of t h e  l i g h t - s c a t t e r i n g  s tud ie s  a t  v a r i o u s  ionic  s t r e n g t h s  a r e  t a b u l a t e d  
in T a b l e  II .  T h e  e q u a t i o n s  for t h e  regress ion  l ines of Hc/T on p r o t e i n  c o n c e n t r a t i o n ,  
w e i g h t - a v e r a g e  m o l e c u l a r  weigh ts ,  t h e  d i s s y l n m e t r y  va lues ,  c o r r e l a t i o n  coefficients.  
a n d  t h e  va lues  for r e f r a c t i v e  i n d e x  i n c r e m e n t  are  a lso l i s ted .  E a c h  l ine r e p r e s e n t s  
t u r b i d i t y  m e a s u r e m e n t s  on a t  leas t  e ight  d i f fe ren t  c o n c e n t r a t i o n s  a n d  in some  cases 
t en  c o n c e n t r a t i o n s .  

"I 'A t 3 I . E  I I I  

M O L E C L ' L A R  VCP; IGHTS A N D  I ) i , X l E N S r O N S  O F  X - C R Y S T A L L I - ~  I.%" S O L U T I O N S  O F  . ~ ¢ H I ] ~ |  (pH ~.t~ 
C A L C U L A T E D  F R O M  S E D I M E N T A T I O N  A N D  V I S C O S I T ' , "  D A T A  

q , V o l u m e  i n t r i n s i c  v i s c o s i t y  J)~¢0, f r i c t i o n a l  r a t i o  a a n d  b, m i n o r  a n d  m a j o r  a x e s  r e s p e c t i v e l y '  
t o o l .  w t .  ( S . M . ) ,  m o l e c u l a r  w e i g h t  f r o m  . ~ C H E R A G A - - M A N D E L K E R N  e q U a t i o r t _  

t'rolat; dlipsoid Ohl~r ,.11ipso~d 

Ionic af.~ ~ ~c_-B~ .~g,,l. a,t. 
.~ t rcngth  . ' L  f / f .  .1I,,1. u ' t .  a (.-l ] h / A t  jf/f~ , ' l lol .  a~t. ¢ N . 3 I .  ) 

O. IO I I .O0 t.461~ 33  ~ IOO 2 2 . 6 ~  1 9 4 . 3 7  1 . 6 2 2  3 9 3  6O0  S .2  I ~ lr~. J3 3Ot  3 0 0  
0 . 2 0  I 1 . 2 0  1 . 4 6 9  4 1 7  4 0 0  24.3,q 2 1 0 . 6 4  1.62.5 4 8 5  7 0 0  .q. TS 112.~,.7~ 4¢)-~ 100  
o . 3  ° t i .  3 t 1 . 4 7 3  7 2 0  8 0 0  20. i o  253 .  I 7 1 . 6 2 9  ,~48 4 o o  i o - 4 4  154-5-~ S~ t o o o  
,~.4 o z I . S t  1 . 4 7 8  63  ! o o o  2 7 . 5 I  242 .  i 8  1 . 6 4 o  7 3 7  5 ° o  O_So L 8 7 . o S  7 7 0  4 0 0  
, , . 5 o  1 1 . 5 4  t . 4 7  S 8 6 ,  9 0 0  3 0 . 4 7  z 6 q .  t 4  ~ . 0 4 o  ~ 0 0 8  o o o  I o . 8 2  ~63 .SS  ~ 0 7 3  7 o 0  
, ) . 6 o  i o . 8 3  t . 4 5 6  756  o o o  -9 .8 ,~  z 5 o . o 9  t . 6 o 6  ~ 7 5  4 ° 0  i o - 9 3  ~54 - I  ~ 9 5 3  2 0 0  

The  m o l e c u l a r  we igh t s  a n d  d i m e n s i o n s  c a l c u l a t e d  f rom s e d i m e n t a t i o n ,  ~-~scositv, 
a n d  p a r t i a l  specific v o l u m e  d a t a  a re  l is ted in T a b l e  I I I .  

Studies in solutions of  N a C I - H C I  (pH 2.o) at various iom:c strengths 

Single  b o u n d a r i e s  were  o b t a i n e d  when  ~-crys t=l l in  w a s  a n a l y z e d  e l e c t r o p h o r e t i -  
t a l l y  a t  # = o.o5, o . ro ,  o . I5  a n d  o.2o (Fig. i ) .  T h e  mob i l i t i e s  a r e  h s t e d  in T a b l e  I. 

T h r e e  c o m p o n e n t s  a p p e a r e d  w h e n  s e d i m e n t a t i o n  was  p e r f o r m e d  a t  ~--~ o.o5 
whi le  t w o  c o m p o n e n t s  were  e v i d e n t  a t  t~ = o, r .  Va lues  of  s ~ , ~  plett~a~ aga in s t  value.- 
of  c e n c e n t r a t i o n  g a v e  s t r a i g h t  lines. The  e q u a t i o n s  of  t h e  regress ion  l ines for s:,o,~ 
,m c o n c e n t r a t i o n  for each  c o m p o n e n t  a t  each  ionic  s t r e n g t h  a re  l i s ted  in T a b l e  IlV. 
T h e  c o r r e l a t i o n  coefficients,  n u m b e r  of d e t e r m i n a t i o n s  a n d  t h e  c o n c e n t r a t i o n  ranges  

a re  a l so  g iven .  
T h e  e q u a t i o n s  for t he  l ines of regress ion  of x[~lr on c o n c e n t r a t i o n  a t  p - -  o.o 5, 

o .xo,  o . r  5 a n d  o.2o are  g i ve n  in Ta b l e  IV.  T h e  co r r e l a t i on  coefficients ,  n u m b e r  of 
d e t e r m i n a t i o n s ,  a n d  c o n c e n t r a t i o n  ranges ,  a n d  t h e  p a r t i a l  specific v o l u m e s  (9} a re  
a l s o  l i s ted .  

B i o c l t i m .  B i o p h y s . . - I o t a ,  6 9  ( x 9 6 3 )  z 8 3 - - ' 9 5  
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The l ight-scatter ing data  at /z - -  0.0 5 and  o .xo are l isted in Table  IV. The  equa-  
t ions  for the  regression l ines of Hc/r on concentrat ion ,  correlation coefficients,  we ight -  
average molecular  weights ,  values  of d i s s y m m e t r y ,  and the values  for refractive index  
increment  are listed. The  de terminat ions  at  tx--- 0.0 5 were m a d e  at nine  different 
concentrat ions  of  protein,  whi le  at tL - -  o . x o ,  ten different concentrat ions  of protein 
were studied.  

T A B L E  I V  

P H Y S i C A l .  D A T A  F O R  ~ - C R Y S T A L L I I q  I ~ ¢  N a C I  , H C i  ( p H  z .o~ 
. . . . . . . . . . . . .  

Sedimentation 

Concentrat ion 
Compane;t t L ine  o f  regrcssio;l CoTrelalion Number .of range 

coefficient det erminat ions (g/l) 

1~ ~--. O,O 5 

l sao, to ~- 7 . t o  - -  o.  155C 0 . 9 7 6  I o  
l I sam ,0 = 3 . 8 5  - -  o . o z o c  0 . 9 8 3  5 
I11 s2o. ,o --- t . 2 2  - -  o . o o 4 c  o . 2 2 7  1o 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

H :':: O . l O  

1 . 6 7 - I 9 . 7 3  
7 . o 5 - t 9 . 7 3  
i . 6 7 - x 9 . 7 3  

1 s2o, w = 8 . 2 8  - -  o . o 4 3 c  o . 1 7 4  zo 
1I s20, ~, = 1 .45  - -  o . o I 8 c  0 . 2 9 6  7 

o . 4 2 - 3 , 9 5  
t . 5 o - 3 . 9 5  

Viscosity 

Ionic Partial Correlation Number  o f  Concenteation 
specific Line of regression coej~icient ch't:rmina- range 

slrt:,tglh volume lions (g / too  ml) 

0 . 0 5  0 . 7 4 0  I[~tr = I - -  o .  t 4 4 c  0 . 9 8 8  S 0 . 0 8 9 - 0 . 7 9 4  
o . [ o  0 - 7 5 4  l / l j r  -~- I - -  o.  I 3 3 ¢  0 . 9 9 8  8 0 . 0 7 2 - 0 . 5 0 4  
o . 1 5  0 . 7 5 6  l / ; t r  = 1 - -  o.  x546  0 . 9 9 4  8 o . o 4 9 - o . 4 4 3  
o.  z o  0 . 7 4 8  I / t i r  = 1 - -  O.219V 0 . 9 9 4  7 O , O 4 I - - O . 2 7 7  

Light-Scattering 

Correlation Dis.  lo;;i~ Line  o/regr~ssiotz Mol. w.'. . In/¢ 
slrc~lgt h c ocOic ient symmetry  

0 . 0 5  *Hc]-r  = 1 . 2 4 0  + o . o t o c  0 . 7 4 6  80 - '  9 0 0  z . 8 6 o  o . o o x 8 8  
o .  i o  H c / ' r  ~ o . 5 e 5  - -  o . o o 6 c  0 . 8 7 6  t 9 8 0  5 0 0  z . 2 2 6  o . o o x 9 5  

" H c / r  is  m u l t i p l i e d  b y  I o  6. 

Studies in phosphate buffer (pH 7.7) 
One b o u n d a r y  was observed w h e n  ~-crystail in was ana lyzed  e lectrophoret ica l ly  

at /~ : o.2. The  m o b i l i t y  value  is g iven  in Table  I. 
The  equat ion  of the  regression line for I/~lr on concentrat ion  a t / z  - -  o . 2  is E v e n  

,.ii i a b l e  ~ .  I l i e  c o t t e l a t i o h  ~ s U e l l l C l e n t ,  n u m b e r  o x  deterrmnattons ,  concentra t ion  range,  
and the  partial specific v o l u m e  are also l isted. 

The  l ight-scatter ing data  at t~ = o.~ and t ~ - - 0 . 3  are l isted in Table  V. T h e  
equat ions  for the  regressior l ines of  Heir on concentrat ion ,  correlation coefficients,  
molecular  weights ,  values  of d i s s y m m e t r y ,  and  the  va lues  for refractive i n d e x  

B i o c h i m ,  B i o p l t y s .  A c t a ,  6 9  ( I 9 6 3 )  z 8 3 - z 9 5  
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i n c r e m e n t  are  i n c l = d e d _  - l ~ g ~ - s , z a t t e r i n g  d e t e r m i n a t i o n s  a t  t* = 0 .2  w e r e  m a d e  o n  s ix  
c o n c e n t r a t i o n s  ~ firmma LS,'~:~ t o  5 .4g /1 ,  w h i l e  at  ~ = 0 .3 ,  o n  e i g h t  c o n c e n t r a t i o n s  
r a n g i n g  f r o m  o . 2 5  t,o _-_i g L 

Quantitative evide.n.e fro,," ~ e  re'~e~rsibilitv of the dissociation of =-crvstallin at p l t  2.o 

O x - l e n s  =-cra-st:a]]~ ~ ¢ e s ~ e d  t w o  b o u n d a r i e s  in t h e  u l t r a c e n t r i f u g e  in  N a C I -  
HCI  ( p H  z . o .  t~ = o .ro )_  ~ _ ~ m e  s o l u t i o n  w h e n  a d j u s t e d  t o  p H  9 .1 ,  a n d  d i a l y z e d  
a g a i n s t  N t . _ o H P O ,  ( p H  ,o..a.. az = ,.,:_~o.) f o r m e d  a s i n g l e  b o u n d a r y  in  t h e  u l t r a c e n t r i f u g e .  

"r \ B L E  V 

P H Y s I C A 2 L  "~-)_&o-_& ~qO)~ " ~ - < - R Y S T A L L I N  I N  P H O S P H A T E  B U F F E R  (pH 7 . 7 )  

Iottix" ~'tm"t:ud C o r r c l a t i o ) t  . % ' u m b e r  r~/ C o ~ e s t t r a ~ i o P  
• ~ ,7 "~ t~ . : ; 7 : .  [ t ~ t d  <tl rcCr,'~.~tt)*l Cot'f~tgi~.'~lt d, ' tcrmina- r a n e e  

st*'¢.mgIh ~ , ¢ , ~ z  - t io ) l  i ( ~/  ~ r ,o n , l  ~ 

0 . 2 o  0 . 7 2 2  ~ Ip/.r~ '-' r - -  o . o S r ,  C O . 0 1 0  7 o - o f ~ 3  0 . 5 0 4  
. . . . . . . . . . . . . . . . . . . . . . .  

L ~ :~/tt h ~ t t c r  i n g  

I o m c  ~.a~nr,~e, ..e".We~.~m. f ' . r r d a t i o n  J lol , 'cular  D i s s v , n m c t r v  In,,; 
s t r o t _ ~ h  " ~ ,cO~ic i~'nt . i 'c~ght  " 

0 . 2 0  *' ]~r  ,-r ---- 0, _{o,# - -  o . o o 4 c  0 .7"62  3 3 ° 6  IOO t . 4 3 3  0 . 0 0 [ O 4  
0 . 3 0  / q c  ..-- = ,o, '_'.~'~ -- o o z , ~ c  o . 3 9 5  3 . 5 . 5 3 : 5 0 o  1 .05 ,S  o .  o o t S  4 

" H c , ' r  i s  a r m w 2 ~ , , ~  b v r , v ~  

T . K B L E  V I  

| , H Y S I ' c _ ~ . ~ _  17~11"!~ { D f f E . . ' ~ @ _ ' ~ . T R P . f I N G  { ~ U A N T | T A T I V E L % "  T H E  R F . V E R S I B L E  

D ) D S C ~ 0 C [ . S . T I O N  O F  x - C R Y S T A L L I N  

. S c d z m ¢ ~ t a t  i o n  

U ,,#u , ' n t t a t  io~J 
( 7o~'r,'lat i o n  N t ~ m b : ' r  *,1 

Cermpcmeng ~ 2 ~  ,,fl :rar~.~ ~,,, covOi: ~cnt dct, 'rminat:,m.~ / e,,l, 

- _ : , , 3 : , - ~ , . 7 : . . . . . : i T . i L ,  . . . . . .  . . . . . . . . . . . .  

11  sao , , , ,  = D . ~ $ ~ -  o . o o 3 c  o . z 6 o  Io 2.S2.  1 4 . J  3 

_%'~zHPO, r p H  9.x) t* o.1,, 

, ~ o , ~  = u7.-~3~ - -  o .  t , ¢ 3 c  o . 0 5 5  g 2 - 5 4 - - ' -  t . 4 3  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

b'~sLosity 
. . . . . . . . . . . . . . . . . . .  

Corrdat  ion N u m b e r  of Concentration 
r ~ , c f  g ¢ 

f f ~ t  f f [  ~ t~m.~v .um  C o e ~ c i g n t  d c t c r m D m t i o n , ~  f g~ l o~, ~ 1 )  

Xa~L-L - HCI ( p H  2 . 0 )  I t = ~ o . , o  

J.;*7* -~ ~ -- o n ~ ,  0.998 S o .o72-o.5o4 

_%'a..HPO~ ( pH 9.t ) I' : o..l,, 

0 . 9 7 7  S o , - , 8 3 . - o .  5 8 3  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

B i o c h i m .  B i o p k y s .  Ac ta ,  ( ' 9  ( ~ 0 6 3 )  " 8 3 - - - ' 9 5  
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The sedimentat ion pa t t e rns  are•shown in Fig. 2. The equat ions  of the lines of regression 
for s2o,,,, on concentra t ion are shown in Table  VI. At  pH 2.o, the  components  have  
S~o,~, values of 8 .58S a n d I . 3 8  S, whereas  at  p H  9.1, t he  single component  has a s~o,~ ~ 
value of 17.83 S. The reversibi l i ty of the  dissociation is indicated.  

The solution of ~-crystallin a t  p H  2.0, / , - - o . i o ,  having  a weight  intrinsic 
viscosity of o.133, was adjus ted  to p H  9.I,  and  allowed to dialyze against  Na~HPO4 
(pH 9.1, /~- -0 .30)  wi th  f requent  changes of dialysate .  The weight  intr insic  viscosity 
at p H  9.1 was 0.094. The viscosi ty da t a  fur ther  indicate  the appa ren t  reversible 
t ransformat ion of ~-crystallin with  pH.  The viscosity da t a  are shown in Table  VI. 

The phosphorus  conten t  of ct-crystallin was found to be o.08 %. 

A ~ C 

Fig .  2. S e d i m e n t a t i o n  b o u n d a r i e s  of  o x - l e n s  ~ - c r y s t a l l i n  s h o w i n g  r e v e r s i b l e  d i s s o c i a t i o n .  (A) B e f o r e  
a c i d  t r e a t m e n t ,  in  o . o 3 3  M N a a H P O  4 ( p H  8 .9) /~  ~- o. x, z .x 5 g p r o t e i n / l ,  a f t e r  25 rn in ,  b a r  a n g l e  30 °. 
(B) I n  N a C I - H C 1  ( p H  2.0)  t t  = o . i .  9 . 8 9  g p r o t e i n ] I ,  a f t e r  46  r a in ,  b a r  a n g l e  z5  °. (C) A f t e r  a c i d  
t r e a t m e n t ,  in  o . t  M N a ~ H P O  t ( p H  9 .o )  l~ ~ ~ o .3 ,  7 .62 g p r o t e i n ] l ,  a l t e r  16 r a i n ,  b a r  a n g l e  25 ° . 

DISC U S S I O N  

Sedimenta t ion  and electrophoretic  s tudies indicate  the  efficiency of isoelectric pre- 
cipi tat ion as a method  of purification of ~-crysta!lin. These results are different from 
those of B L O E M E N D A L  AND TEN CATE e, who found ~-crystallin gave two boundar ies  in 
the ul t racentr i fuge using 1.o M sodium aceta te  (pH 7-4) and  dur ing electrophoresis 
using ba rb i tu ra t e  buffer (pH 7.7,  l ~ - - o . o 2 5 ) . T w o  boundar ies  dur ing sedimenta t ion  in 
sodium a c e t a t e - g l y c i n e  buffer (pH 7.8) were also observed by BON 9 wi th  ~-crystallin. 
For  the isoelectric precipi ta t ion of ~-crystallin, these invest igators  used di lute  acetic 
acid which gives incompiete  precipi tat ion.  

The dissociation of ox-lens ~-crystall in s tar ts  below p H  3.5; the  protein remains  
s table  at  p H  3.5 and  above. Similar s tab i l i ty  ranges have  been repor ted for several 
o ther  proteins,  for example,  tobacco-seed globulin,  exelsin and  edest in ~, bovine-serum 
a lbumin  ~, and  fl-!actoglobulinaL The dissociation of ox-lens ~-crystall in a t  pH ~,o 
was also found to be a function of ionic s t rength.  Two components  appeared  in the 
ul t racentr i fuge at  /~ ~- o.1o, o.15 and  o.2o, whereas at  an  ionic s t reng th  of o.o5, a 
th i rd  componen t  appeared  at the  higher protein concentrat ions.  At  p H  2.o, /~ - -  o.1o 
the  sedimenta t ion  cons tants  at  infinite di lut ion of the  two components  are 8.28 q and 
1.45 S. At /~ = o.o5, the  three  components  have  sed imenta t ion  cons tants  a t  infinite 
di lut ion of 7.Io S, 3.85 S and  1.22 S. Apparen t ly ,  t h e  •heavier component  a t  t~ : o.xo 
splits into two components  when  the  ionic s t r e n g t h  is:lowered to o.oS. 
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Electrophoretic analyses at pH 2.o,/~ = 0.05, O . I O ,  o.15 and 0.20 showed a single 
boundary.  These ~-esults indicate tha t  the components at  pH 2.0 possess the same 
charge properties. The appearance of a hypersharp ascending botmdary as com~ar-d 
to the broad descending boundary  can be par t ly  explained on the basis of Donnan 
equilibrium which gives the protein solution less conduct ivi ty  than the buffer --"- '"  - ~ tO..IL t.lL L J . 0 1 J . .  

Superimposed on the conduct ivi ty  is also a pH  effect which can be appreciable when 
removed from the isoelectric point. This behavior is especially evident at high protein 
concentrations and low ionic strength. As the ionic s t rength increases, the boundaries 
become more enantiographic.  The non-enantiographic character of the electrophoretic 
pat terns may  also be explained on the basis of mobil i ty variation due to a continual 
readjustment  of ionic equilibria across the moving boundaries of the components  
present at  a given pH. Similar systems have been discussed by LONGWORTH AND 
.|ACOBSEN 2s. 

RES~K ~ reported the dissociation of calf lens ~-crystallin below pH 3.5 at  low 
ionic strength,  and showed tha t  this could be reversed at  higher ionic strengths for 
example o.1 M NaC1. The present investigations show tha t  the dissociation of ox-len.~ 
~-crystallin at pH 2.0 persists even when the ionic strength is raised to o.2o with NaC1. 
The dissociation was readily reversed by  increasing the p H  to 3-5, 4 -o, 7.7 and 9,2 and 
maintaining the ionic strength at  o.o5 or o. IO. The reappearance of two boundaries in 
the ultracentrifuge when the pH was readjusted to 2.o, and the quant i ta t ive  results 
from the sedimentat ion and viscosity experiments provide addit ional evidence for the 
reversible nature of the dissociation. I t  should be emphasized, however, tha t  the 
sedimentat ion constant  at  infinite dilution, the concentrat ion dependence, and the 
weight intrinsic viscosity of the pH-readjusted solutions were 17.8 S, o.183 S/g/l, and 
o.o94 dl[g respectively, as compared to the values of 18.8 S, o.5o6 S/g/l and o.o84 dl/g 
when the protein was dissolved originally in Na2HPO 4 (pH 9.1, ~ - -  0.3) withnut  
undergoing the pH adjustment .  The differences between the two sets of values may  
indicate a slight irreversible change tha t  has occurred within the molecule. 

It was thought  tha t  sui tably placed phosphate  groups might  be par t ly  responsible 
for the reversible dissociation of ox-lens ~-crystallin at low p H  inasmuch as an ap- 
preciable amount  of phosphorus was detected in ~-crystallin. The phosphorus seems 
to be t ight ly  bound to the protein and could not be removed even after prolonged 
dialysis in several solvents. Since carbohydrates and nucleic acids were found to be 
absent,  the phosphorus is probably at tached to amino acids in the protein chain, 
possibly serine. Fur ther  work is needed to explain the nature  and role of phosphorus in 
th i s  protein. 

At pH 9.1, the weight intrinsic viscosity remains fairly constant  in spite of a 
change in the intensi ty of the electrostatic interaction. At first sight, this might  in-. 
dicate tha t  the  size and shape of the ~-crystallin at pH  9.x remain unchanged with a 
change in the intensi ty  of the electrostatic interaction. Sedimentat ion and light- 
scat ter ing studies at p H  9.x, however, indicate a two-fold ,~.ggregation at  the higher 
ionic strengths.  The viscosity data,  therefore, lead to the possibility tha t  the shape 
of the  protein may  also change during the process of aggregation, but  in such a way 
as to compensate for the increase in viscosity due to an increase in size and volume. 
The change in the hydrat ion of the protein due to a change in ionic s trength of the 
solvent may  also be a factor iri mainta ining the constancy of the viscosity. 

The concentration dependence of the sedimentat ion constants  at  pH  9.1, at  
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p - -  0.3, 0.4, 0.5 a n d  0.6 (Table I I )  are  of t h e  ~dmd ~ ~ ~ t i v e  slopes. 
The  slope a t  tL - -  o.I  is s l igh t ly  posi t ive,  t h a t  a t  t* - -  , o , ~ i i s ~ ~ ,  showing  t h a t  
an  assoc ia t ion-d i ssoc ia t ion  reac t ion  is a p p a r e n t l y  ~ ~ ~ t h e  macro-  
molecules  in solut ion.  The  s t a n d a r d  errors  of t h e  ~ot~es (~ . a~ -o . J r~ ) )  ~ a t e  signifi- 
c a n t  differences b e t w e e n  t h e  slopes a t  p. = o.x ,mad ~.~., ~ t  t#--- o ~  a~d] 0.3- a n d  a t  
p - -  0.3 a n d  0.4. T h e  s t a n d a r d  errors  of t h e  i n t e r ~ t s  (~o.~-o.4~) fa~l~a~e s ignif icant  
differences be tween  the  i n t e r cep t s  a t  p = o . I  and,:o.z., ~ / ~  --- ~ 2  ~ r ~  ~.3~, a t  p - -  0.3 
a n d  o. 4, a t  p = 0. 4 a n d  0.5, a n d  a t  p = 0. 5 a n d  o..~.. O ~  ~*~ ~ o~f lll~e fo rma t ion  of 
aggrega tes ,  two  or more  bounda r i e s  could  be  e ~  ~ t  lfl[ll ~ . .  A "_s~_je b o u n d a r y ,  
t h o u g h  ~omewha t  broad ,  was  o b t a i n e d  a t  each  of  .these iiamiie ~ Im~¢l l~ .  ~ b e h a v i o r  
suggests  t h a t  t h e  r a t e  of assoc ia t ion  is suff icient ly r~iidl  m ~ ~ m  is main-  
t a i n e d  d u r i n g  sedimentationX6,~, 3°. The  single .~roemmd~, ~ moves  w i th  
t he  w e i g h t - m e a n  ve loc i ty  of i ts  componen t s ,  f f n m 2 a r ~ s o ~ g - d i s s ~ i ~ t i n g  s y s t e m s  
h a v e  been  descr ibed b y  GILBERT sl-a3. 

T h e  v iscos i ty  s tud ies  a t  p H  z.o show a ~ c a m t  ~ im we igh t  in t r ins ic  
viscosit ies a t  p H  2.0 over  those  a t  p H  9.x. The  ~ a ~  ~ ~ t l ~ w  weigh t s  a t  
p H  2.o, however ,  are  s igni f icant ly  lower  t h a n  t h o s e  ~ t  i ~  9 ~ -  ~ s * ~ l ~  of t h e  mole-  
cules a t  p H  ~.o is p r o b a b l y  c o n t r i b u t i n g  to  t h e  : ' ~ a ~ ~  fm ~ .  S e d i m e n t a t i o n  
s tudies ,  as m e n t i o n e d  earl ier ,  a c t u a l l y  show t h a t  t~ae ~ ~ ~p, in to  two  or  
more  c o m p o n e n t s  a t  p H  2.o. A p p a r e n t l y  t h e r e  seems  ~o b e  am ~ ~  of t h e  com- 
pac t  s t r u c t u r e  of the  molecule  t h e r e b y  g iv ing  i t  a ~ ~ go~m. This  i n t e r - .  
p r e t a t i o n  is s u p p o r t e d  by  l i gh t - s ca t t e r ing  s tudies .  ~ ( ~  ~ r a ~ s  a t  p H  2.0 
(average  va lue  is z.5) are  s igni f icant ly  h igher  tha~a ~tl~e~e ~ t  ~ ~ ( ( ~ a g e  va lue  is 
1.7). I n c r e a s e d  acid  b ind ing  a t  p H  ~.o could  lead  ~o ~ e  I ~ ~ * 0 ~  ~ ~ consequen t  
swel l ing of t h e  par t ic le .  At  p H  ~.o, t h e  swell ing rn~y aoo0~mt lm~t~tfo~r the  increase  in  
viscosity.  T h e  increase  in  p a r t i a l  specific vohmaes ~ t  ~ ~ ~ s ~ g g ~ t s  a swel l ing 
of t h e  molecule.  Th is  swell ing m a y  be t h e  resu l t  o f  l ~ . o ~  t ~ ~ : :  t h e  increase  
in vo lume  due  to  inc reased  acid b ind ing ,  a n d  ~ ~ ~  m ~ due  to  t h e  
d e s t r u c t i o n  of t h e  n a t i v e  conf igura t ion  of ~ -ca3~a~i~  ~ t  ~ ~.~. T h e  open ing -up  of 
the  c o m p a c t  s t r u c t u r e  of t he  ~-crysta l l in  molecule ,  ~ ~ to  a sp l i t t i ng  
of t h e  po lypep t ide  chain,  is a p p a r e n t l y  due  to  e l e c ~ ~  ~ amd ~ m a n i f e s t a t i o n  
of revers ible  d e n a t u r a t i o n  t h a t  occurs  a t  p H  3,0 ~a~adl ~ l l~ r . .  ~ _ ~ - ~ m ~  e~ aL ~t repor t  
s o m e w h a t  h igher  in t r ins ic  viscosi t ies  a t  p H  2 : 6 5  ~a~rad ~ L  ~ 

T h e  weight  in t r ins ic  v iscos i ty  a t  p H  2.o i n c w ~  ~ ~ ~ i z .  s~rength  of t h e  
solvent ,  s eeming ly  going aga ins t  t h c  e l e c t r o v i s e o ~  ~ e ~ t . .  r m ~  ~ d~eterminations 
were,  however ,  ca r r i ed  ou t  p r e s u m a b l y  a t  ionic ~ ~ ~m~g]~ ~6: q u e , d ~  th~ 
e lec t roviscous  effect. S e d i m e n t a t i o n  s tudies  a t  ~p~ ~_~ ~ ~ ~,~ ./~ --- o.xo t he r e  
are  two  c o m p o n e n t s  h a v i n g  s e d i m e n t a t i o n  constamt$ ~ t  ~ ~i~tii~m of a b o u t  8. 3 S 
and  x.4 S. As p is inc reased  to  o.x5 a n d  o.zo, ~ ~ ¢ ~ m ~ ~  {from compo-  
s i t ion ana lys i s  of t he  pa t t e rns )  of t h e  h e a v i e r  , ~ 0 ~ m ~ t  ~ im~reases a t  t he  
expense  of t he  smal ler  one,  l ead ing  to  a n  i n c ~  fm ~ ~ ~  O ~  fl~e o the r  hand ,  
a t  tz = o.o5, t he  heav ie r  c o m p o n e n t  b r e a k s  ~ p  i i ~ o  ~0~  ~ ¢~mponen t s  t h u s  
leading  to  a decrease  in  t h e  v i s c o s i t y .  

Molecular  we igh t s  a n d  d imens ions  ca lcu la ted  ~ _ ~ t ~ ~ m ,  viscosi ty,  a n d  
pa r t i a l  specific vo lume  d a t a  o b t a i n e d  a t  pH,9.x  ~ m ~ r ~  ~ aggrega t ion  
of t h e  p ro te in  a t  h igher  ionic s t r eng ths .  T h e  ~ ~ ~ t / ~  - -  o.~ was  a b o u t  
73oooo for a p ro la te  ellipsoid a n d  848ooo for  ~ a  ~ ~ ~ ~ v o ~ t i o n .  These  
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values are slightly lower than  those reported by PERRY AND KOENIG I° for ox lens 
~-crystallin and lower than  tha t  reported for calf lens m-crystallin by RESNIK z. The 
closeness of the  present  values of the molecular  weight  obta ined for the  two models 
indicates t h a t  ox lens **-crystallin at  pH 9.I appa ren t ly  possesses a globular form. 
The d i s symmet ry  values obta ined by l ight-scat ter ing are also within the  range for 
hydra ted  globular  particles. The molecular weights calculated by the method  of 
S C H E I ~ , G A  AND M A N D E L K E R N  2a are consis tent ly  closer to the corresponding values 
obta ined by  assuming an oblate ellipsoid of revolution. These findings tend  to suggest 
t ha t  at  pH  9.1 ox lens m-crystallin behaves as an oblate ellipsoid of revolution.  

The molecular  weights  obta ined by the  dissvmxmetry method  from l ight-scat ter ing 
da t a  at  pH 9.I are much  higher  t han  those calculated from sedimentat ion,  viscosity, 
and  par t ia l  specific volume data .  This  discrepancy can be pa r t ly  explained b y  con- 
sidering the  condit ions under  which these measurements  are made. The  stat ic  con- 
ditions during l ight-scat ter ing are conduct ive to the  formation of aggregates,  espe- 
cially in the  case of s t rongly  in te rac t ing  macromolecules such as a-crystall in.  RESNIK a, 
for example,  reported t ha t  at  alkaline pH,  m-crystallin showed fi lamentous aggrega- 
tes under  the electron microscope. The dynamic  condit ions t ha t  prevail  dur ing sedi- 
menta t ion  and  viscosity studies may  be sufficient to prevent  extensive aggregation 
from occurring. The l ight-scat ter ing studies were unde r t aken  ne t  so much to de termine  
the absolute value of the  molecular weight,  bu t  the relat ive changes in the  molecular 
weight as a function of the  pH and  ionic s t rength.  

The  viscosity at  pH 7-7, p - -  ~ ? is not  much  different from tha t  at  pH 9.1, 
p - - o . 2 .  F rom l ight-scat ter ing studies,  the  molecular  weight  a t  p H  7.7,  ~ - ~  0.2, 
is somewhat  grea ter  t han  tha t  a t  pH 9. I, ~ - -  o.2. The increase in viscosity tha t  could 
result  from tiffs increase in size is possibly compensa ted  for by a change in the shape 
of the  molecule as indicated by the  fact t ha t  the d i s symmet ry  value at  pH 7.7,  

- -  o.2 is lower t han  t h a t  at  pH 9.1, t* = o.2. The s ta t ic  condit ions of l ight-scat ter ing 
de te rmina t ions  at  pH 7-7 which is closer to the isoelectric point  may  also favor aggre- 
ga te  formation which might  not  be de tec ted  by  the viscosity measurements .  
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