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THE MOLECULAR WEIGHTS OF SOME CRYSTALLINE ENZYMES 

FROM MUSCLE AND YEAST 

I. ALDOLASE AND D-GLYCERALDEHYDE-3-PHOSPHATE 

DEHYDROGENASE 

by  

J O H N  F U L L E R  T A Y L O R *  AND C A R M E L I T A  LOVCRY 

Department o/Biological Chemistry, Washington University School o/Medicine, 
St. Louis, Mo. (U.S.A.) 

The crystallization of aldolase and D-glyceraldehyde-3-phosphate (GAP) dehydro- 
genase from rabbit skeletal musclO, ~, each in a yield of about lO% of the soluble 
muscle protein, led to studies of their physical properties 1, ~, 3, composition 4, 5, and 
biosynthesis 6, of the relation of aldolase to myogen A T, and the combination of the 
dehydrogenase with diphosphopyridine nucleotide (DPN)8, 9. In addition, muscle 
GAP dehydrogenase has been extensively compared with GAP dehydrogenase 
crystallized from yeast a°, u, e.g., with respect to composition 12, antigenic behavior 13, 
and interaction with DPN x4. As part of this program we undertook to determine 
the molecular weights of these proteins; we have measured the sedimentation and 
diffusion constants of all three enzymes and the partial specific volumes of the two 
from muscle. Preliminary accounts of this work have been presented 15, xs. 

MATERIALS AND METHODS 

Enzymes 
Crysta l l ine  a ldolase was  p repared  and  recrysta l l ized 3 to 6 t imes,  as prev ious ly  described t. XVe 
are  i ndeb ted  to Dr. T. BARANOWSKI for a s amp l e  of aldolase t h a t  was  shown  to have  m a x i m a l  
ac t iv i ty  and  a s amp le  of c rys ta l l ine  m y o g e n  A t h a t  had  an  aldolase ac t iv i ty  35 % of the  m a x i m u m L  

Crystal l ine  musc le  G A P  dehydrogenase  was  p repared  and  recrystal l ized several  t imes  by  
Dr.  G. T. CORI 2, who generous ly  p rov ided  severa l  different  samples .  

Crysta l l ine  y e a s t  G A P  dehydrogenase ,  p repared  and  recrystal l ized several  t imes  by  t he  
m e t h o d  of WARBURG AND CHRISTIAN 10,13 was generous ly  provided  by  Dr. E. G. KREBS. 

Sedimentation constant 
Sed imen ta t i on  cons tan t ,  s, was  de t e rmi ned  in t he  Spinco ana ly t ica l  u l t racen t r i fuge  wi th  the  
procedure  and  ca l ibra t ions  which  h a v e  been descr ibed in deta iW.  Most  of t he  experinaents ,  
however ,  were carr ied o u t  a t  low t e m p e r a t u r e s  in order  to min imize  t he rma l  d e n a t u r a t i o n  of 
t he  e n z y m e  prote ins .  The  u l t r acen t r i fuge  ro tor  and  cell were chilled to 2 to 4 ° and  the  pro te in  
so lu t ion  was  in t roduced  into t h e  cell in the  cold room. The  rotor  was t h e n  encased in a close- 
f i t t ing  zippered bag  of felt  a b o u t  x cm th ick  (covered wi th  waterproof  plastic) and  carried to 
t he  centr i fuge.  The  inter ior  of t he  v a c u u m  c h a m b e r  had  also been cooled to a b o u t  2 ° . The  c h a m b e r  
was  opened  and  t h e  rotor  was  a t t a c h e d  while still in t he  felt  bag, t h r o u g h  which the  t he rmocoup le  

* P r e sen t  address :  D e p a r t m e n t  of Biochemis t ry ,  Un i ve r s i t y  of Louisvi l le  School of Medicine, 
Louisvil le,  K e n t u c k y .  
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could be inser ted  for t he  initial t e m p e r a t u r e  reading.  The  bag  was  t h e n  removed ,  t he  c h a m b e r  
closed and  the  r u n  carr ied ou t  in the  usua l  manne r ,  wi th  t he  ref r igera t ing  s y s t e m  in opera t ion  
to min imize  h e a t  loss by  radia t ion .  At  t he  end  of the  run  t he  bag  was rap id ly  replaced before 
the  final t e m p e r a t u r e  was  recorded.  W i t h  th i s  procedure,  which  min imized  condensa t ion  as well 
as t e m p e r a t u r e  change,  i t  was  felt  t h a t  t e m p e r a t u r e  control  was essent ia l ly  as sa t i s fac to ry  as 
lit r u n s  carr ied  ou t  a t  room t e m p e r a t u r e  tT. 

Concen t ra t ed  e n z y m e  solu t ions  were dialyzed to r emove  a m m o n i u m  sul fa te  and  d i lu ted  so 
as to con ta in  t he  desired concen t r a t ions  of protein,  neu t ra l  sa l t  and  buffer. To repress  the  p r i m a r y  
charge  effect s, o . 5 M  NaC1 or KCI was added  to a 2 .5% pro te in  so lu t ion  and  p ropor t iona te ly  
le~s was  p resen t  wi th  lower pro te in  concen t ra t ions .  The  dehydrogenase  so lu t ions  also con ta ined  
p h o s p h a t e  buffer, [/2 = o . i ,  p H  = 7.4. 

The  s ed imen ta t i on  c o n s t a n t  was c o m p u t e d  as prev ious  descr ibed t* and  was  corrected in t he  
usua l  way  t8 for the  viscosi ty  and  dens i t y  of t he  so lven t  m e d i u m  to give s2o,u;, t h e  s ed imen ta t i on  
c o n s t a n t  in wa te r  a t  2o% in Svedberg  un i t s  (i S = i .  io  -18 sec). 

Diffusion constant 
The  diffusion cons tan t ,  D, was  m e a s u r e d  a t  2 °, e i ther  in t he  e lectrophoresis  cell as prev ious ly  
descr ibed t or  in a CLAESSON t ype  cell t9 (cons t ruc ted  by  Mr. OTTO RETZLOFF in the  Phys ics  Depar t -  
m e n t  shops).  E n z y m e  solu t ions  con ta in ing  a b o u t  I g / i oo  ml  were dialyzed aga ins t  p h o s p h a t e  
b u f f e r s , / / 2  = o. i or o.2, p H  = 7. i. T he  resu l t s  were c o m p u t e d  f rom enlarged t rac ings  of schlieren 
s cann ing  pho tographs ,  according to t he  re la t ions  DA = Al/4~ttHm s and  Dt~ = i~s/2t, where  A is 
t he  a rea  unde r  t h e  diffusion d i ag ram in sq. c'm, t is t he  t ime  in seconds,  Hm is t he  m a x i m u m  
he igh t  of t h e  curve  in cm,  and  p is one-hal f  t he  b r e a d t h  of the  curve,  in cm,  a t  t he  inflection 
po in t  H a = Hra/~v/~. The diffusion c o n s t a n t  was  corrected for t he  t e m p e r a t u r e  and  for t he  v iscos i ty  
of t he  so lven t  m e d i u m  to  give D~o,w. 

Partial specific volume 
In  order  to c o m p u t e  par t ia l  specific volume,  V, t he  densi t ies  of pro te in  so lu t ions  of known  com-  
pos i t ion  are  required.  The  dens i t y  g rad ien t  t ube  in t roduced  by  LIUDERSTROM-LANG AnD LANZ so 
was  found  ex t r eme ly  sa t i s fac to ry  for t hese  m e a s u r e m e n t s ,  because  only  smal l  a m o u n t s  of pro te in  
are  requi red  and  t he  obse rva t ions  can  be conven ien t ly  carr ied ou t  a t  low t e m p e r a t u r e s  ts. 

Ke rosene -b rombenzene  g rad ien t s  were preparedm°, It in 5oo ml  g r adua t ed  cylinders,  wi th  
a dens i t y  r ange  of a b o u t  o.0i  5 each.  Several  cylinders,  needed to cover  t he  desired dens i t y  range,  
were placed in a wa te r  b a t h  wi th  glass  walls, regula ted  to :~ o .oi  °. One  such  t h e r m o s t a t  was  
opera ted  a t  2o°; ano ther ,  p laced in a cold room, was  set  a t  5 °. The  g rad ien t s  were ca l ibra ted  
wi th  s t a n d a r d  KCI solut ions,  careful ly  prepared  wi th  ca l ibra ted  appa ra tu s ,  f rom recrystal l ized KCI. 
The  densi t ies  of t hese  so lu t ions  were m e a s u r e d  pycnomet r i ca l ly  and  found  to agree wi th  
publ i shed  va lues  n .  Un i fo rm sized droplets ,  abou t  i m m  s in volume,  were added  to t he  g rad ien t  
t ubes  f rom micropipe ts  and  t he  posi t ions  of t h e  drops  were de t e rmined  wi th  reference to t he  
cy l inder  g r a d u a t i o n s .  

Concen t ra t ed  pro te in  so lu t ions  were t ho rough l y  dialyzed aga ins t  t he  desired solvent .  Weighed  
por t ions  of these  so lu t ions  were careful ly  dr ied to c o n s t a n t  weight  a t  i00 ° in vacuo over  PRO6, 

wi th  correct ion for sa l ts  when  present ,  in 
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Fig. I. Dens i t y  of  aldolase solutions,  in o . i 3 3 M  
KC1 a t  20 °, as a l inear  func t ion  of aldolase concen-  

t r a t ion  in g / i o n  ml. 
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order  to de te rmine  t he  pro te in  concen t ra -  
t ion.  A series of so lu t ions  was  prepared  by 
di lut ion of t he  s tock  solut ion wi th  t h e  s a m e  
so lven t  a n d  t he  dens i t y  of each  so lu t ion  
was  t h e n  m e a s u r e d  in the  appropr ia t e  
g rad ien t  tube,  w i th  s t a n d a r d  solu t ions  
p re sen t  a t  t he  s a m e  t ime.  The  dens i t y  of 
t h e  p ro te in  Solutions could be e s t i m a t e d  
wi th in  -~ o.oooo 4 by  careful  in terpola t ion.  

The  par t ia l  specific volume,  P ,  was  
c o m p u t e d  f rom the  slope of a p lo t  of den-  
si ty,  O, aga ins t  p ro te in  concent ra t ion ,  c. As 
s h o w n  in Fig. i ,  such  plots  are  linear,  
pa s s ing  t h r o u g h  t h e  po in t  r ep resen t ing  Q °, 
t h e  dens i t y  of t he  solvent ,  a t  c = o, wi th  
smal l  r a n d o m  devia t ions .  Therefore  P can  
be ca lcula ted  f rom the  relat ion 

= [1-1oo(e-Qo)Ic]/Qo 
For  t he  e x p e r i m e n t  p lo t t ed  in Fig. I, P0 
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was i.oo45 and the density of an aldolase solution containing 6.28 g/Ioo ml was I.O2O62, at 20 °, 
from which Vso is found to be o.74o. 

RESULTS AND DISCUSSION 

Sedimentation 

All samples of aldolase tha t  were examined,  including several with full enzymic 
ac t iv i ty  and  one sample of myogen A with "35%"  aldolase act ivi ty,  showed only 
one sharp, well defined peak in the ul t racentr i fugal  schlieren diagram. 

The values of Sso,~ obta ined in four different series of determinat ions  with 
aldolase are plotted against  
protein concentrat ion,  c, in 
Fig~ 2. A few experiments  per- 
formed before the details of 
operat ion had  been well worked 
out, as well as occasional runs  
in which there was evidence of 
leakage from the cell, have been 
eliminated.  I t  will be seen in 
Fig. 2 tha t  the scatter of the 
results is appreciable. The dashed 
line in Fig. 2 represents the line 
of regression which has been 
fit ted to all the da ta  by  the 
method of least squares. The 
constants  of the equation,  
sm,.=s~,~ ° - k c ,  for the re- 
gression line are given in Table I. 
The results of Exper iment  43, 
carried out af ter  much experi- 
ence in the operation of the ul- 
t racentrifuge had been acquired, 
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Fig. 2. Sedimentation constant, Sso,w in Svedberg units, 
of aldolase and myogen A at different protein con6~n- 
trations, c, in g/zoo ml.Circles represent separate determi- 
nations. Aldolase (D Expt. 19, ~ Expt. 22, • Expt  43; 
Myogen A (aldolaee activity 35 %) O Expt. 24. - . . . .  
line of regression fitted to all points; - -  line of re- 
gression fitted to Expt. 43. For equation and constants 

of lines see text and Table I. 

TABLE I 

SEDIMENTATION CONSTANTS OF CRYSTALLINE PROTEINS 

Numerical constants for the general equation, ss0 ,w = s20,m. ° Jr k ¢, for. the lines of regression 
calculated from the experimental data by the method of least squares. 

Number stt,w ° k St4uulaTd Grrov Corr~licm 
Protein O! Tuns Svedberg units, S o~ estimate coe~wit, m 

Aldolase 
Complete data 23 7-5x --0.50 0.07 --0.82 
Experiment 43 6 7.35 --0.50 0.03 --0.995 

GAP dehydrogenase 
Muscle 17 7.oi --0.38 0.o6 --0.96 
Yeast I i 6.8o --0.35 0.07 --o.95 

Bovine plasma albumin z~ 14 4.32 --0.24 0.04 --0.96 

Re[erences p, xzT. 
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are believed to represent more nearly the best results that  can be obtained with 
this instrumenW. The solid line in Fig. 2 has been computed for these data only. 
I t  can be seen in Table I that  the deviations are within satisfactory limits. The 
difference between the two values of s o is o.I6 S, about 2 % of the value of s ° 20.w 20,~" • 
Because the results of Experiment 43 are believed to be comparable with those 
obtained in the standardization of this ultracentrifuge with bovine plasma albumin 17 
and with those reported below for other enzymes, we have adopted the value s m . ~  ° 

----- 7-35 S, from this experiment for the calculation of the molecular weight of aldolase 
(see Table III) .  

One series of determinations (Experiment 24) was carried out with the sample 
of crystalline myogen A prepared by Dr. T. BARANOWSKI, which had an aldolase 
activity only 35% of that  found for fully active aldolase. The results, included in 
Fig. 2, are in satisfactory agreement with the rest of the measurements. The aldolase 
used in experiments x9 and 22 was shown to have maximal enzymic activity; the 
sample used in experiment 43 was not tested but was prepared by the usual procedure 
and recrystallized several times. 

GRAL]~N 23 has previously reported a value of s,0 ~ = 7.86 S (not extrapolated 
to zero concentration) for a sample of myogen A crystallized by BARANOWSKI**; our 
value of s~0,~ ° for aldolase is about 7% lower. As a result of thorough examination 
of the entire experimental procedure, we have previously attributed this discrepancy, 
observed with other proteins 17, to a real difference in the method of estimation of 
rotor temperature. (The effect of adiabetic expansion of the rotor, discussed below, 
could account for only about one-third of the discrepancy.) All the values of s,0,, 
reported in this paper have been measured by the procedure previously described 
for the calibration of our Spinco ultracentrifuge; our standard value of s~0,~ ° ---- 4.32 S 
for bovine plasma albumin 17 is included in Table I. 

GAP dehydrogenase, both from muscle and from yeast, showed only a single 
peak in the ultracentrifugal schlieren diagram. SHUGAR .5 has reported that  his 
preparations of the muscle dehydrogenase showed two components in the ultra- 
centrifuge, but he did not mention the rotor temperature. In preliminary experiments 
we found that  samples of the muscle enzyme appear quite inhomogeneous in the 
ultracentrifuge at temperatures near 20 ° and that  much of the protein precipitates 
during a run. KREBS 11 has also reported that  the yeast enzyme appears to be homo- 
geneous. 

The values of s,0,~ obtained in several experiments with the two dehydrogenases 
are plotted against protein concentration in Fig. 3 A and B. The average rotor 
temperature was less than Io.5 ° in every run. (A few runs with obvious technical 
difficulties have been eliminated.) Table I summarizes the numerical constants of 
the equations of the regression lines, shown in Fig. 3, that  have been fitted to the 
data. The standard error of estimate is approximately one per cent of the value of 
s~o,~ in each instance and the correlation appears to be satisfactory. 

Although it appears probable that  the sedimentation constant can be measured 
with a precision of about 4- 1 % ,  one source of uncertainty in the absolute value of 
s ~ o :  ° must be mentioned. WAUGH AND YPHANTIS ~s h a v e  shown that  the rotor 
temperature appears to fall slightly in the vacuum type ultracentrifuge when it is 
running at high speed, probably as the result of adiabatic expansion of the rotor. 
The true temperature during rotation is lower than the temperature interpolated 

Re/erences p. H 7. 
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from measurements of the 
resting rotor at the beginning 
and end of the run. The dif- 
ference is thought to be 0. 9 to 
z.o ° at a speed of about 60,000 
r.p.m, which was used in all 
of our experiments. A correc- 
tion for this effect would raise 
all of our values of s so~ by 
about 2.5%. The increase 
would bring the values of sedi- 
mentation constants measured 
with Spinco ultracentrifuges 
quite close to those recently 
determined with oil turbine 
ultracentrifuges but would not 
account for the larger differ- 
ences that  have been pointed 
out elsewherOL (For a fuller 
discussion see EDSALL2L) For 
example, as mentioned above, 
correction for this effect does 

I i I I 7.0 

 i.if, 
0 C 0.5 10 1.5 2.0 2.5 

Fig. 3. Sedimentation constant, Sso,~, in Svedberg units of 
D-glyceraldehyde-3-phosphate dehydrogenases at different 
protein concentrations, c, in g/zoo ml. For equation and 
constants of lines of regression see text and Table I. A 
Upper half. Muscle GAP dehydrogenase. (l~ Expt.  33, 

Expt.  35, O Expt.  37, • Expt.  38 . B. Lower half. 
Yeast GAP dehydrogenase. • Expt.  42, O Expt.  44. 

not bring our value for Sso, w ° of aldolase into agreement with GRALtN'S value for 
myogen A. Inasmuch as the sedimentation constants hitherto measured with vacuum- 
type ultracentrifuges have not been corrected for the effect of adiabatic expansion 27 
and further work may be done on the precise magnitude under different conditions, 
we prefer to leave our results uncorrected until the time is ripe for the revision of 
published values and the establishment of a uniform procedure for future work.- 

Diffusion 
Two determinations of the diffusion constant of muscle GAP dehydrogenase were 
carried out. No turbidity was observed and the value of D remained essentially 
constant for I5O hours, except for a slight fall during the early part  of one experiment; 
the observations during this period were rejected. The average values in water at 
12o ° were for Da 5.4x, 5.65 and for D~ 5.26, 5 .5z ' zo -7cm s s e e - l ;  final average, 
Dm,~ = 5.46"IO -~ cm 2 see -x. One experiment was carried out with the yeast  de- 
hydrogenase. The value of Da was 5.03, of D t, 5.35; average value, Dm,,~ = 
5.i 9. ro -7 cm 2 sec -1. The diffusion constant of aldolase was determined previously z. 

Partial specific volume 
Values of l?, determined at 2o ° and 5 ° by  the gradient tube method, for aldolase 
and muscle GAP dehydrogenase, are presented in Table II .  The results of two deter- 
minations of V for bovine plasma albumin are also presented in order to show that  
results obtained by  the present method agree satisfactorily with values of 17 deter- 
mined by  others '~, n. 

In Table I I  there are also given values of 17 calculated from the amino acid 

Re/erences p. z z  7. 
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TABLE I I  

P A R T I A L  S P E C I F I C  V O L U M E S  OF C R Y S T A L L I N E  P R O T E I N S  

Protein 
F,o 

Observed Calculated 
Vs V~--Vs 

Aldolase 

Average 

Myogen A (GRALgN ~) 

Muscle GAP debydrogenase 

Average 

Bovine plasma albumin 

Average 

0.739 0.722 O.Ol 7 
0.746 0.729 o.oi 7 
o. 74 ° 
0.742 o.742 

0.735 

0.740 0.729 
0.737 

0.739 0.742 

0 , 0 1 1  

0.728 o.713 o.o13 
0.734 o.717 O.Ol 5 
0.734 
0.732 0.734 

KOENIG s$ 0.730 
DAYHOFF et al. • o.734 

* Ignoring contribution of DPN.  
** Determined at 25% 

composition of these three proteins 4, 3o and the partial specific volumes of the amino 
acid residues sl, ss according to the relation sl 

y w, 

where the w~'s represent the weight fractions of the amino acid residues and the F~'s 
the partial specific volumes of the respective residues. The validity of this method 
has now been established for a number of proteins ss. The agreement between the 
measured and calculated values for the two enzymes and albumin appears to be 
satisfactory. 

was not determined for yeast GAP dehydrogenase and cannot be calculated 
because the complete amino acid composition has not yet been reported 12. 

The values of I7 at 5 °, which are presented in Table II for reference, cannot be 
compared with other values because none have yet been noticed in the literature. 
Tim difference, 17so--17 s, is somewhat larger than that estimated by extrapolation 
from published values of V~o and V3o is. 

Molecular  weight 

Table I n  summarizes the results of the measurements of ss0,~ °, Dm,~ and J7 m de- 
scribed above, together with the molecular weights of aldolase and the GAP de- 
hydrogenases calculated from the relation is 

R T s  
M 

(i - -  V) D 

The molecular weight of aldolase differs slightly from that previously reported 15, is 
as a result of slight differences in the extrapolation of sin, w to zero concentration. 

Re/erences  p. 117. 
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I t  will be noted  t ha t  our va lue  for the  molecular  weight of a ldolase is qui te  close 
to GRAL]~N'S va lue  for myogen  A, in spi te  of the  difference in s20,w previously  men-  
t ioned.  None of the  values  r epor ted  b y  GLIKINA AND FINOGENOV ss are  very  close 
ei ther  to  ours or GRAL]~N'S, however ;  no exp lana t ion  for this  d i screpancy  can be 
offered. 

TABLE III  

sso,w °, Dso,w, 17zo A N D  M O L E C U L A R  W E I G H T S  O F  C R Y S T A L L I N E  P R O T E I N S  
J 

P r o t e / n  S . , w  ° D.,w 17re Molecular weight 

Aldolase 
. This investigation 7.35 4.63 * 0.742 149,ooo 

CrLIKINA AND FINOGENOV u 8.27 * * 4.29 - -  18o,ooo 
Myogen A GRALgN u 7.86§ 4.78 0.735 150,OOO 
Muscle GAP dehydrogenase 

This investigation 7.oz 5.46 o.741 12o,ooo 
D A N D L I K E R  A N D  F o x  34 - -  - -  ~ i4o,ooo§§ 

Yeast GAP dehydrogenase 6.80 5.19 (0.74)*** i22,ooo 
Phosphoglucomutase 

This investigation, Part II  3.69 4.83 (o.75)*** 74,ooo 

* Previously reported 1. 
** Extrapolation not indicated. 

*** Assumed value. 

§ Not extrapolated to zero concentration. 
§§ Determined by light scattering method. 

DANDLIKER AND FOX s4 have  recent ly  de te rmined  the  molecular  weight of muscle 
G A P  dehydrogenase  b y  means  of the  l igh t -sca t te r ing  me thod  and  have  repor ted  t ha t  
the  value  is not  less t han  I4O,OOO. Correction for ad iaba t i c  expans ion  could raise 
our value  to I23,ooo while considera t ion  of the  fall in ra te  of diffusion, observed in 
one exper iment  a t  the  s ta r t ,  could only lead  to a smal ler  molecular  weight.  I t  was 
suggested ~ t ha t  the  difference might  have  ar isen from the  use of e thylene  d iamine  
t e t r a - ace t a t e  which was a d d e d  in thei r  p repa ra t ion  of the  enzyme.  I t  m a y  also be 
suggested,  however,  t ha t  a sl ight  amoun t  of aggregat ion of the  enzyme prote in  a t  
room tempera tu re ,  which would t end  to increase the  molecular  weight measured  b y  
l ight  scat ter ing,  might  not  be ent i re ly  p reven ted  b y  e thy lened iamine te t raace ta te ,  
a l though the  l a t t e r  is known to enhance grea t ly  the  s t ab i l i ty  of the  enzyme sS,*. 

I I .  P H O S P H O G L U C O M U T A S E  

by 

PATRICIA J. KELLER** C. LOWRY AND J. F. TAYLOR 

Phosphoglucomutase  was crys ta l l ized  from r abb i t  skele ta l  muscle b y  NAJJAR ~, and  
some of i ts  proper t ies  have  been studiedU, ~. W e  have  carr ied out  p re l iminary  
measurements  of the  sed imenta t ion  and  diffusion cons tan t s  of this  enzyme,  from 
which i ts  molecular  weight  has  been calculated.  

* We have now made preliminary measurements of the sedimentation constant of muscle 
GAP dehydrogenase prepared in 0.002 M ethylenediamine tetra-acetate. Duplicate values of s~0,~ 
determined at a concentration of z g protein[ioo ml agree closely with the results shown in Fig. 3A. 

* *  Fellow of the National Institutes of Health, United States Public Health Service. Present 
a d d r e s s :  Department of Biochemistry, University of Washington, Seattle, Washington. 
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MATERIALS AND METHODS 

The  crys ta l l ine  p h o s p h o g l u c o m u t a s e  was p repared  and  recrystal l ized by  NAJJAR'$ m e t h o d  ~.  The  
de t e rmina t ion  of s ed imen ta t i on  and  diffusion c o n s t a n t s  were carried ou t  as described in Pa r t  I 
of th is  paper .  

RESULTS AND DISCUSSION 

Sedimentation 

Phosphoglucomutase showed only a single peak in the ultracentrifugal schlieren 
diagram. The sedimentation constants obtained in seven runs at different protein 
concentrations are given in Table IV. The equation of the line of regression, fitted 
to the data by  the method of least squares, is s,o,~ = 3.6 9 - -  o.12 c. The correlation 
coefficient (--o.6o) is low and the standard error of estimate (o.o7) is somewhat high. 
A better fit could be obtained with 5 of the 7 points, giving a value of s,0,~ ° about 
3.5% higher, but there is no apparent reason to reject the two low points. I t  must 
be concluded that  these results establish the value of s,o,~ ° within only 4-2%. 

T A B L E  IV 

SEDIMENTATION CONSTANT OF PHOSPHOGLUCOMUTASE 

Concen t ra t ion  of enzyme ,  g / t oo  ml  0.28 0.57 

sao,w, Svedberg  un i t s  3.73 3.76 

0.42 0.84 1.24 1.68 2.1o 

3.53 3.41 3.6o 3.49 3.43 

Dil~usion 

One experiment was carried out, in the electrophoresis cell at 2 °, with a 0.65% 
solution of the enzyme in acetate buffer, 1"/2 = 0.2, pH = 5.0. The values of D u 
calculated separately for the two limbs of the cell at different times were almost 
identical, yielding an average value of D~0,w = 4.83. IO -~ cm* sec -1. 

Molecular weight 

From these data the molecular weight is calculated to be 74,0o0, with the assumption 
that  17~0 = 0.75. ( l 7 was not measured and the amino acid composition of the enzyme 
has not yet been determined.) This molecular weight is lower than the value 77,ooo 
previously quoted sL ~ because the extrapolation of s20,~ to zero concentration, dis- 
cussed above, leads to a slightly lower value of sa0,w ° than that  previously estimated. 
Inasmuch as the value of si0,w ° may be uncertain by 4- 2% and the value of 17 was 
not determined, the molecular weight of phosphoglucomutase is probably uncertain 
by at least + 5 % and should therefore be accepted and used with caution. 
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SUMMARY 

The molecular weights of four crystalline enzymes have been determined from measurements  of 
the sedimentat ion cons tan t  in the Spinco ultracentrifuge, of the diffusion constant ,  and of the 
part ial  specific volume by a gradient  tube  method.  

For  three enzymes from rabbi t  skeletal muscle, the molecular weights are,  of aldolase 
i49,ooo, of D-glyceraldehyde-3-phosphate dehydrogenase i2o,ooo, and of phosphoglucomutase  
74,000. 

The molecular weight  of D-glyceraldehyde-3-phosphate dehydrogenase from yeast  is 122,000. 
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