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Crystalline phosphoglyceric acid mutase" 

Al though  m a n y  of the  enzymes  of glycolysis  h a v e  been ex tens ive ly  purif ied or crys ta l l ized,  
phosphoglycer ic  acid mutase  has  h i the r to  res is ted a t t e m p t s  a t  ex tens ive  pur i f ica t ion  1, z. This  note 
describes a s imple  procedure for the  c rys ta l l i za t ion  of phosphoglycer ic  acid mu ta se  from baker ' s  
y e a s t  w i th  excel lent  yields. 

Procedure: Crumble  two pounds  of fresh F le i schmann ' s  baker ' s  yeas t  into a 3 l i ter beaker.  
W a r m  to 380 in a wa te r  b a t h  at  50-6o °. Add IOO ml  of toluene and mi x  thoroughly .  After  abou t  
half  an hour  t he  yeas t  liquefies. Stir  briefly to  ensure mining.  Keep a t  380 for 9 to io  hours. 
M a x i m u m  yie lds  of enzyme are ob ta ined  af ter  9 hours '  incubat ion.  Acid a p p r o x i m a t e l y  one 
vo lume  of cold dis t i l led wa te r  and mix.  Centr i fuge 3 ° minutes .  All cen t r i fuga t ions  are a t  o °, 
unless  o therwise  s ta ted ,  and  are cont inued  unt i l  a clear separa t ion  is ob ta ined .  The t imes  ind ica ted  
are  a d e q u a t e  a t  a p p r o x i m a t e l y  50oo × g. The s u p e r n a t a n t  fluid which conta ins  the enzyme is 
s t i r red  io  minu te s  wi th  2o g of washed  and dried Johns-Manvi l le  Super-Cel. The mix tu re  is then  
f i l tered th rough  a 6-inch Btichner funnel  wi th  a 2-  3 m m  pad of Super-Cel. The f i l t rate  is the 
crude extract. 

To the  crude extract a t  0-5 ° add  2 N acet ic  acid (50-55 ml) to give a pH of 4.5 to 4.7 (measured 
a t  25°). Centr i fuge i m m e d i a t e l y  for 15 minutes .  The s u p e r n a t a n t  fluid is qu ick ly  b rough t  to 
pH 7.1 + o.I wi th  2 N  K O H  (60-65 ml) to g ive  fraction :~:I. The p rec ip i t a t e  which forms on 
neu t r a l i za t i on  is not  removed.  This f ract ion m a y  be s tored overn igh t  a t  o ° w i thou t  loss of ac t iv i ty .  
A l though  acid t r e a t m e n t  provides  l i t t l e  purif icat ion,  i t  appears  to be necessary owing to the  
i n s t ab i l i t y  of the  enzyme  in the  crude e x t r a c t  w i thou t  acid t r ea tmen t .  To fraction :~:i add, wi th  
s t i r r ing,  an equal  vo lume of a m m o n i u m  sulfate  solut ion which has been hea ted  to about  IOO °. 
(Throughout  th is  procedure  all a m m o n i u m  sulfate  solut ions are s a t u r a t e d  a t  25 ° and neut ra l ized  
to  pH 7.o by  the  add i t ion  of concen t ra ted  N H , O H .  The pH is de te rmined  with a glass electrode 
for a i : 2o di lut ion.)  The m ix tu r e  is placed in a hot  wa te r  b a t h  and m a i n t a i n e d  wi th  occasional  
s t i r r ing  a t  75 • 1 ° for 20 minutes .  I t  is then  cooled on ice to 0-5 ° and  filtered in t i le  cold th rough  
a coarse fluted paper.  The f i l t ra te  is fraction #2 .  To fraction q~2 add rapidly,  wi th  s t i rr ing,  an 
equal  vo lume of a m m o n i u m  sulfate  solut ion at  25' .  Place in an ice ba th  un t i l  the  so lu t ion  reaches 
0-55, then  centr i fuge for 3 ° minutes .  The s u p e r n a t a n t  fluid is discarded.  The p rec ip i t a t e  is dissolved 
in a p p r o x i m a t e l y  12o ml of cohl dei, mized water  to give fraction # 3 -  This f ract ion m a y  be s tored 
fr~zen wi thou t  loss of ac t iv i ty ,  l 'racti,n ~3  is d i lu ted  to a prote in  concen t ra t ion  of to + o. 5 mg 

per ml  wi th  water.  To the di- 
- - -  luted :~:3 fraction at  o ° add,  

dur ing a one- to two-minu te  
interval ,  o.9 volumes  of acetone 
measured  at  - - 5  ° . Let  s t and  
io  minutes  a t  o °, centr i fuge for 
io  minutes,  and discard the  
supe rna t an t  fluid. The precipi- 
t a t e  conta ins  the enzyme and 
insoluble protein.  Take  up in 
abou t  ioo  ml of cold deionized 
water  and  t ransfer  to  a centr i-  
fuge tube. Br ing the  p rec ip i t a t e  
to a fine suspension and ex t r ac t  
lo  minu tes  a t  o °. Centrifuge 15 
minutes  and keep the super- 
n a t a n t  fluid. Reex t r ac t  the  pre- 
c ip i ta te  wi th  about  5o ml cold 
deionized water .  

The combined  s u p e r n a t a n t  
fluids are fi l tered th rough  a 

. smal l  pad  of glass wool to  give 
Fig. i.  Pho tomic rograph  of 2 × recrys ta l l ized phosphoglycer ic  fraction :~4. Br ing this  fraction 
acid mutase  ( × 3oo). The physica l  aspect  of these crys ta ls  is to o °. Add, wi th  stirring, three  
the  same before recrys ta l l iza t ion .  Pho tomic rog raph  k ind ly  volumes of a m m o n i u m  sulfate 
performed by  Dr. H. 1. FZRMINGER of the D e p a r t m e n t  of solut ion a t  25 ° . Cool to  o ° and 

Pathology,  Un ive r s i ty  of Kansas  Medical  Center.  centr i fuge 3o minutes .  The 

* This work  is t aken  from the  thesis  ma te r i a l  of V. W. RODWELL to be s u b m i t t e d  to the  
Gradua te  School of the  Unive r s i ty  of Kansas  in pa r t i a l  fulf i l lment  of the  r equ i remen t s  for the 
degree of Doctor  of Phi losophy.  Suppor ted  by  Grants  # 6 7 ,  The Helen H a y  W h i t n e y  Foundat ion ,  
and  H-I925, Na t iona l  I n s t i t u t e s  of Hea l th .  
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superna tan t  fluid is discarded. The precipitate is suspended in the min imum quan t i ty  of de- 
ionized water  at o ° and transferred to a small centrifuge tube. Water  is then added dropwise 
until  the solution is jus t  barely turbid.  The tube is cooled in an ice-salt ba th  at - - i o  ° to 
obtain  fur ther  solubilization. Transfer  the  unstoppered tube to a refrigerator at 0-5 °. Crystal- 
lization, as evidenced by  the characteristic silky sheen appearing upon swirling the tube, begins 
within 5-1o hours. The crystals are maximal ly  precipitated after 1o or more hours and settle on 
prolonged standing. If crystals do not  form, reprecipitate with 3 volumes of ammonium sulfate 
solution and again dissolve in a min imum quan t i ty  of cold deionized water  at o -  5 ° and proceed 
as above. Recrystallization is carried out  in the following manner.  Centrifuge the crystal sus- 
pension and discard the superna tan t  fluid. Dissolve the crystal  pellet in the min imum quan t i ty  
of deionized water  at o °*. Centrifuge at - - i o  ° and allow to crystallize at 0-5 ° in the refriger- 
ator. Table I shows the s u m m a r y  of the purification procedure. 

Fig. i shows the appearance of the phosphoglyceric acid mutase  crystals after  the initial 
crystallization or two recrystallizations. The crystals  contain the enzyme activity, and the protein 
moves as a single component  as evidenced by sedimentat ion in the ultracentrifuge (Fig. 2). The 
turnover  number  under the conditions of assay described under  Table I of the 2 × recrystalliz~t 
enzyme (calculated using the value of 1.73 as the micromolar  extinction coefficient of phosphoenol-  
pyruvic acid S) is 41,5oo moles of subs t ra te  t ransformed per minute  per lO s g protein. The propert ies 
and mechanism of action of crystalline phosphoglyceric acid mutase are under fur ther  investigation. 

Fig. z. Sedimentation pa t te rn  of phos- 
phoglyceric acid mutase,  z × recrystal- 
lized preparation.  Protein concentrat ion 
was 9.1 mg/ml;  o . i M  (NH4)zSO v p H  
7.0. Average tempera ture  during cen- 
trifugation was 24.I°. Speed 59,78o 
r.p.m. Bar angle was 7 ° degrees. Ex- 
posures from right to left are at 16, 48 , 
and 8o minutes  after speed equilibration. 
The ultracentrifuge run was kindly performed by Dr. H. EDELHOCH, Depar tment  of Pathology, 

Universi ty of Kansas Medical Center. 

TABLE I 

SUMMARY OF PURIFICATION PROCEDURE 

Volume o] solution Total units Total protein Spevi~c Yield 
Fraaion (ral) (rag) activity % 

Crude extract  i31o 2,030,000 34,5 °0 59 ioo 
:H:I I395 1 , 8 1 0 , 0 0 0  28,300 64 89 
q~z 257 ° 1,69o,ooo Io,665 I58 83 
:1~3 I85 1,54o,ooo 4,500 342 76 
~q~4 215 1,35o,ooo 81o I67o 66 
Crystals I6.3 1,o4o,ooo 473 2200 51 
Mother  liquor io 7,800 76 io 3 ~ i 
F i rs t  recrystall ization 3.2 i,o2o,ooo 44 ° 2320 5 ° 
Second recrystallization z.7 1,ooo,ooo 422 2390 49 

The crude extract  and fractions =~=I and # 2  are diluted in deionized water, while fractions :~c 3 
and :~:4 and the crystals are diluted in o.5 sa tura ted  a m m o n i u m  sulfate solution for assay. The 
linear rate of formation of phosphoenolpyruvate  as followed in the tSeckman spect rophotometer  
at 240 m #  in a coupled assay system containing excess mutase-free enolase is taken as a measure 
of phosphoglyceric acid mutase  activity. An enzyme unit  of mutase  or enolase is defined as tha t  
amoun t  of enzyme which causes an increase in optical density of o. ioo per minute  under the 
conditions of the assay. Each cell contained the following components  expressed as /zM in 3 ml: 

* The unrecrystallized material  contains two distinct crystalline forms. The major  component  
(shown in Fig. I) is the phosphoglyceric acid mutase,  which is very soluble in water. In  addition 
there is a minor component  (ca. IO %, prisms) which is very insoluble in water.  This difference 
in solubility permits  the  separat ion of the two crystalline forms. The identi ty of the prismatic 
crysta ls  is under  investigation. 
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potass ium D-3-phosphoglycerate, 5 ° (containing o.12 p M  D-2,3-diphosphoglycerate); MgSO 4, io;  
t r i s (hydroxymethyl )aminomethane ,  p H  7.o, Ion; and 1.2 enzyme units  of mutase-free enolase*. 
Up to o.25 enzyme units  of mutase may  be taken for assay. In  the enolase assay nL-2-phospho- 
glycerate is subst i tu ted  for the n-3-phosphoglycerate. Protein is est imated by a semimicro 
adapta t ion  of a s tandard Biuret method. 
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• Prepared from Anheuser-Busch dried bo t tom yeast  strain BSC by a modified procedure of 
the method of WARBURG AND CHRISTIAN 3. We are indebted to Dr. D. P. WALLACH Of this labora- 
t o r y  for aid in this preparat ion.  

• * Post  Doctorate Fellow of the National  Hear t  Inst i tute ,  National Ins t i tu tes  of Health. 
• ** Established Investigator of the American Hear t  Association, 

Preparation of paper for quantitative chromatography 
of corticosteroids 

Quant i ta t ive  chromatography  of steroid mixtures  is usually performed on columnsl,2, 3 despite 
the existence of paper  methods  of high resolving powerS,S; yet  paper  chromatography  offers 
considerable advantages both  in simplicity and reproducibility. The drawback to paper  work 
has been the high blank value of the eluate with many  methods of determination, including 
fluorimetry in sulphuric acid 6 and in potassium tert-butoxide ~, ultraviolet spec t rophotometry  and 
arsenomolybdate  reduction s. Washing of papers  in the Soxhlet appara tus  has not been impressive 
in reducing blank values, bu t  the following technique has been consistently satisfactory in over 
a year ' s  use in this laboratory.  

W h a t m a n  No. 2 "Pape r  for Chromatography"  is cut  into 5 ° × 1. 5 cm strips. These are 
washed chromatographical ly  for 24 hours with 2 N ethanolic sodium hydroxide, prepared from 
freshly redistilled 95 % ethanol. The papers  are then washed with distilled water  until  the eluate 
is free from alkali, and finally with 95 % ethanol for three hours. After drying they may be stored 
indefinitely. 

SWEAT'S sulphuric acid-induced fluorescence has been employed by us in plasma cortico- 
steroid est imations involving paper  chromatography.  When 8 cm lengths of the prepared strips 
are eluted with absolute ethanol and compared fluorimetrically with i pg  cortisol as standard,  
b lank  values never exceed lO% of the cortisol figure, and are usually in the range 3~° /o  . The 
eluate from unwashed paper  gives a value 1- 3 times greater than  the s tandard.  

In  absorpt iometry  at 24o rap, the paperblank reading is 5 -1o% of tha t  obtained with 
io pg  cortisol. Limited experience with the potass ium tert-butoxide method 9 indicates tha t  blank 
values are even lower than  with sulphuric acid. 
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