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of D P N H  4. The cause of the relatively small deviation from the D P N H  spectrum may  
par t ly  be the same as in yeast and other colorless cells: namely  the b inding  of pyridine 

nucleotide to cell const i tuents ;  another  cause of the deviation must  be selective "self- 
absorpt ion" of fluorescence light, for which no correction was applied. The relative 
smallness of the observed changes may be caused by  a s imultaneously increased rate 
of oxidation of pyridine nucleotide in photosynthesis, or by  the inact iv i ty  of part  of 

the fluorescing material  in photosynthesis.  
Our observations are consistent with the hypothesis tha t  light drives the reduc- 

tion of pyridine nucleotide in photosynthesis• The fluorescence method seems at 
present the most suitable to check this hypothesis in experiments on intact  cells, 
since interference by  other pigments is smaller than in absorption spectrophotometry.  

SUMMARY 

An increase in the blue fluorescence of suspensions of purple bacteria and of a blue alga was observ- 
ed upon illumination with photosynthetically active infrared or red radiation. The spectrum ob- 
tained bv subtracting the fluorescence spectrum in the "dark" from that in the "light" was similar 
to that of reduced pyridine nucleotide. This and other evidence obtained supports the hypothesis 
that during both algal and bacterial photosynthesis an accelerated reduction of pyridine nucleotide 
o c c u r s .  
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Phosphate  analyses of crystall ine muscle phosphorylase a were carried out on several 
occasions in the last 12 years during which time the method of preparat ion of the 
enzyme has been improved• The data  are summarized in Table I. When the 
enzyme is recrystallized from cysteine-giycerophosphate buffer, followed by ex- 
haust ive washing of the crystals with o.o3M KC1 in the cold (prep. I, Table i), there 
still adheres to the crystals an impur i ty  which gives a pentose reaction and which 
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*" Visiting Research Professor, Biochemistr 3' Department, University Medical School, Wroclaw, 

Poland. 

lCe/erences p. 2r. 



\()I.. 2.~ (I(t57) 15()l.\rI()N ()I." I'VRII)()X \I.-~-I'II()SI'II.V)'I.: I 7 

is p rcsumal ) ly  r i l )onucleic acid. This  1)host)horn~-containin~z i m p u r i t y  can bc r t 'mo\c~l 

bv  tr~,atnwnt .ff t tw dissolvc.d c rys ta l s  wi th  Nor i t ,  fol lowed by ore, or  morc  cr\>,tal- 

l iza t ions  f rom cystcinc-glyccropl~osl>lut tc  troffer. \Vhcn these  rvc rys ta l l i za t ions  arc  

(lone f rom v(~rst 'ne-glyc( 'rophosl)hate,  a p r epa ra t i on  (No. 3 in Tabh,  I ) r v s n l t s  ~vhich 

conta ins ,  on an ave rage ,  8 g r a m  a t o m s  of P pcr moh, of enzyme .  ()n lwCCil)itation 

of the  enz '¢me wi th  t r i ch lo roace t i c  or perchlor ic  acid,  4 of t lw ,S moles  of P art~ 

l ibera ted .  Phospt lorylas t :  a (mol. wt.  5oo,ooo) has been shown to I)c composed  - f  

4 subuni t s ,  each  of which  has  one c o m b i n i n g  siteL If the  t )hosphorus  were equa l ly  

d i s t r i bu t ed ,  the re  wou ld  be present  in phosphnry la se  a one f i rmly bound  and one 

loost ' ly b o u n d  organ ic  phospho rus  a t o m  per  subuni t .  The  c o m p o u n d  spli t  off by acid  

f rom the  e n z y m e  has now been ident i f ied  as py r idoxa l -5 -phospha t e .  
The  iden t i f i ca t ion  rests  on a compa r i son  wi th  a s t a n d a r d  sample  of s y n t h e t i c  

p y r i d o x a l - 5 - p h o s p h a t e  wi th  respect  to the fo l lowing proper t ies .  (a) A b s o r p t i o n  
s p e c t r u m  in acid  and  a lka l ine  solu t ion ,  (h) mola r  e x t i n c t i o n  coefficients,  based  on 

P analysis ,  (c) pape r  e lec t rophores i s ,  (d) e o h u n n  c h r o m a t o g r a p h y ,  (c) a c t i v a t i o n  of 

an a p o c n z y m e  p r e p a r a t i o n  of a s p a r t i c - g l u t a m i c  t r ansaminase ,  (f) va r ious  color  

reac t ions  based on the  phenol ic  g roup  and  on d iazo t i za t ion .  In  all these  p roper t i es  

the  p y r i d o x a l - 5 - p h o s p h a t e  i sola ted  f rom l )hosphory lase  was iden t ica l  wi th  the  SVlJ- 

the t i c  c o m p o u n d .  

"fAISLI~ 1 

P I t O S P H O R U S  C O N T E N T  OF MUSCI.t.: P H O S P H O R Y L A S F  

Values are given in gram atoms of phosphorus per mole of phosphorylase a (tool. wt. 5oo ooo), 
rounded up to the nearest whole numher. 

Total 1" 1' In TC,4 filtrate t '  in protein 

.V. .  Type o] preparation In protein lnoro. Org. Total precipitate 

j Recrvstallized from cysteine-glycerophos- 
pirate. ('rvstals washed with o.o 3 31 K('l* 13 9 -t 

2 .%;tJlle as (x), solution 
of crystals treated with Norit * * J ) 2 5 7 -t 

3 Same as ( ,) ,  fi~llowed by crystallization 
from versene-glycerophosphate * * * 8 o 4 4 t 

• I'revious values 1, average of 0 preparations. 
• * Unpublished values by N. B. MADSFN, obtained by the micro-method of S O Y E N K O F F  2 o n  

3 different preparations. Precipitation with trichloroacetic acid (TCA) at 4 ° to 5 o~'. 
• ** Present values, average of 5 preparations. One additional preparation gaw~ higher values 

for total P and also contained inorganic P in the TCA filtrate. The phosphate analyses were done 
by the method of ('HEN el al. z. 

S a m p l e s  of  s y n t h e t i c  p y r i d o x a l - 5 - p h o s p h a t e  were  o b t a i n e d  from Dr.  Gt',~S.\LUS 
a n d  from Merck and  Co.". T h e  la t ter ,  a l y o p h i l i z e d  p r e p a r a t i o n  s e v e r a l  y e a r s  o ld ,  
w a s  puri f ied  b y  g r a d i e n t  e lu t i on  w i t h  f o r m i c  ac id  f rom a D o w e x - I  c o l u m n  (80'; cross-  
l inked) .  The. peak  f rac t ions  were  c o m b i n e d  and  p r e c i p i t a t e d  ms the  b a r i u m  salt  from 
a lka l ine  s o l u t i o n  w i t h  2 v o l u m e s  of  e t h a n o l .  T h e  s p e c t r u m  of  th is  pur i f i ed  p r e p a r a t i o n ,  

*'].'he authors are indebted to l)r. GUNSAI.US and to Drs. UMBREIT AND II'OLKERS for the 
supply of these samples. 
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including both the position of peaks and the molar extinction coefficients, agreed 
with the values reported by PETERSON AND SOBER 5. 

Isolation and identification o~ pyridoxal-5-phosphate 

Batches of Ioo to I5O mg of phosphorylase crystals (2 times crystallized from cysteine- 
glycerophosphate, followed by Norit treatment in solution, and 2 crystallizations 
from versene-glycerophosphate) were washed by centrifuging in the cold with succes- 
sive portions of o.o3M KC1 until calculations showed that the glycerophosphate 
would have been diluted beyond the limit of detection. The drained crystals were 
dissolved in about 5 ml of o . IM NaHCO3 and precipitated with 40% trichloroacetic 
acid (TCA, final concentration 7%) or with 70% perchloric acid (final concentration 
7%). The acid was added dropwise with stirring to a solution kept in an ice bath. 
In other experiments the solutions were kept at room temperature. The immediate 
effect of the addition of the acid to these concentrated protein solutions is the ap- 
pearance of a lemon yellow precipitate. The yellow color disappears in about 15 
minutes in the cold and more rapidly at room temperature. Extraction in the cold 
requires stirring for about 20 minutes or longer, depending on the rate of fading of 
the color, and washing of the centrifuged precipitate with several portions of acid. 
Complete extraction is more easily accomplished at room temperature. 

The combined TCA extracts were shaken with several portions of peroxide-free 
ether until the reaction was faintly acid to Congo Red paper. Perchloric acid was 
removed as the potassium salt in the cold. The extracts were adjusted to pH 8-8.5 
with carbonate-free NaOH, whereupon they turned yellow. (As little as 4/zg of 
pyridoxal-5-phosphate per ml can be detected visually in alkaline solution.) A drop 
of IO% barium acetate was added, followed by the addition of 2 volumes of ethanol. 
On standing overnight in the cold a yellow precipitate formed. This was removed 
by centrifugation, extracted with water, and reprecipitated with ethanol. The yield 
was about 80%, based on spectrophotometric readings at 295 m/~ in acid. In some 
cases a precipitate which formed rapidly in the cold on addition of one half to one 
volume of ethanol was removed by centfifugation, and the precipitate appearing after 
the addition of 2 volumes of ethanol was collected. This g~ve a product of higher 
purity at the expense of yield. 

The material so isolated gave a negative orcinol reaction for pentoses and a 
positive Molisch test ' .  The presence of amino groups was indicated by tests with 
~-naphthoquinone-4-sulfonate~ and ninhydri#.  When read against a tyrosine stand- 
ard, less than one equivalent of amino N per pyridoxal-5-phosphate molecule was 
present. After purification by column-chromatography (see below), tests for carbo- 
hydrate and for amino groups were negative. Amino acids have been shown to adhere 
to phosphorylase after Norit treatment, repeated recrystallization and washing of 
the crystals ~. A source of contamination with material giving carbohydrate tests are 
tile cellophane dialyzing bags used in the preparation of the enzyme. 

Column chromatography was carried out as follows. TCA extracts, prepared as 
indicated above, were made alkaline and adsorbed on a I × 9 cm Dowex-i column 
(8% cross-linked, formate). An identical column was used for the adsorption and 

* V¢ith the  ferr icyanide me thod  of PARK AND JOHNSON 8 one observes  an increase in reducing 
power af ter  io  minu te s  of hydro lys i s  in I N HCI a t  xoo °. The same resul t  is ob ta ined  wi th  pyri-  
doxal -5-phosphate .  
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elution of similar small amounts of synttletic pyridoxal-5-t)hosphate*. Gradieut 
elution was carried out with 2 .1[ formic acid and a mixing volume of 5oo ml of water. 
Pyridoxal-5-phosphate appeared in fractions (3 ml) 64 to 72, in which the formic acid 
concentration was about o.5M. The yield was similar in both cases (about 40°.0). 
No other material giving ultraviolet absorption, except pyridoxal-5-phosphate, could 
be obtained from the TCA extracts of phosphorylase. In particular, the presence of 
pyridoxamine-5-phosphate and of free pyridoxal or pyridoxamine conld be excluded. 
In one case the elution was continued up to 4 M formic acid - o . 4 M  ammonium 
formate without any nucleotides being eluted. 

Lyophilization of the fractions containing eluted pyridoxal-5-phosphate to 
dryness without previous neutralization of the formic acid resulted in decomposition, 
as shown by spectral changes and by enzymic tests with the aspartic-glutamic trans- 
aminase. It was possible, however, to concentrate the acid eluates i n  vacuo from the 
frozen state, and to precipitate the compound as the barium salt with alcohol without 
any decomposition. In Fig. I are shown the absorption spectra of the TCA extract 

.... . . . . . . . . . .  --7 
o , . . . . . . . . . . . . . . . .  

was prepared  from I63 m g  of phosphory lase  
and  c h r o m a t o g r a p h e d  as  indica ted  in t he  tex t .  

Syn the t i c  pyr idoxa l -5 -PO 4, o. i  /~mole/ml 
base~l on P ana lys i s ;  O TCA ex t r ac t  of phos-  
p h ° r y l a s e a ' ° " l ~ m ° l e / m l b a s e d ° n e 9 5 m t ~  . ~ k / in O''tN N°OH 
reading in acid;  • Column fraction,  o.I /~ , 
t, mole/ml based on 295 m/z reading  in acid;  0 . 1 [ - ~ g ' ~ ' ~ - - -  

B a r i u m  sal t  prepared  f rom combined  co- l m O.IN HCI 

l umn  fract ions,  o.i  / lmole /ml  based on P 1 L ', ! i I " x ~  I 
analysis .  0 280 300 320 340 360 380 400 420 

Wavelength 

after removal of TCA with ether, of the column fractions containing pyridoxaJ- 
5-phosphate and of the barium salt prepared from the column fractions. The spectrum 
of synthetic pyridoxal-5-phosphate, purified by column chromatography, is included 
for comparison. 

For paper electrophoresis the Model R--Ser ies  D apparatus and the paper 
strips supplied by Spinco were used. The buffer used was o.oi5 M sodium acetate, 
pH 5.1. SILIPRANDI et al. l° have shown that paper electrophoresis at pH 5.1 results 
in a complete resolution of mixtures of about IO ~g each of pyridoxal-5-phosphate, 
pva-idoxamine-5-phosphate and the corresponding non-phosphorylated compounds. 
The ionization constants of these compounds have been determined n,l~. At pH 5.1 
pyridoxal-5-phosphate migrates to the anode, whereas pyridoxamine-5-phosphate 
remains close to the origin, and the non-phosphorylated compounds migrate to the 
cathode. The synthetic pyridoxal-5-phosphate, before purification by column chro- 
matography, showed several spots with a blue fluorescence under ultraviolet light, 

* The  co lumn  was also used for the  purif icat ion of large a m o u n t s  (io mg) of syn the t i c  pyr idoxal -  
5 - p h o s p h a t e  and  for t he  separa t ion  of artificial m i x t u r e s  of py r idoxamine -5 -phospha t e ,  pyr idoxal -  
5 - p h o s p h a t e  and  the  cor responding  non-phosphory la t ed  compounds .  
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20 T. BARANOWSKI, B. ILLINGWORTH, D. H. BROWN, C. F. CORI VOL. ~.~ (1957) 

as well as a yellow spot. After purification there was only a single, well-defined spot 
present which was poorly visible in ultraviolet  light in the amounts  used (5 to IO ~g), 
but  which showed a yellow fluorescence when the paper was exposed to ammonia  
vapor. When the paper was sprayed with diazotized p-aminoacetophenone as de- 
scribed by  SILIPRANDI et al .  TM, only one spot appeared which corresponded in position 
to that  previously marked under  ultraviolet  light. The presence of salts (and of 
formic acid) in the solution which is spotted on the paper, retards the migrat ion 
of pyridoxal-5-phosphate,  and in the presence of sufficient salt (e.g.  when IO td are 
spotted containing 0.5 M NaC1) the compound remains at the origin. The material  
isolated from phosphorylase, either directly from the TCA extract  or after column 
chromatography,  gave one spot which migrated at the same rate as the authent ic  
sample of pyridoxal-5-phosphate and which showed the characteristic yellow fluores- 
cence when exposed to ammonia  vapor. 

In  Table I I  is shown the s tandardizat ion of a part ial ly resolved t ransaminase 
preparat ion from pig heart* with known amounts  of synthet ic  pyridoxal-5-phosphate.  
The concentrat ion of the stock solution of pyridoxal-5-phosphate was calculated from 
phosphate analysis and from the molar ext inct ion coefficients given by PETERSON 
.AND SOBER 6.*, with good agreement (c/ .  Fig. I). The concentrat ion of the "pyridoxal-  
5-phosphate" isolated from phosphorylase was similarly determined. In  enzymic 
tests carded out in conjunct ion with the experiment  in Fig. I, at a concentrat ion of 
2. lO-73I pyridoxal-5-phosphate , the rates per minu te  were as follows. TCA extract  
of phosphorylase: s tandard  pyridoxal-5-phosphate o.115, unknown o.125; column 
fraction before concentrat ion i n  v a c u o  and conversion to bar ium salt:  s tandard  o.12o, 
unknown o.125; after isolation as bar ium salt:  s tandard  o.12o, unknown o.12o. 
Similar results were obtained with a number  of other preparations, i .e .  there was 
close agreement between the concentrat ion of pyridoxal-5-phosphate calculated from 
spectrophotometric readings and that  calculated from enzymic tests. 

TABLE II 

A C T I V A T I O N  O F  G L U T A M I C - A S P A R T I C  T R A N S A M I N A S E  

The reaction mixture consisted of o.i M tris(hydroxymethyl)aminomethane buffer, pH 8, O.Ol M 
a-ketoglutarate and L-aspartate, and 6o/~g of enzyme per ml. The reaction was started by the 
addition of aspartate and the increase in optical density at 28o m/* was read at 15 second intervals 
in the Beckman DU spectrophotometer. The rates were linear over a 2 minute period. Tempera- 

ture, 25 ° . 

Addition o! Increase in 
pyridoxal-~-P optical density 

M per rain 

none 0.045 
i- io -~ 0.067 
2 " I O  - ? "  O. I I I  

I • I 0  - 6  0 . 2 I  5 

O0 O . 2 8 6 §  

§ Calculated from Lineweaver-Burk plot; K m = 3.2- io-VM. 

"This preparation was carried out by Dr. SIDNEY VELICK according to an unpublished pro- 
cedure. The authors are indebted to Dr. VELICK for making this enzyme preparation available. 

"*These values are 67oo at 295 m# in o. rN HCl and 66oo at 388 m/~ in o. iN NaOH. From 
Fig. i one obtains 67oo and 570o respectively. 
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The 4 moles of pyridoxal-5-phosphate while in combination with tfln>sl~h,~rx'las< , 
are not removed by dialysis or by adsorption on Norit, and are not split during incu- 
bation with intestinal phosphatasO. The l)yridoxal-5-t~hosphat~ , prctmred from 
phosphorylase is adsorbed on Norit and can be eluted with Na2C() a or with an'lnlonia. 
The isolated compound is completely split by intestinal phosphatase and the spectral 
changes are those which would be expected to result from a conversion of pyridoxal- 
5-phosphate to fret', pyridoxal. 

VELICK AND WICKS la used a microbiological assay for the determination of 
members of the vitamin 1~;~ group in samples of l)hosphorylase hydrolyzed in o.I N H('I 
-- Io N formic acid. They reported o. 5 to I mole of "pyridoxine" per mole of enzymv. 
As indicated above, in the present work, the presence of other members of the vitamin 
B e group, except pyridoxal-5-phosphate, could not be detected in t)hosphorylase. The 
isolation of pyridoxal-5-phosphate from a natural source has not previously been 
reported. It is indeed strange that this natural source should now prove to be a 
crystalline enzyme from muscle. It  should be mentioned that phosphorylase crystals 
do not contain glutamic-aspartic transaminase. 

The role of pyridoxal-5-phosphate in combination with phosphorylase and the 
nature of the phosphate groups which remain attached to the enzyme after the 
removal of pyridoxal-5-phosphate are under investigation. 

SUMMAlC, Y 

l)ialyzed and Norit- treated muscle phosphorylase  a, after recrvstallization from versene-glycero- 
phosphate ,  contains 8 organic phosphate  groups per mole or "2 phosphate  groups per subuni t  of 
molecular weight of 125,ooo. Four  of these phosphate  groups are extracted by precipitation of 
the enzyme with trichloroacetic or perchloric acid. The extracted phosphate  compound was 
isolated as the bar ium salt and identified as pyridnxal-5-phosphate by its spec t rum and by 
specific enzymic tests, ( 'olumn chromatography  of the trichluroacetic acid extract  and paper  
electrophoresis did not reveal the presence of other phosphoryla ted compounds.  In particular,  
pyr idoxamine-5-phosphate ,  adenylic acid and other  nucleotides could not be detected. Free 
pyridoxal,  pyr idoxamine or pyridoxine were also absent.  
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